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Crustal Structure Beneath the Northern Appalachians
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Key Points:

 Crustal thickness and velocities in eastern Canada are more variable in the Peri-
Gondwanan than Peri-Laurentian domains

» A step-like Moho feature in the northern Appalachians marks the boundary be-
tween the Peri-Gondwanan and Peri-Laurentian domains at depth

¢ The lower crust in the Grenville Province is thicker and faster than that observed

beneath the northern Appalachians
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Abstract

Southeastern Canada and the northeastern USA include terranes that were tec-

tonized since the Archean, making this region an excellent place to investigate the evo-

lution of continental crust. Our study area covers the Archean southeastern Superior Province,

the Proterozoic eastern Grenville, and the Phanerozoic northern Appalachians compris-
ing terranes with either Peri-Laurentian or Peri-Gondwanan heritage. Adopting a Rayleigh
wave ambient noise tomography method, we used noise data recorded between 2013 and
2015, and obtained high resolution anisotropic tomographic images of the crust enabling
us to discuss tectonic implications. The azimuthal anisotropy orientations follow a dom-
inant NE-SW trend across the study area, but some localized changes of anisotropy di-
rection in the Bay of Fundy and across the Appalachian front are observed. The crust
beneath the older Superior and Grenville provinces is generally fast, whereas the Appalachi-
ans include strong slow anomalies, especially at upper crustal depths, where they rep-
resent thick sedimentary basins beneath the St. Lawrence valley, the Gulf of St. Lawrence
and the Bay of Fundy. We suggest that the boundary between the Peri-Laurentian and
the Peri-Gondwanan terranes at depth is marked by a Moho-offset feature observable

in our models. A generally similar crustal seismic signature for the youngest two east-
ernmost tectonic domains suggest that they were never separated by a wide ocean basin.
Our results provide important evidence for evolution of the continental crust during and

after accretionary /collisional episodes in the study area.

Plain Language Summary

Southeastern Canada and the northeastern USA comprise rocks that preserve the
formation and evolution of continental crust over at least 2.5 billion years, making this
region an ideal place to improve our understanding of the processes that created today’s
continents, such as rifting or mountain building. Seismic noise data recorded by a net-
work of stations can be analysed to model crustal structure, using the speed at which
seismic waves travel through the crust at different depths, and the resulting models help
us to understand how the crust was formed and modified over geological time. We used
more than two years of seismic noise datasets and measured the variations of seismic ve-
locity structure in different crustal layers, as well as the total thickness of the crust across
the study area. We observed that the younger crustal domains have a more complex up-

per layer structure than the older units. The older domains, however, have a faster and
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thicker lower crustal layer than the younger zones. Beneath the central younger domains
of the northern Appalachians, we observed that the crustal thickness varies over a short

distance, creating a step-like geometry for the base of the crust.

Index Terms and Keywords

7205 — Continental crust, 7255 — Surface waves & free oscillations, 7270 — Tomog-

raphy, 8103 — Continental cratons, 8108 — Continental tectonics: compressional

1 Introduction

Eastern North America is an important place to investigate the implication of the
theory of plate tectonics. This is due to geological units in this area preserving a pro-
tracted history of formation and evolution for ages varying from Archean to Phanero-
zoic. Discussing tectonic implications for such a complex region requires a deep under-
standing of the crustal structure. To this end, seismic tomography models are extremely
valuable as they can provide us with a detailed look at the velocity structure at differ-
ent scales. With the aim of obtaining high resolution tomographic images of the crust
and sub-Moho structure beneath southeastern Canada and the NE United States, we
used recent records of broadband seismic data in a passive seismic technique, namely Am-
bient Noise Tomography (ANT; Shapiro & Campillo, 2004; Shapiro et al., 2005), that

has been successful in recovering detailed crustal and uppermost mantle velocity struc-

ture in regional-scale (e.g., Green et al., 2017; Lin et al., 2008; McLellan et al., 2018; Kuponiyi

et al., 2017; Pawlak et al., 2012; Y. Yang et al., 2008) and continental scale (e.g., Bensen
et al., 2008; Kao et al., 2013; Y. Yang et al., 2007) studies. Recently added data cover-
age in our study area, in the years from 2013 to 2015, provides us with an unprecedented
opportunity to recover the highest resolution anisotropic velocity structure of the crust
and sub-Moho depths to date. We use our models along with previous geophysical con-

straints to discuss tectonic implications.

1.1 Tectonic setting

Our study area spans ~3/4 of Earth’s geological history with geological units that
were formed and tectonized from Archean to Mesozoic. The three major tectonic provinces
from the oldest to youngest are the Archean southeastern Superior Province, the Pro-

terozoic eastern Grenville, and the Phanerozoic northern Appalachians.
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In the far northwest of the study area, a small part of the southeastern Superior
Province including the eastern Abitibi subprovince and the northeastern Pontiac domain
are covered by this study. These tectonic domains comprise a collage of mafic to felsic
volcanic units with ages ranging from 2750 Ma to 2690 Ma (e.g., Ludden & Hynes, 2000).
The Grenville front marks the NW limit of the Grenvillian metamorphism and deforma-
tion, and separates the Superior from the eastern Grenville Province (e.g., Rivers et al.,
1989). The Grenville Province arises from a ~300 Ma period of accretions and oroge-
nesis coinciding with the final assembly of the supercontinent Rodinia at ~1 Ga (Whit-
meyer & Karlstrom, 2007). Based on deformation, metamorphism, and geophysical con-
traints, the eastern Grenville orogen is divided into three first order belts including Pa-
rautochthonous Belt (PB), Allochthonous Monocyclic Belt (AMB), and Allochthonous
Polycyclic Belt (APB) (e.g., Rivers, 2008). In the northwest of the Grenville, sub-parallel
to the Grenville front, the PB is associated with high pressure and temperature Grenvil-
lian metamorphism representing a section of exhumed Laurentian crust overlying a south-
east dipping parautochthonous Archean basement (e.g., Rivers, 2015). The AMB con-
sists of exotic terranes accreted to Laurentia between 1080 and 1035 Ma (Carr et al., 2000).
The APB covers the majority of the Grenville Province and comprises terranes originally
part of a Laurentian continental margin arc setting and preserves evidence of Paleopro-
terozoic to early Mesoproterozoic metamorphism overprinted by metamorphism of Grenvil-
lian age (Rivers et al., 2002). The Grenvillian orogeny occured in two phases, namely
Ottawan and Rigolet phases (Rivers, 2015; Darbyshire et al., 2017). The Ottawan oro-
genic phase (~1090-1020 Ma) is restricted to the Allochthonous terranes and character-
ized by a high grade metamorphic signature, and a period of significant crustal short-
ening and thickening resulting in formation of an orogenic plateau. The relatively long-
duration Ottawan phase was followed by the much shorter (~1005-980 Ma) Rigolet phase
that was restricted to the Parautochthonous terranes along the hanging wall of the Grenville

front.

The Appalachian front is a first order structural boundary separating the Grenville
Province from the northern Appalachians. The northern Appalachians were tectonized
during four orogenic episodes occurring from 485 to 350 Ma (C. R. van Staal et al., 2009,
2012). Accretion of terranes during these orogenic episodes coincided with rift-drift pro-
cesses associated with the opening and closing of the Iapetus and Rheic oceans (Hibbard,

van Staal, & Miller, 2007). Tectonic domains in the northern Appalachians from west
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to east (i.e., oldest to youngest) are the Humber margin, Dunnage zone, Ganderia, Aval-
onia, and Meguma. Terranes belonging to these domains have either Gondwanan or Lau-
rentian provenance. Accretion of the terranes currently situated in the Humber margin

and the Dunnage zone occurred during the Taconic orogeny (485-450 Ma; C. R. van Staal

& Barr, 2012). The Humber margin extends along the eastern edge of the Appalachian

front and records opening of a Taconic seaway and the Iapetus ocean at 615 Ma (S. L. Kamo
et al., 1989; Hibbard, van Staal, & Rankin, 2007). The Dunnage zone comprises intra-
oceanic terranes originally belonging to Gondwana or Laurentia with a faulting system,
named Red Indian Line, seperating the Gondwanan and Laurentian units (Williams et

al., 1988; Macdonald et al., 2014). The three coastal domains of the northern Appalachi-
ans, namely Ganderia, Avalonia, and Meguma, include Peri-Gondwanan realms that ac-
creted to eastern Laurentia during three different orogenic episodes: the Salinic (450-423
Ma), Acadian (421-400 Ma), and Neo-Acadian (395-350 Ma) (C. R. van Staal et al., 2009,
2012; Levin et al., 2017). Ganderia was rifted from Gondwana in the late Neoprotero-

zoic and accreted to eastern North America in the late Ordovician to early Silurian clos-

ing the Tapetus ocean (C. R. van Staal et al., 2012; Wilson et al., 2017). Avalonia was
accreted to the Ganderia passive margin during the late Silurian to early Devonian Aca-
dian orogeny. Lastly, accretion of Meguma to eastern north America occurred during the
middle Devonian to early Carboniferous Neo-Acadian orogeny. The northern Appalachian
orogenesis was terminated by collision of Gondwana and composite Laurentia in the Carboniferous-
Permian Alleghanian orogeny resulting in the formation of supercontinent Pangea (C. R. van
Staal & Barr, 2012). Accretion-related structures in the present-day northern Appalachi-

ans have escaped from Alleghanian modifications as the suture zone was far, and is now
concealed in the margins of the Atlantic ocean (C. R. van Staal & Barr, 2012). Accord-
ingly, pre-Alleghanian tectonic history in the northern Appalachians is mostly well pre-

served.

The Canadian Appalachians have been tectonically quiet since the Cretaceous, and
the latest tectonic activity was during the breakup of Pangea resulting in development
of the Eastern North American rift systems that include the Fundy basin (Withjack et
al., 2009). The formation of the Bay of Fundy was due to orogen-perpendicular (NW-
SE) rifting that started in the Middle Triassic, which also activated NE trending com-

pressional structures as normal faults (Withjack et al., 1995). Rifting ceased in the Bay
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of Fundy when Early to Middle Jurassic continental breakup led to the opening of the
North Atlantic ocean (Funck et al., 2004; Withjack et al., 2009).

1.2 Previous seismic studies

Thanks to the Lithoprobe project in the 1990s (e.g., Clowes, 2010) and installa-
tion of temporary broadband seismographs in the last ~20 years (e.g., Eaton et al., 2005),
seismology has significantly improved our understanding of the structure of eastern Canada
at crustal and uppermost mantle depths. Seismic structure in different parts of our study
area has been investigated at different scales and depth ranges using various techniques
including ambient noise tomography (e.g., Kuponiyi et al., 2017; Kao et al., 2013; Bensen
et al., 2009), earthquake-based tomography (e.g., Shen & Ritzwoller, 2016; Petrescu et
al., 2017; Schaeffer & Lebedev, 2014; Bagherpur Mojaver et al., 2021; Boyce et al., 2016),
joint inversion of seismic ambient noise and earthquake data (Golos et al., 2018), receiver
function methods (e.g., Petrescu et al., 2016; Levin et al., 2017; Li et al., 2018, 2020),
shear wave splitting measurements (e.g., Darbyshire et al., 2015; Gilligan et al., 2016;
Long et al., 2016; B. B. Yang et al., 2017), and reflection-refraction seismic profiling (e.g.,
Clowes, 2010; Cook et al., 2010; Hammer et al., 2010; Ludden & Hynes, 2000). In this

section we provide a brief review of the previous findings.

Using ambient seismic noise data, a few continental-scale studies modelled the seis-
mic structure of the crust and uppermost mantle in our study area (e.g., Kao et al., 2013;
Bensen et al., 2009). According to their models, seismic structure of the crust beneath
the northern Appalachians appears to be more complex than the Precambrian domains.
An interesting observation is a large velocity gradient recovered throughout different parts
of the Canadian shield at mid-crustal depths and up to about the Appalachian front, in-
terpreted as a relict rheological boundary between the upper and lower crust (Kao et al.,
2013). The Gulf of St. Lawrence at depths < 20 km is dominated by slow anomalies (Kao
et al., 2013). A regional-scale study carried out over this area suggests a maximum sed-
imentary thickness of ~8 km beneath this region (Kuponiyi et al., 2017). It is also sug-
gested that the Grenvillian basement beneath the northern Appalachians is wedged out
at depth by the Red Indian Line (Kuponiyi et al., 2017). Adopting a probabilistic joint-
inversion scheme, Shen & Ritzwoller (2016) used receiver functions, group and phase ve-
locities from ambient noise and earthquakes, and Rayleigh wave ellipticity measurements,

and obtained high resolution shear velocity models at crustal and uppermost mantle depths
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Figure 1. (a) Simplified tectonic map of eastern Canada. ABI: Abitibi subprovince, AMB:
Allochthonous Monocyclic Belt, APB: Allochthonous Polycyclic Belt, AVA: Avalonia, DUN:
Dunnage zone, GAN: Ganderia, HUM: Humber margin, MEG: Meguma, PB: Parautochthonous
Belt, PO: Pontiac domain, SLP: St. Lawrence platform. (b) The 69 broadband seismic stations
belonging to 6 seismograph networks overlain on topography/bathymetry of the study area.

ACI: Anticosti Island, BOF: Bay of Fundy, CT: Connecticut, GME: Gulf of Maine, GP: Gaspé
Peninsula, GSL: Gulf of St. Lawrence, MA: Massachusetts, ME: Maine, NB: New Brunswick, NF:
Newfoundland, NH: New Hampshire, NS: Nova Scotia, NY: New York, ON: Ontario, PEI: Prince

Edward Island, Q: Quebec City, QC: Quebec (province), RI: Rhode Island, VT: Vermont.
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across the entire USA. A noteworthy observation of their final crustal thickness map is
a ~8 km Moho depth contrast with NE-SW trend over a relatively small distance within

the northern Appalachians.

Variations in crustal thickness and bulk crustal composition beneath our study area
have been investigated through seismic methods of receiver functions (Levin et al., 2017;
Petrescu et al., 2016), reflection-refraction seismic profiling (e.g., Cook et al., 2010), and
surface wave tomography (e.g., Kao et al., 2013; Bagherpur Mojaver et al., 2021). Re-
sults from the reflection-refraction seismic profiles suggest that the Moho depths beneath
our study area vary from ~30 km to 45 km (Ludden & Hynes, 2000; Hall et al., 1998).
Available receiver function studies carried out over our study area suggest that the crustal
thickness varies between ~25 and ~50 km, with more small-scale variations of crustal
thickness and Vp/Vs ratio occurring beneath the Appalachians than the older Precam-
brian domains (Petrescu et al., 2016; Levin et al., 2017). These results also indicate that
the greatest complexity of crustal properties (crustal thickness, Moho thickness, Vp/Vs
ratio) occurs across the Appalachian front (Levin et al., 2017). Crustal and lithospheric
thickness estimates from a previous surface wave study and active seismic profiles do not
suggest a simple relation for the thickness of these layers with the age of the terranes,
and a generally thinner crust and lithosphere is suggested beneath the central part of
the Appalachians (Bagherpur Mojaver et al., 2021; Hall et al., 1998). Using receiver func-
tions with broadband datasets spanning more than 20 years, a detailed look at the crustal
structure of the Grenville and Appalachian provinces beneath the northeastern USA is
presented by Li et al. (2018) and Li et al. (2020). They note crustal thickness variations
roughly correlated with surface elevation and anticorrelated with Bouger gravity anomaly,
sharp Moho steps with maximum offset of 15 km within narrow zones, and an eastward
decrease of Moho thickness. These results are indicative of a very complex 3D crustal

structure beneath our study region.

Among the reflection-refraction seismic profiles carried out during the Lithoprobe
project, several profiles belonging to the Abitibi-Grenville transect (AG; lines 52, 53, and
54 in the Grenville Province; Ludden & Hynes, 2000), and the Lithoprobe-East transect
(LE; lines 86/1, 86/2, 86/4, 86/5, and 88/1 in Gulf of St. Lawrence; Hall et al., 1998)
lie within our study area. Although results from other profiles outside the study area are
still useful (e.g., Newfoundland), we note that caution must be exercised in translating

their conclusions into our study area. This is mainly because the Laurentian margin had
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a very irregular shape before the Paleozoic accretionary events (Stockmal et al., 1987).

The study of active seismic profiles in the Appalachians suggests that the Grenvillian
basement is at least extended beneath the Humber margin and part of the Dunnage zone,
and it is distinguished by strong mid-crustal reflectors, moderately strong lower crustal
reflectors and relatively deep Moho depths (Hall et al., 1998). It is also suggested that

the Superior craton continues as a wedge into the Grenville lower crust 200-300 km south-
east of the Grenville front (Rivers, 1997; Ludden & Hynes, 2000). Interpretation of the
Lithoprobe AG lines in the Grenville suggests that the southeast dipping reworked Archean
basement is less extended beneath our study area compared to the farther southwest Litho-
probe profiles in the Grenville Province (Ludden & Hynes, 2000). It is suggested that

the mafic intrusive unit in the eastern portion of the AMB domain is underlain by high
pressure terranes at least down to the Moho discontinuity, whereas in the western AMB,
where a different allochthon unit is observed at the surface, underlying crustal structures
are interpreted as two layers of high pressure terranes underlain by another layer of SE
dipping Laurentian Archean material that was reworked during the Rigolet phase (Lud-
den & Hynes, 2000). Interesting findings of the active seismic profiles in the Appalachi-

ans include a generally thinner crust beneath the central part of the orogen relative to

the continental margin and the western domains, and high velocity lower crust beneath

the profiles over the Gulf of St. Lawrence which requires a mafic composition (Hall et

al., 1998).

Global (e.g., Schaeffer & Lebedev, 2013; Ritsema & Lekié¢, 2020) and continental-
scale (e.g., Shen & Ritzwoller, 2016; Schaeffer & Lebedev, 2014; Clouzet et al., 2018) to-
mographic models suggest an overall faster Superior and Grenville Province relative to
the Appalachians. Available regional-scale tomographic studies observe clear systematic
differences of seismic signatures for the three major tectonic domains with typically de-
creasing lithospheric mantle velocities from the Archean Superior to the Phanerozoic Ap-
palachians (e.g., Boyce et al., 2016). A regional-scale study suggests a two-stage litho-
spheric formation beneath the North American Craton (Petrescu et al., 2017). In the
northern Appalachians, systematic differences are observed between the lithospheric seis-
mic velocities of the Peri-Laurentian terranes and the Peri-Gondwanan terranes (Yuan
et al., 2014; Bagherpur Mojaver et al., 2021). A NW-SE trend of slow anomalies cross-
cutting the three major tectonic domains in eastern Canada is interpreted as resulting

from the passage of the Great Meteor Hotspot (GMH) during Mesozoic times (Boyce et
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al., 2016; Villemaire et al., 2012). Spatially coincident with the passage of the GMH, a
strong slow anomaly in the northern Appalachians (Northern Appalachian Anomaly; NAA)
is observed at depths from 60 to 100 km (e.g., Golos et al., 2018; Bagherpur Mojaver et
al., 2021). It is interpreted as resulting from either compositional changes caused by the
GMH tectonism (e.g., Boyce et al., 2016; Villemaire et al., 2012), or due to a small-scale

convection process (Menke et al., 2016).

Several studies have modelled seismic anisotropy beneath the broadband seismo-
graphs of the study area using shear wave splitting techniques (e.g., Darbyshire et al.,
2015; Gilligan et al., 2016; B. B. Yang et al., 2017). Shear wave splitting measurements
give integrated anisotropy information over a wide range of depths from the base of the
mantle to the surface. The relatively large splitting times (> 1 s) suggest contribution
of both lithosphere and asthenosphere (Darbyshire et al., 2015; B. B. Yang et al., 2017).
Multiple layers of anisotropy are suggested beneath southeastern Canada and the north-
eastern USA (Long et al., 2016). A generally parallel to subparallel trend of the split-
ting directions relative to the tectonic trend, weak correlation with the direction of ab-
solute plate motion, and observed complex and small-scale variations of the anistropy
orientation and magnitude suggest a more significant role for the lithosphere compared

to asthenosphere in our study area (e.g., Darbyshire et al., 2015; Gilligan et al., 2016).

Another study carried out over the NE USA, however, suggests that the observed anisotropy

is mostly from the upper asthenosphere (B. B. Yang et al., 2017). The role of the crust
in the observed anisotropy across our study area is not discussed in the available shear

wave splitting measurements. In this case, constraining seismic anisotropy using surface
wave tomography techniques can shed light on this issue, and has the advantage of giv-
ing depth-dependent (period-dependent) information as opposed to the depth-averaged

shear wave splitting measurements.

2 Data and Method
2.1 Data and Data Processing

The data used in this study are continuous vertical component seismograms be-
longing to 69 broadband stations from 6 different seismograph networks (Figure 1b). The
seismic networks are the Canadian National Seismograph Network (CN; Geological Sur-

vey of Canada, 1989), New England Seismic Network (NE; ASL, 1994), USArray Trans-
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portable Array (TA; IRIS Transportable Array, 2003), Portable Observatories for Litho-
spheric Analysis and Research Investigating Seismicity (PO: POLARIS; Eaton et al., 2005),
and QM-IIT experiment (X8 and Y8 networks; Menke et al., 2012; SEIS-UK, 2013). The
stations belonging to the TA and QM-III networks were only operational in 2013-2015,

and combined with the data from other networks during that period, they provide us

with the inter-station path coverage required to recover high-resolution seismic veloc-

ity models across the study area.

The data acquisition process was carried out for the available daily records of all
stations from August 1, 2013 to November 1, 2015 (823 days). Some daily records were
rejected due to instrument irregularities and data fragmentation issues, resulting in a vari-
able number of daily records from 362 to 823 days, with an average of 716 days, for the
stations. We followed the recommended procedure of Bensen et al. (2007) for data pro-
cessing, except for the temporal normalization step where we chose to apply one-bit nor-
malization instead of the running absolute mean normalization method (e.g., Shapiro
& Campillo, 2004; Shapiro et al., 2005; Yao et al., 2006). Accordingly, single station data
processing steps applied to the daily records include removing the data trend and mean,
resampling of time-series to a common sampling rate of 1 Hz, instrument response re-
moval, one-bit normalization to exclude the earthquake signals, and spectral whitening

to flatten the ambient seismic noise in the frequency domain (Bensen et al., 2007).

By stacking long-duration noise cross-correlation time series, the Empirical Green’s
Functions (EGFs) will emerge (e.g., Shapiro & Campillo, 2004). The positive (causal)
and negative (acausal) parts of the EGFs represent waves travelling in opposite direc-
tions between the station pairs, and the same physics as that used in surface wave anal-
ysis can be applied to these dispersive wavetrains to extract phase velocity information
for the paths between the stations (e.g., Y. Yang et al., 2008). We calculated EGF's for
all possible station pairs, resulting in more than 2340 EGFs with the stack number vary-
ing from 81 to 823 days, and average stack number of 650 days. Since our study area is
located next to the Atlantic coast, the energies of the emerging wavetrains for the causal
and acausal signals are significantly different (Figure 2). This could cause bias in the mea-
surement of phase velocities from the noise correlation functions (e.g., Tian & Ritzwoller,
2015). To quantify the bias due to non-uniform noise distribution in our measurements
of phase velocities, we investigated different dataset scenarios generated from different

time period of stacking. By comparing the results from a selected semi-homogeneous dataset

—11—
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Figure 2. (Left) calculated EGFs for a subset of E-W paths between stations. Causal (pos-
itive lag) signals: east to west propagation, acausal (negative lag) signals: west to east propa-
gation. The moveout lines (orange dashed lines) are drawn for 2 km/s and 4.5 km/s velocities.
(Right) distribution of signal-to-noise ratios (SNR) for causal/acausal signals related to all EGFs

from E-W paths measured in this study.

to the ones from our final inversions, we conclude that our final phase velocity measure-
ments are reliable regardless of the observable non-uniform noise distribution in the data

(see supporting information for discussion).

2.2 Dispersion Measurements

We calculated the inter-station Rayleigh wave phase velocity dispersion curves from
the inter-station EGFs using the GSpecDisp program (Sadeghisorkhani et al., 2018). This
is a MATLAB-based GUI software that is primarily designed to facilitate phase veloc-
ity dispersion measurements from stacked noise correlation functions in the spectral do-
main. There are two main modules included in this program that are developed for cal-
culating a regional average dispersion curve (method of Prieto et al. (2009)), as well as
individual inter-station dispersion curve measurements (method of Ekstrom et al. (2009)).
Although an automatic selection process is available in this program, we manually se-

lected the phase velocity measurements for all the EGFs.

—12—



314 For measuring phase velocities from the input stacked correlation functions at each

315 period, the real part of the input EGF spectrum is matched with the zero crossings of
316 appropriate Bessel functions. Phase velocity is obtained using the formula
wn
C ==
(wn) Zn +2m
317 where Z,, denotes the n-th zero crossing of the Bessel function, w,, is the angular
318 frequency of the n-th zero-crossing of the correlation spectrum, and m = 0,+1, 42, ...

319 takes the 27 ambiguity of phase velocity (cycle skipping) into account. Due to the val-

320 ues of m, many possible dispersion curves can be measured for an EGF. Using the av-

321 erage dispersion curve measurement module of GSpecDisp, we first calculated a few dif-
322 ferent average dispersion curves by dividing the study area into sub-regions, based on

323 geology and tectonics. Next, we used those average curves as references to manually se-
324 lect the appropriate phase velocities for individual inter-station paths. A few represen-
35 tative examples of the individual dispersion measurements, as well as the regional av-

326 erage dispersion curve for the study area, are illustrated in Figure 3. As shown in this

327 figure, reliable phase velocity measurements at the longest periods (e.g., > 40 s) can only

38 be achieved from EGFs with longer inter-station distances (e.g., E55A-164A and VLDQ-
320 164A in Figure 3).

330 2.3 Tomography Method
331 There are direct and indirect approaches to extract shear velocity models from sur-
33 face waves. In the first approach, surface waves are directly inverted for a shear wave

333 velocity model (e.g., Debayle & Kennett, 2000; van der Lee & Frederiksen, 2005). Al-
334 ternatively, phase or group velocity maps at different periods are extracted as the first
335 step of the tomography procedure and then inverted for shear velocity information (e.g.,

336 Kao et al., 2013; Kuponiyi et al., 2017). In this study, we first recover Rayleigh wave phase

337 velocity variations at discrete periods from the calculated inter-station dispersion mea-
338 surements, and then we extract 1D dispersion curves from the generated phase veloc-

339 ity maps to be inverted for shear velocity profiles.

340 The tomography program requires the input inter-station phase velocities to also
341 include measurement errors. However, the GSpecDisp program does not give the mea-
342 surement errors. In this case, a fixed set of synthetic errors (reference errors) is assigned
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Figure 3. (a) Examples for EGFs related to station I64A cross-cutting various tectonic do-
mains in the study area. (b) Map of the stations related to the shown EGFs. (c) Measured inter-
station dispersion curves for the shown EGFs. The 1D average curve (cross symbols) represents

the regional average based on all EGF measurements.
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343 to the measurements, with errors typically increasing with increasing period. We argue
344 that the measurement errors should be proportional to the EGF quality such that smaller

35 phase velocity errors should be attributed to higher quality EGFs. Therefore, we cal-

346 culated the SNR for the symmetrized EGFs and used the mean of these values as a ref-
347 erence to modify (increase/decrease) the measurement errors for each inter-station dis-
348 persion curve. Since the distribution of the calculated SNR values is very similar to a

349 Gaussian distribution, we used the z-score (i.e., a real number that is the distance from
350 the distribution mean given in terms of the number of standard deviations) of the SNR

351 for each EGF and multiplied it by a small value of 0.002 to estimate the error adjust-

352 ments from the reference errors for each period of the inter-station dispersion curves. This
353 small value was decided experimentally after making sure that it does not cause the fi-

354 nal measurement errors to be negative or too strongly deviated from the reference er-

355 rors. The assigned measurement errors for periods in this study, 4-50 s, before and af-

356 ter the error adjustment process are 0.015-0.04 km/s and 0.0092-0.0438 km/s respectively.

357 We followed the tomography method described by Darbyshire & Lebedev (2009)
358 to recover anisotropic phase velocity variations at periods from 4 to 50 s. This inversion
359 method has been successfully implemented in previous studies using earthquake-based

360 2-station phase velocities (e.g., Deschamps et al., 2008; Petrescu et al., 2017; Foster et

361 al., 2020), earthquake-to-station group velocities (e.g., Darbyshire et al., 2018), ambient-

362 noise group velocities (e.g., Pawlak et al., 2012), and combined ambient-noise and earth-
363 quake 2-station phase velocities (e.g., McLellan et al., 2018). The inversion is performed
364 across a triangular grid of nodes that are evenly spaced throughout the region covered

365 by the surface wave raypaths. We set the model and interpolation grid spacing to 80 km
366 and 20 km respectively.

367 Assuming a weakly anisotropic medium, the inversion solves for 5 unknowns in phase
368 velocity at each node:

IC(w) = 0C;50(w) + Ajcos(24)) + Bysin(2y) + Azcos(4y)) + Basin(44)

369 where 0C;, is the isotropic phase velocity anomaly, and 21 and 44 are the anisotropic
370 components for the phase velocity variations with 7 and 7/2 periodicity respectively (Smith
a7 & Dahlen, 1973). The solutions are found by solving a system of linear equations gov-

372 erning relations between the average phase velocity along the paths, the horizontal sen-

—15—



373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

404

sitivity area at the grid nodes (assuming zero-width rays), and phase velocity perturba-
tions over the model grid. The model is regularized by adding smoothing and damping
terms into the inversion kernel matrix that penalize the first and second derivatives of

the recovered anomaly distribution. The damping applied by penalizing the second deriva-
tive of the variations for the neighboring nodes diminishes the patterns of anisotropy more
strongly. Therefore, applying much larger smoothing parameters compared to the damp-
ing parameters is required (Figure 4; Foster et al., 2020). We tested many different reg-
ularization parameter values for isotropic and anisotropic components and chose an ap-
propriate setting based on the regularization trade-off curves between the variance re-
duction and model roughness, as well as visual assessment of the resulting phase veloc-

ity maps. The isotropic and anisotropic regularization curves show the expected shape

of trade-off curves, making it possible to select best approximate values from the curve
knees (Figure 4; Figure S5-S6, supporting information). Since the resolution of the anisotropic
components is generally lower, they were more strongly damped and smoothed (e.g., Dar-
byshire & Lebedev, 2009). We applied the same regularization parameters in the inver-
sions to the phase velocity datasets at all periods for consistency (Table S2, supporting

information).

Depending on the background noise level at the seismograph sites, the inter-station
distance, and the number of stacked noise cross-correlation functions used in the gen-
eration of the EGF's, the frequency content of the dispersion measurements varies for dif-
ferent paths. This results in a notable difference in the path coverage at different peri-
ods. The number of crossing raypaths varies from a minimum of 183 (50 s period) to a
maximum of 1429 (6 s period) with an average of 1106 rays (Figure S1, supporting in-

formation).

The dispersion datasets that were input to the tomography program must satisfy

the following two criteria:

(i) The time domain signal to noise ratio (SNR) must be higher than 8.8 dB for
the symmetrized EGFs (Figure S4, supporting information). This value is calculated us-
ing the u—20 formula for the SNR distribution of all possible EGFs, where p is the mean
SNR for the distribution, and o is the standard deviation of the calculated SNR values.
We use the formula SNR(dB) = 2010‘9(%%) to calculate SNR values, where RM S

is the root mean square of signal or noise for window sizes calculated using 2 km/s and
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Figure 4. Inversion regularization trade-off curves for 16 s period. (Left) smoothing trade-off
curve. (Right) damping trade-off curve. The red circles mark the values used in the final inver-
sions. The maps illustrate the inversion results for the regularization parameter values marked
at the top right corner of the maps. Only curves for the isotropic component are shown here; see

Figures S5-S6 in supporting information for the other components.

,17,



405

406

408

409

410

411

412

413

415

416

417

418

420

421

423

424

426

427

429

430

432

433

434

435

4.5 km/s moveout velocities (Figure 2). By following this procedure, we exclude possi-

ble unreliable dispersion measurements from the tomography input datasets.

(ii) The associated wavelength (A) of the input dispersion measurements must be
shorter than one-third of the inter-station distance (A) for the average phase velocities
(Figure S4, supporting information). Previous studies have mentioned unreliable mea-

surements for A < 3\ (e.g., Bensen et al., 2007; Kohler et al., 2011).

In addition to the above two criteria, the inversion procedure also includes an out-
lier exclusion step in which spurious paths are found based on the inversion misfit, and
subsequently excluded from the final inversions. After following the above procedure, we
achieve a good azimuthal coverage for the input data used in the tomography. Due to
the aperture of the study area, east-west directions (60°-120°) are the most common;
however the full range of azimuths is covered and the selection criteria reduce bias (Fig-

ure S4, supporting information).

2.4 Shear Wave Velocity Inversion

In order to obtain shear velocity structure, we extracted local (1D) dispersion curves
from 212 phase velocity map grid nodes, and inverted them for shear wave velocity pro-
files. Bathymetry information for all nodes was extracted from a global model (Amante
& Eakins, 2009), and we fixed the water depth as the first layer in the inversion param-
eter file for the nodes located in water areas. The shear wave velocity models are then
parameterized as one crustal layer and one mantle layer with 4 B-splines and 5 B-splines
to describe velocity variations in the crust and mantle respectively. Crustal thickness so-
lution in the inversions is an unknown parameter that was allowed to vary from 20 km
to 60 km. We set the maximum depth of inversions to 200 km that fully covers the sen-
sitivity of even the longest period of the phase velocities in this study (i.e., 50 s; Figure
5). We used the inversion approach of Guo et al. (2016), a Bayesian inference method
that outputs a joint probability density function (PDF) in the model and data space that
contains the ensemble of accepted models, for which the synthetic dispersion curve matches
the data within errors. The posterior PDF is generated by data and updated prior in-
formation during the inversion process (Tarantola, 2005; Afonso et al., 2013). In this in-
verse problem scheme, due to parameter space being extremely large, a Markov Chain

Monte Carlo (MCMC) sampling algorithm is adopted to sample the posterior distribu-

—18—



436

437

438

439

440

441

442

443

444

445

446

447

Sensitivity Sensitivity
0.0 0.025 0.055 0.075 0.100 0.125 0.00 0.005 0.01 0.015 0.02 0.025
| 1 1 1 1

25

50

75

—~ —~
£ £
X X
N— N—
£ £ 100
(o} (o}
] )
(@] (@]

125 o

150

175 A

— 16's
60 200

Figure 5. Fundamental mode Rayleigh wave depth sensitivity kernels for 20 periods used in

this study. Note the difference between the axis ranges for these two subplots.

tion (Guo et al., 2016). As an example of the process, the regional average shear veloc-
ity profile resulting from the inversion of 1D average dispersion curve is shown in Fig-

ure 6.

We construct our (pseudo) 3D shear wave velocity model by extracting and com-
bining the mean profiles from the posterior PDF results. Although the model is param-
eterized to 200 km depth, we present our shear wave velocity model down to 60 km depth
for which the shear velocity variations are best resolved. We interpolated the shear ve-
locity data at each depth using a finer grid spacing of 0.15°x0.10° while applying a Gaus-
sian smoothing function with the smoothing length of 50 km to remove lateral variations
that are unrealistically small. The cross-section data are extracted from the interpolated
shear velocity models at each depth by sampling the shear velocity model at every 5 km

distance along the tracks.
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Figure 6. Shear velocity inversion results for the 1D average dispersion curve measured in
this study. The left subplot illustrates the posterior probability density function (PDF) for this

inversion. The top right subplot shows the input dispersion curves, as well as the forward mod-

dispersion curves for the accepted solutions. The bottom right subplot is the histogram

for the accepted recovered Moho solutions. The shear wave and dispersion profile of the global
reference model AK135 (Kennett et al., 1995) are drawn for comparison purpose (green dashed

lines).
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To estimate Moho depths from the shear velocity models, we followed the method
suggested by Kao et al. (2013). Accordingly, we calculated the typical crustal velocities
(15-25 km depths), and typical mantle velocities (55-65 km depths) for each 1D shear
velocity profile, and tested different percentage of increase from the typical crustal ve-
locities toward the typical mantle velocities (Figure S17, supporting information). We
finally chose the average between the estimates from 50% and 85% as the Moho depth
proxy for each inversion node. Combining the resulting estimates at all inversion nodes,

our final Moho depth map is generated.

3 Model resolution

We conducted various types of resolution tests at all periods and results for a sub-
set of periods are presented in this paper. The selection of representative periods was
made to cover a wide range of depths and a variety of path coverage levels (Figure 5; Fig-
ures S1-S2, supporting information). We chose 4 periods: 6 s (best path coverage; sen-
sitive to upper crustal depths), 14 s (average path coverage; sensitive to mid-crustal depths),
25 s (average path coverage; sensitive to lower crust and around Moho depths), and 40
s (low path coverage; sensitive to sub-Moho depths). All resolution tests were carried
out following the same framework: generating a synthetic input phase velocity model,
adding 0.02 km/s random noise, and inverting the measurements for an anisotropic phase
velocity solution with the same path coverage and inversion parameters as that applied

to the real data.

In this section, we explain the resolution test results for some spike tests (equiv-
alent to the conventional checkerboard resolution tests in tomographic studies) that were
designed based on custom geometric shapes and also a synthetic model based on the ob-
served anomalous patterns in the final phase velocity maps (Figure 7). Results for more
resolution test types including more spike tests (stripe patterns; Figure S7), linear gra-
dients (Figure S8), isotropic-anisotropic leakage tests (Figures S9-S10), and rotated anisotropy

tests (Figure S11) are also available in the supporting information.

+ Large hexagons with 320 km diameter (Figure 7, model A): Anomalies at all four
representative periods are clearly recovered. The geometry of the hexagon cen-
tred at 72.5°W, 44°N is perfectly reproduced with almost no smearing effect. The

other hexagons that are closer to the edges of the phase velocity maps show a min-
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imal smearing effect at the hexagon edges that are the closest to the margins of
the study area, which is expected given the density of crossing rays in those ar-
eas. In terms of amplitude recovery, anomalies are very well reproduced with bet-
ter recovery for the two hexagons centred at 72.5°W, 44°N (New Hampshire), and
65°W, 45°N (Nova Scotia - New Brunswick), even at the longest periods (i.e., 40
s), compared to the others. Weak spurious anisotropy is observed in the margins
of the study area, especially evident in the north and south in the 40 s map.
Small hexagons with 160 km diameter (Figure 7, model B): These small hexagon
patterns have an edge size of 80 km, and are separated by ~160 km distance. The
two anomalies located in the northeast of the study area near the Newfoundland
coast are not recovered. The four anomalies in the centre of the study area and
the one over Nova Scotia are very well reproduced in terms of their amplitude and
geometry. Other hexagons situated near the southern, western, and northern edges
of the maps are adequately recovered, but with some smearing effects observable
due to an insufficient path coverage in these areas. Comparing the anomalies in
the northern edge of the study area with those situated along the eastern edge of
the maps, the amplitude recovery of the hexagons in the eastern edge is better.

In general, smearing at the edge areas is present and this effect is similar along
different edges of the maps. Spurious anisotropy is minimal in the centre, but this
effect is observable at the edge areas, especially in the north, in Nova Scotia, and
the southeastern edge.

Small triangles with 160 km edges (Figure 7, model C): These triangles are ap-
proximately the size of the average station spacing, and the smallest spike pat-
terns that we tested in this study. The triangles are separated by ~240 km on av-
erage. Despite being very small features, the majority of the anomalies located

in Nova Scotia, northern New Brunswick, NE USA (SE Maine, Massachusetts -
New Hampshire), southern Quebec, and eastern Ontario are very well recovered.
Similar to the “small hexagons” tests, anomalies in the far northeast of the maps
are not recovered. The magnitude of the anomaly in the north, centred at 71°W,
49.5°N, is greatly reduced at all periods; nonetheless, this anomaly is still detectable.
In this test, small spurious anisotropy is observable in Nova Scotia and at the NW

edge of the study area.
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« Based on the observed slow anomaly patterns in the final phase velocity maps, we

created a synthetic input model for our study region (Figure 7, model D). The anoma-
lies in this test are recovered very well throughout the maps at different periods.
Even in the northeast of the Gulf of St. Lawrence, and in the north where other
tests fail or have difficulty recovering the synthetic input anomalies, this test sug-
gests that the main observed patterns in the final phase velocity maps are robust
model features. Amplitude recovery gets less robust at longer periods; however,
all anomalies stay detectable at all periods. Anomaly smearing is minimal over-
all, but this effect is still observable in the northeast and the north of the maps.
Spurious anisotropy in the north and northeast of the study area is also observ-
able in this test.

Other resolution tests are also available in the supporting information (Figures
S7-S11). We provide a very brief summary of those results here and readers are
referred to the supporting information document for a more detailed discussion.
The stripe pattern resolution tests are available in two directions: stripes along
NE-SW (models S1-S2), as well as stripes with NW-SE direction (models S3-S4).
These tests are presented for two different width configurations (240 km and 80
km), and our analysis suggests that they are all very well recovered (Figure S7).
The next set of tests are the linear gradient patterns that are conducted for two
different directions (models G1 and G2; Figure S8). These tests are useful to in-
vestigate the bias due to a dominant number of paths along a specific direction.
The linear gradient model G1 (i.e., along NW-SE direction) is better recovered
than the model G2 (i.e., along NE-SW direction), especially at the longest peri-
ods (25-40 s). Due to the trade-off between isotropic and anisotropic structure,
leakage between the isotropic and anisotropic components exists in the inversion
of surface wave velocity. This may result in a non-robust feature looking robust
(or vice versa), and therefore overinterpreting the results. Hence we tested this
effect by only inputing one component of the model as the synthetic model (isotropic
or 21 or 44)), and recovering the models to investigate the leakage effect. The re-
sults for this test suggest a very small leakage between the surface wave compo-
nents. Finally, to investigate the robustness of our anisotropy models, we rotated

the 2¢ anisotropy results by 90° and used them as input synthetic models at each
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Figure 7. Structural resolution tests (spike tests) for the 4 representative periods (marked at
the bottom right of each map). Results are shown for: A - large hexagons (320 km diameter), B
- small hexagons (160 km diameter), C - small triangles (160 km edges), D - structure based on

tomography results.

period to be inverted and checked for the recovery level. The results of this test

also suggests that our anisotropy results are reliable overall.

4 Results
4.1 Phase velocity model

The final phase velocity maps and maps of ray coverage at a selection of periods
from 5 s to 40 s are shown in Figure 8. Full sets of phase velocity maps and raypaths

are available in supporting information (Figures S12-S13). As discussed in Section 2.3,
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Figure 8. Final phase velocity maps and corresponding raypath coverage (small maps at the
bottom right corner of the phase velocity maps; the number at bottom right is the number of
rays) for a subset of periods in this study. The magenta bars represent the 2¢ anisotropy varia-
tions. The two numbers at the bottom left corner of the maps denote the period (s) and average

phase velocity (km/s) respectively. Acronyms are explained in Figure 1.

we invert the inter-station dispersion datasets for isotropic, 2, and 4v components. How-
ever, we only interpret the maps of isotropic and 2¢) components, as the 49 component

is not well constrained by the data and it is typically small.

Rayleigh wave phase velocity variations at each period give integrated shear veloc-
ity information over a depth range explained by depth sensitivity kernels (Figure 5). We
use these kernels to understand the sensitivity of the phase velocity maps to the subsur-

face structure at different depths.

At short periods, 4-12 s, Rayleigh waves are predominantly sensitive to upper crustal
depths (<~15 km). We observe +5% perturbations of phase velocities relative to the

regional average at these periods. In contrast to the eastern Grenville and the SE Su-
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perior, the northern Appalachians are dominated by generally slower than average phase
velocities. Slow anomalies are observed across the Gulf of St. Lawrence (GSL), Bay of
Fundy (BOF), Gaspé Peninsula, along the St. Lawrence River, and beneath the Gulf of
Maine (GME). In the easternmost study area, a slightly faster upper crust in Meguma
than Avalonia is recovered. Almost the whole of Ganderia is dominated by slower than
regional average phase velocities, except for a small fast anomaly that is observable close
to the coastline in the west of BOF. Phase velocities of the Humber margin and the Dun-
nage zone are generally very similar in the northern Appalachians. While phase veloc-
ities in the SE Superior suggest a simple faster than average upper crust, more complex
variations are observed in the Grenville Province. A relatively small and weak slow anomaly
in the northwest of the study area (periods > 10 s), and also a small region to the west

of the Appalachian front along the St. Lawrence river are observed.

At intermediate periods, 14-20 s, the maximum sensitivities are to mid-crustal depths
from ~15 to ~25 km (Figure 5). The observed anomalies in the phase velocity maps at
these periods are generally weaker than those observed at periods sensitive to upper and
lower crustal depths (~ £3%). The slow anomaly in GSL is less strong at the interme-
diate periods compared to the short periods. We observe a fast structure (~2% anomaly)
beneath GME, and this feature extends to the northeast crosscutting the three eastern-
most domains (Meguma, Avalonia, Ganderia) at longer periods (18-20 s). The Humber
and Dunnage zones are dominated by slow anomalies, and the Grenville and Superior
are generally faster than the Appalachian domains. In the Grenville, we observe a promi-
nent localized slow anomaly (~2%) situated in the northwest of the study area. A lo-

calized faster zone is also observed beneath the AMB zones in the Grenville Province.

At longer periods, 22-34 s, phase velocities have their maximum sensitivities to lower
crust and around the Moho depths (25-45 km). At these periods, we observe ~ +4%
phase velocity perturbations from the regional average. The NE-trending fast anomaly
crosscutting the three easternmost tectonic domains is a striking feature. A slow anomaly
located in BOF extends into the central part of this NE-trending anomaly at 30-34 s pe-
riods. The Dunnage zone and Humber margin are dominated by prominent slow anoma-
lies (~1-2%). A strong slow anomaly of 3-4% is observed beneath GSL. Fast anomalies
in the Appalachians are observed beneath New Brunswick and southern PEI (27-34 s),
and also under Gaspé peninsula (30-34 s). In the Grenville, the SLP zone is dominated

by slow velocities at 22-34 s. The AMB zone at these periods is also faster than the other
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regions in this orogen. The slow anomaly in the northwest of the study area is still a promi-

nent feature, whereas the Superior province is ~2% faster than the regional average.

The longest periods in this study (>34 s) are mostly sensitive to the depths around
the Moho and uppermost mantle (45-60 km). With respect to the regional average ve-
locities, we observe ~ +4% variations across the study area at these periods. Fast anoma-
lies (2-3%) in the Appalachians are observed beneath the GME and southern Maine, un-
der New Brunswick, SW GSL and southern PEI, and southern Nova Scotia (~3%). Most
of the Humber and Dunnage zones are dominated by slow anomalies with 1-2% strength
at the longest periods, except for a ~1% fast anomaly observed in Gaspé peninsula at
34-40 seconds, as well as a fast anomaly observed south of Quebec City at 50 s. In the
Grenville orogen, the slow anomaly in the northwest gets weaker at periods longer than
34 s and it is eventually replaced by a 1-2% fast anomaly at 45 s. While the AMB zone
in the north (76°W, 46.5°N) is recovered as a fast anomaly, the AMB zone in the south
(in New York) is dominated by 1-2% slower than average velocites at 40-50 s. The Su-
perior craton is recovered as a relatively fast (~2%) anomaly at the longest periods (e.g.,

40 s).

In terms of 21 anisotropy variations, weak to moderate anisotropy of ~1-3% is ob-
served across the study area at different periods. Overall, a ~0.5-1% stronger anisotropy
is observed in the Appalachians than the Grenville province. The predominant directions
of the recovered anisotropy variations are typically along the general tectonic trend (i.e.,
NE-SW). Across GSL and the NE part of the study area, where the path coverage is lim-
ited, the direction of anisotropy is almost perpendicular to the tectonic trend (N-S and
NW-SE) at the shortest (4-12 s) and longest periods (> 30 s). However, at the interme-
diate and long periods (14-30 s) where these areas are best covered by the datasets, the
anisotropy trend beneath this region follows the general tectonic trend. The slow anomaly
in the northwest of the study area that is visible at 10-40 s period shows a different char-
acteristic to surrounding areas, with a slightly stronger anisotropy, as well as up to 30°
difference of anisotropy directions. We also notice a change in the direction of anisotropy
when comparing the results for the Appalachian and the Grenville domains on either side
of the Appalachian structural front, especially near the SLP. Across eastern New Brunswick
where a strong fast anomaly is observable at the longest periods (> 30 s), the anisotropy

variations are recovered as E-W to SE-NW orientations.
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625 4.2 Shear velocity model

626 As discussed in Section 2.4, we construct our 3D shear velocity model from the in-
627 version results of the extracted 1D dispersion curves. The maps of shear velocity vari-

628 ations at different depths are presented in Figure 9 (see also Figures S14-S16, support-

620 ing information). To gain more perspective from the shear velocity model, we have also
630 made cross-sections crosscutting different tectonic domains in the study area (Figure 10).
631 At upper crustal depths (< 15 km), our shear velocity model shows a considerable
632 range of variations from 3.2 km/s to 3.75 km/s. The observed pattern of variations in

633 the shear velocity model at these depths follows the geographical distribution of the units

634 including various tectonic terranes and sedimentary basins. Similar to the observations
635 of phase velocities, we notice that the SE Superior and the eastern Grenville Province

636 have generally faster upper crustal structure than the northern Appalachians. In the Ap-
637 palachians, localized fast velocity anomalies are observed in ~10-15 km depth maps un-
638 der southern Nova Scotia (Meguma), across GME (Avalonia), and southwestern part of
639 the Humber and Dunnage zones. The strongest slow anomalies (< 3.4 km/s ) are recov-

640 ered at the shallowest depths (< 10 km) beneath the GSL extending into BOF, under

6a1 GP and NE St. Lawrence River, and in the far south of the study area beneath the GME.
642 The thickness of these slow anomalies varies from 8-10 km beneath the GSL, to 5-6 km

643 beneath the GP and NE St. Lawrence River, and ~3-4 km under the BOF and in the

644 extreme south of the study area in the GME. A similarly strong slow anomaly is also

645 recovered at depths < ~3 km beneath the SLP in the Grenville Province (Figure 10-DD’;

646 Figure S14, supporting information). In general, the velocity structure of the upper crust
647 beneath the eastern Grenville and the SE Superior does not appear to be as complex as
648 the northern Appalachians, but our model suggests a clearly heterogenous strucure be-
649 neath these regions. Faster regions at this depth range are observed beneath the SE Su-

650 perior Province, the southern AMB domain (in New York), and in the north of the study

651 area. A relatively slow anomaly is observed at depths > 12 km in the northwest of the

652 study area. We also observe a velocity contrast across the Appalachian front, with higher
653 velocities observable in the Grenville side at upper crustal depths (e.g., 13 km, Figure

654 S14, supporting information). A similar velocity contrast occurs further to the south-

655 east into the Appalachians at deeper intermediate crustal depths. Our shear velocity model
656 does not distinguish the Grenville Province from the Superior craton at depths < 10 km,
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Figure 9. Final shear wave velocity maps at different depths. The map at the bottom left
illustrates our Moho depth using the average of 50% and 85% velocity increase proxies (see text
for more information). The scatter points on this map are the Moho estimates from previous
studies (only a subset of their results are shown here; circles: Darbyshire et al. (2017, and refer-
ences therein), diamonds: Li et al. (2018), squares: Shen & Ritzwoller (2016)). See supporting
information document for extra Moho depth maps estimated using different proxies (Figure S17)

and also additional shear velocity maps (Figures S14-S16). Acronyms are explained in Figure 1.
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Figure 10. Cross-sections from the final 3D shear wave velocity model along five different
profiles. The map at the bottom right denotes the location of the profile tracks. Our inferred
Moho depths using the average of 50% and 85% velocity increase proxies are shown by the
dashed white lines in the illustrations. Land elevation / water depth for each profile is shown
above the velocity models. SUP: Superior, AMCG: anorthosite—-mangerite—charnockite—granite,
other acronyms are explained in Figure 1. Vertical axis of the velocity profiles is 6 times exagger-

ated.
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but a systematically faster Superior is recovered at the deeper depths covered by this

study.

At intermediate crustal depths (15-25 km), shear velocities in our study area vary
between ~3.5 and 4.0 km/s suggesting significant variations in relative thickness of up-
per crust to lower crust (Figures 9, 10). At these depths, fast regions include GME, west-
ern SLP and the southern AMB zone, and the Superior Province. Slowest regions at these
depths are recovered beneath the GSL, central Ganderia domain, and the far SE of Nova
Scotia. Investigating the shear velocity model at depths from 25 to 45 km, we observe
velocity variations in ~3.75-4.50 km/s range. This relatively wide range of shear veloc-
ity variations include both typical crustal and mantle velocities suggesting that the crust-
mantle boundary in many regions of our study is likely situated within these depths. The
observable fast regions in the Appalachians follow a SW-NE trend covering GME, south-
ern Maine, New Brunswick, and the southwestern GSL crosscutting the three Appalachian
coastal domains. Parallel to this fast anomaly to the north, our shear wave velocities are
0.1-0.2 km/s lower indicating a strong velocity contrast occuring near the Ganderia-Dunnage
boundary. Further northwest, crossing the Appalachian front, we observe a small increase
of shear wave velocities at depths >~30 km in the Grenville side. Maps of shear wave
velocities at lower crust to Moho depths (25-45 km) are indicative of heterogenous east-
ern Grenville seismic structure. A striking slow anomaly in the NW of the study area
is observed with velocities < 4.4 km/s at 35-50 km depths. We also observe a weaker slow
anomaly centered beneath the western SLP and expanding toward the AMB zones in
the Grenville Province at these depths. Investigating the shear velocity maps at man-
tle depths (> 50 km), a general increase of shear velocity with age is suggested for the
first order tectonic domains (Superior > Grenville > Appalachians). However, the up-
permost mantle structure beneath southern New Brunswick and southwestern Nova Sco-

tia is considerably (~0.2 km/s) faster than other tectonic domains of the Appalachians.

The cross-section illustrations provide evidence for a very complex 3D crustal ve-
locity structure beneath the study area (Figure 10). The prominent shallow low-velocity
zones (<3.4 km/s) beneath the southern GSL (profiles CC’, GG’), Bay of Fundy (pro-
files AA’, FF’), Gulf of Maine (profiles BB’, EE’), St. Lawrence river (profiles CC’, EE’,
FF’), and St. Lawrence Platform (profiles BB’, DD’) have very different thicknesses from
less than 3 km to a maximum of 10 km. Near the major surface tectonic boundaries (i.e.,

Appalachian/Grenville fronts), our cross-section illustrations suggest significant lateral
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heterogeneities at all depths covered by this study. The Moho depth variations from the
two shown proxies across different tectonic domains indicate that the crustal thickness
can be highly variable over a short distance (e.g., profiles EE’, GG’; ~10 km variations

over ~100 km distance).

5 Discussion

Although ambient noise tomogaphy is inherently insensitive to fine stratigraphic
details, our models reveal unprecedented details of the crust and sub-Moho structure be-
neath the study area. This enables us to discuss the observed features in terms of their
tectonic implications. We note that due to the highly nonlinear relationship between the
lithology and seismic velocities (e.g., Fountain & Christensen, 1989), we have been care-
ful to not interpret the results in terms of variations in lithology. That said, our reso-
lution analyses suggest that the variations of seismic velocities at the scale of tectonic

zones and subprovinces are well constrained.

5.1 Thickness of the sedimentary layers

According to depth sensitivity kernels and the shortest periods covered by this study
(Figure 5), we should be able to resolve the geometry of the sedimentary layers with thick-
ness > ~3 km. In our 3D model, shear velocities lower than ~3.4 km/s are interpreted
as sedimentary layers. Accordingly, the thickest sedimentary layer in our study area is
located beneath the GSL and PEI (Figures 9, 10) with a thickness of ~8-10 km. This
sedimentary basin has a U-shaped geometry with the maximum thickness located be-
neath PEIL Our interpretations are consistent with the previous ambient noise tomog-
raphy study carried out over the GSL (Kuponiyi et al., 2017). The next thickest sedi-
mentary layer is located under the NE St. Lawrence River and beneath the Humber mar-
gin with a thickness of ~5-6 km. This sedimentary layer was developed after break-up
of Rodinia at ~615 Ma which resulted in producing extensional features including failed
rift arms of the St. Lawrence (e.g., S. Kamo et al., 1995; S. L. Kamo et al., 1989). Across
the BOF, thickness of the sedimentary layer is likely to be ~3-4 km. Although our shear
velocities are not best constrained at depths < 3 km, we note that the thickness of the

sedimentary layer may be ~1-2 km beneath the eastern SLP.
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5.2 Crust-Mantle boundary

Variations in our Moho depth map agree well with the results from previous stud-
ies that used receiver function techniques and joint inversion of surface waves and receiver
functions (Figure 9). Due to the nature of the depth sensitivity kernels (Figure 5), sur-
face wave techniques are relatively insensitive to sharp discontinuities, resulting in mod-
els with a transitional crust-mantle boundary. However, as discussed by previous authors
(e.g., Kao et al., 2013), implementing proxies defined as a certain increase from typical
crustal velocities to typical mantle velocities enables us to have acceptable estimates for
Moho depths, as well as relative variations of Moho thickness across the study area (Fig-

ure S17, supporting information).

The Grenville Province and the northern Appalachians have experienced different
tectonic formation and evolution mechanisms, including their temperature regime, the
spatial scale of the terranes involved in the orogenesis and the duration of accretion and
collision. This difference is clearly manifested in our Moho depth estimates derived from
the 3D shear velocity model. The crust beneath the Grenville orogen is typically thicker
than the Appalachian province (except for Nova Scotia and southern New Brunswick).
Average crustal thickness resolved by our Moho proxy of choice in the Grenville orogen
is ~40-45 km, which is consistent with the estimates from previous seismic studies (Fig-
ure 9; Shen & Ritzwoller, 2016; Li et al., 2018; Darbyshire et al., 2017, and references
therein). The deepest crust-mantle transition (> 50 km) occurs in the northwest of the
study area, centred at 73°W, 49°N, in the Grenville Province (Figure 10, profile CC’).
This localized feature is coincident with a negative Bouguer gravity anomaly in south-
eastern Canada (e.g., Ludden & Hynes, 2000). Interpretation of the Lithoprobe seismic
profiles also suggests a thicker crust within the southern vicinity of the Grenville front
(Martignole & Calvert, 1996). While our results suggest a thick crust beneath this re-
gion, results from previous receiver functions suggest a relatively shallower Moho (Fig-
ure 9). This anomalously thick crust is situated between the Allochthon Boundary Thrust
(ABT, the boundary between PB and APB at the surface; Figure 10, profile EE’; e.g.,
Rivers, 2015) and Interior Magmatic Belt (IMB, located in central Grenville, marking
the northern limit of post-Grenville magmatism; e.g., Hynes & Rivers, 2010). Thus the
location of this feature suggests that it likely formed during or before the Grenvillian oro-
genic phases. A thicker crust than the average in the Grenville is also suggested beneath

the younger SLP and the western AMB zones (45-50 km; Figure 9).
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Crustal thickness variations across internal tectonic boundaries of the Appalachi-
ans do not seem to have clear systematic signatures. They rather suggest a very com-
plex geometry manifested in significant heterogeneity within tectonic domains. While
a generally shallower Moho is suggested beneath Ganderia compared to other tectonic
domains of the Appalachians, the thinnest crust in our study area is observed beneath
Gulf of Maine (Avalonia) and Gulf of St. Lawrence (Dunnage zone) (Figure 9; Figure
10, profile EE’). We suggest a ~40-45 km crustal thickness beneath southern Nova Sco-
tia, very similar to the suggested Moho depths beneath the Grenville orogen. A relatively
large difference between our Moho proxies suggests that the Moho discontinuity beneath
this area is likely to be a gradual interface (Figure 10, profile FF’; Figure S17, support-
ing information). In the same region, receiver function measurements suggest a signif-
icantly thinner crust (30-40 km; Darbyshire et al., 2017, and references therein). Although
the results from a surface wave study cannot be directly compared to results from re-
ceiver functions due to the inherent differences in their methods, the mismatch between
our inferred Moho depths and the results from previous receiver function studies for south-

ern Nova Scotia suggests a complex crust-mantle transition beneath this region.

Some of our cross-sections are constructed along previously conducted active seis-
mic profiles in our study area, and the results are generally in good agreement (Figure
10, profiles AA’, BB’, CC’). The New England seismic refraction/wide-angle reflection
survey was conducted in the late 80s, and crosscuts four USA states from west to east:
New York, Vermont, New Hampshire, and Maine (Hughes & Luetgert, 1991). It included
both the Grenville and Appalachian Provinces and imaged a complex multi-layer crustal
structure in the Appalachian terranes, an eastward dipping Grenvillian basement under
the Appalachians, and a progressively shallower Moho beneath the Appalachian orogen.
These findings are consistent with our observations in shear velocity profile AA’. The
locations of Lithoprobe lines 52-54 coincide with a portion of shear velocity profile BB’.
Noteworthy observations are a complex and laterally heterogenous seismic structure be-
neath this region with variable Moho depth geometry, and extension of Parautochthonous
Archean basement to more than 200 km southeast of the Grenville front reaching the
Moho (Ludden & Hymnes, 2000). The Lithoprobe reflection-refraction lines 86/1-88/1 in
southern GSL infer an increase in crustal thickness toward northeastern Nova Scotia (Hall
et al., 1998), which is similar to the geometry suggested by our shear velocity model be-

neath this region (profile CC’)
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785 Previous receiver function studies have noted a sharp Moho offset occurring within
786 a narrow zone in the central northern Appalachians, interpreted as the boundary sep-
787 arating the Laurentian (Grenvillian basement) and Gondwanan units at depth (Li et al.,

788 2018, 2020). A supporting evidence for this interpretation is that this NE-SW trending

780 Moho contrast feature is very well correlated with the trend of Peri-Gondwanan mag-

790 matic arc assemblages in Ganderia at the surface (e.g., Macdonald et al., 2014). Our maps
701 of shear velocities and Moho estimates are consistent with this interpretation, and a step-
792 like Moho geometry near the Ganderia-Dunnage boundary is suggested. The geometry

793 of this feature in our model does not perfectly follow the surface tectonic boundaries, how-
794 ever. Instead, we suggest an oblique geometry (relative to the average NE-SW tectonic

705 trend) for the eastern edge of the Grenvillian basement beneath the Appalachians. In

796 the northeast, the eastern edge of the Grenvillian basement is likely located in the south
707 of the Gaspé peninsula near the Humber-Dunnage surface boundary, whereas it occurs

708 within Ganderia in the southwest. This observation supports the view that Laurentia

799 may have experienced a variable orogenic (or post-orogenic) modification along its east-

800 ern edge in the northern Appalachians (Li et al., 2020).

801 5.3 Crustal anistropic fabrics

802 The past tectonic events in our study area may have overprinted older orogenic trends

803 at different depths. Our period-dependent 2v anisotropy results can be interpreted in

804 terms of deformations due to past tectonics. In particular, significant variations of anisotropy
805 magnitude and/or direction with period, as well as variations over a short distance are

806 investigated. We note that the resolution of our anisotropy results is much lower than

807 the isotropic component. We therefore limit our interpretation of the anisotropy results

308 to areas where a decent azimuthal coverage is provided by the inter-station dispersion

809 datasets. For example, the anisotropy beneath the central part of our study area across

810 the Appalachian front, southeastern Nova Scotia and beneath the Bay of Fundy are likely

811 well-constrained, whereas limited azimuthal coverage over the GSL does not permit us
812 to include this region in our interpretations (Figure S3, supporting information).

813 As discussed in Section 4.1, the dominant direction of anisotropy generally follows
814 the geological trend. That said, interesting short scale variations of anisotropy are ob-
815 servable in different regions at different periods. For example, we observe localized vari-
816 ations of anisotropy, likely related to Mesozoic rifting, in Bay of Fundy manifested by
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a change in the direction of anisotropy, from NE-SW to E-W and SE-NW orientations,

at intermediate to longest periods of this study. Previous shear wave splitting results sug-
gested a large splitting time (d¢ > 1 s) that requires a plate-scale anisotropic layer span-
ning both the crust and mantle beneath this area (Gilligan et al., 2016). While our model
supports this interpretation, we note E-W anisotropy orientations with strong anisotropy
beneath southern Nova Scotia and New Brunswick at periods sensitive to lower crust and
lithospheric uppermost mantle depths. A westward (present-day coordinates) flat sub-
duction of the Acadian lithosphere may have overprinted the crustal anisotropic fabric

in the Middle Paleozoic (Bagherpur Mojaver et al., 2021).

We note a change in the dominant direction of anisotropy across the Appalachian
front beneath the eastern AMB and SLP domains that is mainly evident at periods mostly
sensitive to mid-to-lower crustal depths, between 7 and 27 s. While the direction of 2
anisotropy on the Appalachian side of this boundary is generally parallel to the main tec-
tonic trend, the anisotropy directions in the SE Grenville orogen are almost perpendic-
ular to this orientation. The maps of azimuthal coverage and our resolution analysis sug-
gest that the 2¢ variations beneath this region are well constrained (Figures S3, S9-S11,
supporting information). Results from previous shear wave splitting studies also suggest
a similar E-W fast axes orientation near the Appalachian front (e.g., Darbyshire et al.,
2015). Surface geology corresponds to the mafic Adirondack terrane containing anorthosite
massifs dated between 1.1 and 1.3 Ga (Rivers et al., 1989). This age pre-dates the Grenville
orogenesis suggesting that maybe the observed E-W direction of anistropy is a pre-Grenvillian
fossil crustal fabric that has remained intact. Alternatively, it is also possible that ther-
mal and melt weakening due to the rise of asthenosphere after delamination of the litho-
sphere beneath the orogenic lid caused lateral flow of the lower-mid crust modifying the

crustal anisotropic fabric (the collapsed large hot orogen model; e.g., Rivers, 2015).

5.4 Tectonic implications

Variations in the relative thickness of the lower crust and upper crust carry infor-
mation about crustal evolution due to past tectonic processes (e.g., Brown, 2010). Com-
paring the Grenville and Appalachian provinces, the lower crustal layer (shear veloci-
ties in ~3.8-4.4 km/s range) beneath the Grenville orogen is generally thicker. This is
especially evident in the western shear velocity sections (Figure 10, BB’, CC’, EE’). High

velocity lower crust beneath the Grenville Province is consistent with protracted preser-
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vation of a partially eclogitized root at the base of the crust (Darbyshire et al., 2017, and
references therein). A relatively thick and fast lower crust in the central Grenville Province
may also be marking the southeastern extent of the highly reflective Archean Parautochthon
at lower crustal depths (Hynes & Rivers, 2010). This is compatible with the interpre-

tation of Lithoprobe lines 52-54 that suggests the ABT reaches the Moho (Ludden & Hynes,
2000). Results from these reflection profiles suggest that the Superior craton continues

as a wedge into the Grenville lower crust 200-300 km southeast of the Grenville front (Rivers,

1997; Ludden & Hynes, 2000).

The Grenville Province contains a significant amount of anorthosite with ages pre-
dating the Grenvillian orogenic phases (Musacchio et al., 1997; Hynes & Rivers, 2010).
It is suggested that Grenville lower crust in the Mid-Proterozoic was significantly mod-
ified by the emplacement of these mafic intrusive units (Musacchio et al., 1997). The sig-
nature of these events is also manifested in the present-day seismic structure of the Grenville
crust by high Vp/Vs ratios (e.g., Levin et al., 2017), and high shear velocity lower crust

(e.g., Petrescu et al., 2016). Our shear velocity model suggests that the

anorthosite-mangerite—charnockite—granite (AMCG; Figure 10) complexes including anorthosites

in the Adirondack mountains (Marcy Anorthosite; profile AA’; Musacchio et al., 1997),
anorthosites in the Morin terrane (Morin Anorthosite; profiles BB’, DD’; Martignole &
Calvert, 1996), and the AMCG unit in the central APB domain (Lac St-Jean AMCG;
profile CC’; Hynes & Rivers, 2010), all have higher seismic velocities than their surround-
ing terranes at upper crustal depths. Investigating our shear velocity cross-sections, it

is also evident that these AMCG units are underlain by localized high shear velocities

at lower crustal depths, as well as relatively thicker crust (Figure 10). However, the high
velocity lower crust and deeper Moho signature of these features are not exactly beneath
the surface AMCG units, and they are shifted toward the Appalachian front (e.g., pro-
file CC’, Figure 10). This may provide evidence for ductility of middle and lower Grenville
crust during or after the orogenic phases. A thicker crust beneath these regions is also
coincident with a thicker Moho interface (Figure S17, supporting information) which can

be explained by underplating processes (Petrescu et al., 2016).

Comparing the shear velocity profiles perpendicular to the trend of the Appalachian
tectonic domains along different part of the orogen (Figure 10), it becomes clear that the
3D seismic structure of the northern Appalachian crust is very complex and more vari-

able than that observed beneath the Grenville and the eastern Superior. Previous seis-
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mic studies also mentioned a more complex Appalachian crust than the older tectonic
provinces in eastern Canada as suggested by their Moho depth and Poisson’s ratio vari-
ations (e.g., Levin et al., 2017; Petrescu et al., 2016; Darbyshire et al., 2017). Results
from this study suggest changes of seismic signatures including crustal thickness, Moho
thickness, and relative thickness of upper and lower crustal layers over a relatively short
distance due to the diverse nature of tectonic events that resulted in the assembly of the

Appalachians.

A variable seismic structure of the crust within the Taconic terranes of the north-
ern Appalachians provides evidence for at least two different metamorphism episodes with
different characteristics that occured during the Early Paleozoic Taconic orogeny. Be-
neath the St. Lawrence rifting system and the Humber margin, upper and middle crust
under the first sedimentary layer is generally faster than its surroundings in the Appalachi-
ans and the Grenville in our shear velocity model (Figure S14, supporting information).
This region also coincides with high Vp/Vs ratios indicating a high mafic content (Pe-
trescu et al., 2016). It is possible that rift-related tectonics after break-up of Rodinia not
only resulted in development of a relatively thick sedimentary basin, but it also created
a zone of weakness in the crust acting as a stress guide for magma material which mod-
ified the composition of the crust beneath these regions. The observed higher velocity
upper crust beneath these areas may be a result of different accretional/collisional pro-
cesses that occured in the evolution of the northern Appalachians during the Taconic orogeny.
Accretion of the Humber margin to Laurentia was different in terms of rheological cou-
pling between the upper and lower plates than the later arriving Peri-Laurentian terranes
(i.e., Dashwoods, C. van Staal & Zagorevski, 2020). Deformation was limited to under-
thrusted Humber margin manifested in low grade metamorphism and structurally in-
tact suprasubduction-zone ophiolites, whereas the adjacent Dashwoods block is domi-
nated by strongly metamorphosed and deformed sedimentary rocks of various ages and
arc ophiolites (C. van Staal & Zagorevski, 2020, and references therein). Accordingly,
we suggest that the short scale variations of seismic velocities within the Peri-Laurentian
terranes of the Appalachians are mostly compositional and preserve evidence for vari-
able degree of metamorphism at distinct accretionary/collisional episodes of the Taconic

orogeny.

As suggested by our tomographic models (Figures 8-9), crustal structure of the Salinic

terranes (i.e., Ganderia) is seismically slower and generally different than that of the later
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arriving Peri-Gondwanan terranes (i.e., Avalonia and Meguma). Ganderia’s rifting from
West Gondwana, its drift across the Iapetus ocean, and its accretion to Laurentia were
independent from the Avalonia and Meguma terranes (C. R. van Staal et al., 2021). Hence
after the onset of the Paleozoic, Ganderia and Avalonia were two different unrelated ter-
ranes (C. R. van Staal et al., 2009). As opposed to Ganderia, Avalonia was not involved
in the Appalachian accretionary events untill the Late Silurian (C. R. van Staal & Barr,
2012), and the observed differences of the seismic charactristics may be due to their dif-
ferent tectonic histories in the Early Paleozoic in terms within-plate magmatism and meta-
morphism en route to Laurentia (C. R. van Staal et al., 2012). A lack of significant dif-
ference for the crustal seismic signatures of Avalonia and Meguma may also suggest that
Avalonia and Meguma were never separated by a wide ocean basin. It is also likely that
they were only separated by extended continental crust rather than an oceanic basin un-
til they collided during the Neo-Acadian orogeny. This interpretation is also compati-

ble with the observed relatively thick crust beneath the pertinent terranes.

6 Conclusions

Using more than two years of ambient seismic noise data recorded by relatively dense
arrays of broadband seismograph stations, we took the most detailed look at the seis-
mic structure of the crust beneath SE Canada and the NE USA to date. Our Rayleigh
wave tomographic models enabled us to discuss the observed variations in the azimuthal
anisotropy, the crustal velocities, and the Moho depth and thickness in terms of their
tectonic implications. The azimuthal anisotropy is oriented mainly along the general tec-
tonic trend (i.e., NE-SW), but localized variations of seismic anisotropy are observed be-
neath the Bay of Fundy and across the Appalachian structral front. The Precambrian
tectonic provinces, namely the Grenville and the Superior, are generally dominated by
fast seismic velocities, whereas prominent slow velocity regions are observed beneath dif-
ferent regions in the Appalachians. Relatively thick sedimentary layers are observed be-
neath the Gulf of St. Lawrence, the St. Lawrence river, Bay of Fundy, and under the
St. Lawrence Platform with their thicknesses interpreted to be 8-10 km, 5-6 km, 3-4 km,
1-2 km respectively. Using shear velocity proxies, we estimated Moho depth and thick-
ness across the study area. Crustal thickness in the study area is highly variable, rang-
ing from ~32 to 52 km. Regions with the deepest Moho are found beneath the Grenville

Province, whereas the shallowest Moho areas are beneath the Gulf of Maine and the Gulf
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of St. Lawrence in the Appalachians. A thicker crust and Moho interface in the Grenville
Province could be explained by underplating processes. A NE-SW trending Moho off-

set feature in the central northern Appalachians is interpreted as the boundary between
the Peri-Laurentian and Peri-Gondwanan terranes at depth. Variations of seismic sig-
nature within the westernmost terranes of the Applachians (i.e., the Taconic terranes)
provide evidence for at least two episodes of metamorphism in the Peri-Laurentian zones
of the northern Appalachians. We observe very similar seismic signatures for Avalonia
and Meguma, whereas the seismic velocities in the Peri-Gondwanan tectonic domains

of Ganderia and Avalonia are notably different. Ganderia crust is generally seismically
slow, whereas the post-Acadian domains of Avalonia and Meguma are dominated by fast
velocities, and their similar seismic signatures could suggest a different tectonic history
in terms of their within-plate magmatism and metamorphism than Ganderia terranes

en route to Laurentia in the Early Paleozoic. Similar seismic signatures observed for Aval-
onia and Meguma, especially at mid-to-lower crustal depths, may suggest that they were

originally separated by either a narrow ocean basin or by extended continental crust.
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