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Abstract We investigate the structure of the continental lithosphere by combining two approaches: a
systematic survey of abrupt changes in seismic properties detected by P-to-S converted body waves and an
integrated geophysical-petrological inversion for temperature and density in the upper mantle. We refine

the global thermo-chemical model WINTERC-G in eastern North America by including detailed regional
information on the crust into petrological inversions and combine it with the upper mantle layering beneath
eastern North America yielded by anisotropy-aware receiver-function analysis. Eastern North America's
Archean, Proterozoic and Paleozoic lithospheres show an excellent agreement between the depth to the 1,300°C
isotherm that bounds the lithosphere and the depth range where converted waves detect abrupt changes in
seismic properties. Boundaries with these abrupt changes reside within the rigid mechanical lithosphere and
are uncommon in the convecting mantle beneath it. The boundaries include both impedance increases and
decreases with depth, as well as anisotropy changes, and must have developed over the course of the assembly
and evolution of the lithosphere. In the asthenosphere below, such heterogeneities appear to have been

largely mixed out by convection. The existence of abundant interfaces with diverse origin can account for the
commonly observed scattered signals from within the continental lithosphere and presents an alternative to
the end-member concept of the mid-lithospheric discontinuity as a ubiquitous feature with a uniform origin.
Generally, we can define continental lithosphere as a region of conductive heat transport and steep geotherm
that is characterized by pervasive internal layering of density, elastic moduli and texture.

Plain Language Summary The outer shell of the Earth called the lithosphere is defined most
generally as a layer of rigid colder material overlying a warmer and weaker asthenosphere below. Within

the lithosphere heat is conducted from the interior to the outside, resulting in a characteristic increase in
temperature with depth. The region below it convects on geological (millions of years) time scale and has a
different depth dependence of temperature. In this contribution we use two definitions of the lithosphere to
estimate its vertical extent beneath a region of North American continent where lithosphere formed between 3
and 0.3 Ga ago. We detect abrupt changes in physical properties in the upper layers of the Earth using seismic
waves from distant earthquakes. We perform a joint inversion of geophysical and petrological constraints to
derive temperature profiles with depth. Boundaries scattering seismic waves are detected throughout the depth
range where temperature is below 1,300°C. The deepest scattering boundaries are close to this depth in areas
where lithosphere formed within the last billion years. In the oldest part of the continent the deepest boundaries
are ~50 km above the temperature of 1,300°C, confirming long-recognized difference of such ancient
lithosphere.

1. Introduction

The lithosphere is the rigid outermost layer of the Earth where mantle flow is absent due to its high viscosity,
and the geotherm is controlled by heat conduction (e.g., Barrell, 1914; Daly, 1940; McKenzie et al., 2005). In the
sub-lithospheric upper mantle, flow and stirring take place due to the relatively low viscosity values, leading to
a geotherm that is typically close to an adiabatic temperature gradient in the range 0.4-0.6 K/km (e.g., Katsura
et al., 2010). The Earth's continental lithosphere is a product of processes spanning the bulk of the existence of
our planet. Continental lithosphere hosts rocks as old as 4.03 Ga (Bowring & Williams, 1999) and minerals dating
to as early as 4.4 Ga (Valley et al., 2014). While the ability of the continents' Archean cores to resist destruction
by tectonic and convective forces makes them an invaluable repository of planetary history, their origins and
mechanisms of longevity are yet to be fully understood (Bedle et al., 2021; Jordan, 1978; Lee et al., 2011).
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Figure 1. (a) Regional map showing the deepest seismic boundaries detected using P-S converted waves at numerous
locations. Results adapted from X. Chen et al. (2021) and Y. Li et al. (2021). Also shown are names and ages of main tectonic
units and locations of seismic stations used in later figures (triangles and boxes). Circles representing deepest boundaries
from which P-to-S waves are detected are scaled proportional to boundary depth (see text for details). Data from seismic
station HCNY are used in the example of receiver function (RF) analysis. (b) Values of lithosphere-asthenosphere boundary
(LAB) depth in an updated WINTERC-G model (Fullea et al. (2021) inverted with additional constraints in the crust and a
different regularization for the thermal buffer thickness, see Section 5.1 for details) plotted over the outlines of tectonic units.
US. states and Adirondack Mountains are labeled. Three nodes used as examples of data fit are marked (C, Adirondacks
Center; W, Adirondacks West; A, Appalachians). Circle size chosen for nodes of the WINTERC-G model is arbitrary. Green
lines correspond to horizontal dimensions of vertical cross-sections shown in Figures 5 and 6. Green boxes (labeled) enclose
groups of seismic stations (triangles, boxes) and nodes of WINTERC-G model used for comparisons with results of RF
analysis. LAB depth in the original model is shown in Figure S1 in Supporting Information S1.

The definition of the lithosphere-asthenosphere boundary (LAB) was recognized as one of the Grand Challenges
of seismology over a decade ago (Lay et al., 2009), and numerous open questions about it remain (Rychert
et al., 2020). Studies of the internal structure of the lithosphere provide a progressively more nuanced view
of it (cf. Yuan and Romanowicz, 2018), but the emerging complexity is puzzling and does not have consensus
explanations.

Recently, it has become possible to calculate multi-parameter physical models of the lithosphere and underlying
upper mantle directly from surface-wave and other geophysical data, by means of inversions using integrated
geophysical-petrological methods (e.g., Afonso, Fullea, Griffin, et al., 2013; Afonso, Fullea, Yang, et al., 2013;
Afonso et al., 2022; Altoe et al., 2020; Fullea et al., 2012). With temperature and composition of the upper mantle
and the lithospheric thickness being the inversion parameters, steady-state geotherms and synthetic geophysical
observables are calculated directly from them. This forms the basis for a self-consistent inversion that can fit seis-
mic and other data closely and extract highly complete structural information from them. The recently published
multi-parameter model WINTERC-G (Fullea et al., 2021) based on such integrated methodology contains the
lithospheric thickness, temperature and composition for the entire globe.

The purpose of this paper is to reconcile thermo-chemical mapping of the lithospheric thickness with evidence
from seismic-wave reflectivity (i.e., strong vertical gradients in seismic properties) in the upper mantle—and
to establish what they are telling us about the structure and dynamics of the lithosphere and asthenosphere.
We refine the WINTERC-G model in eastern North America region (Figure 1) by including detailed regional
information on the crustal structure into updated petrological inversions. The choice of the region to perform this
comparison is driven by the recently published surveys of upper mantle layering beneath eastern North Amer-
ica by Y. Li et al. (2021) and X. Chen et al. (2021) that reported both impedance and anisotropy gradients at a
large set of locations spanning a broad range of lithospheric ages, from Archean to Paleozoic. To the best of our
knowledge this is the only region where such a detailed receiver function (RF) study has been attempted to date.
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Our principal finding is that over a broad region of eastern North America all discontinuities in seismic properties
detected by RF analysis reside within the mechanical lithosphere, and none do in the convecting mantle below.
The match between the depths of detectable lithospheric layering and the estimate of lithospheric thickness is
very close in Paleozoic and Proterozoic regions, where we find scattering boundaries throughout the depth range
dominated by conductive heat transport that defines the lithosphere in the WINTERC-G model. Beneath the
Archean-aged Superior Province we detect discontinuities down to ~170 km while the estimate of lithospheric
thickness is at least 50 km larger. This apparent seismic transparency of the lowermost part of cratonic litho-
sphere is consistent with petrological, heat flow, gravity and seismic characterizations (Bedle et al., 2021; Forte
& Claire Perry, 2000; Jordan, 1978; Lee et al., 2011) suggesting that cratons are systematically different from
continental regions formed in more recent times.

2. Constraints and Uncertainties in Defining the Lithosphere

Studies of seismic wave travel times from large explosions reveal the presence of numerous scatterers and discon-
tinuities with abrupt property changes across them within the continental lithosphere, characterized by veloc-
ity decreases (e.g., Thybo & Perchu¢, 1997) or increases (e.g., Hales, 1969) in the 80-150 km depth range.
Long seismic traverses across Eurasia using exceptionally large controlled sources (e.g., Priestley et al., 1994;
Solodilov, 1997) show evidence for multiple discontinuities in seismic velocity within the upper mantle, down
to depths of ~200 km. Both increases and decreases in velocity are inferred across these discontinuities, with
up to three low-velocity zones being present beneath some regions (e.g., Morozova et al., 1999). The number of
discontinuities and their depths vary on a lateral scale of a few hundreds of km.

Mode converted body waves (P-to-S or S-to-P) from distant earthquakes form the basis for receiver function (RF)
analysis (Ammon, 1991; Owens et al., 1984) widely used for detection and characterization of vertical gradients
in seismic impedance (velocity X density) within the upper mantle, in particular the negative gradient expected
at the bottom of the lithosphere (Fischer et al., 2010). Using a globally distributed set of seismic observatories,
Rychert and Shearer (2009) used P-to-S RFs to detect prominent downward decreases in impedance in the depth
range 80—130 km beneath continental regions. Although in some locations these could be interpreted as the LAB,
in cratons the lithosphere is known to be substantially thicker than this from seismic surface-wave dispersion,
seismic waveform modeling and magnetotelluric imaging, as well as from diamondiferous kimberlite data (e.g.,
Boyd et al., 1985; Fullea et al., 2011; Lebedev et al., 2009; Yuan & Romanowicz, 2010). These results thus indi-
cate widespread prominent interfaces within the lithosphere.

Hopper and Fischer (2018) took advantage of the dense uniform grid of the Earthscope Transportable Array to
map the largest negative gradient in impedance within the upper mantle of North America with S-to-P RFs, find-
ing it between 60 and 120 km. Similar to numerous other studies using RF methods, these investigations yielded
seismological observations of strong negative gradients in impedance within the thick continental lithosphere
of tectonically older (Proterozoic and Archean) regions (e.g., Forte & Claire Perry, 2000; Lee et al., 2011). The
concept of mid-lithospheric discontinuity (MLD) was introduced by Abt et al. (2010) to address the challenge of
interpreting observations of discontinuities at depths shallower than the LAB, and numerous studies have since
reported one or more MLDs (e.g., Birkey et al., 2021; Calo et al., 2016) beneath continents.

In addition to impedance changes, mantle lithosphere of continents contains boundaries with abrupt vertical
gradients in seismic anisotropy across them (e.g., Bostock, 1997; X. Chen et al., 2021; Ford et al., 2016; Levin &
Park, 2000; Y. Li et al., 2021; Wirth & Long, 2014). Their detection is contingent on good directional coverage
of distant earthquake sources and, with more long-operating seismic sites making their data available, studies of
texture layering in subcontinental lithosphere are becoming more common. A frequent finding in these studies is
that of multiple boundaries with abrupt seismic property changes across them at depths as large as 180 km, and
of lateral variability in the number and nature of these boundaries (Ford et al., 2016; Y. Li et al., 2021).

Both the long seismic traverses and teleseismic observations are, thus, consistent with the presence of numerous
discontinuities and scatterers within the lithospheric depth range. Some of them can be attributed to the LAB,
and others reside within the lithospheric mantle and have been attributed to an MLD or multiple MLDs in the
same locations (e.g., Birkey et al., 2021). Some of the discontinuities within the lithosphere may be due to phase
transformations (Hales, 1969). Many others are likely to be due to various structural, compositional and anisot-
ropy interfaces created in the course of the assembly and evolution of the lithosphere (e.g., Calvert et al., 2021; C.
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W. Chen et al., 2009; Cook et al., 1999; Levin et al., 2023; Zhao et al., 2022). Such structures are frozen-in and
preserved within the mechanically strong lithosphere but are likely to be mixed out in the low viscosity, convect-
ing asthenosphere beneath it.

In order to test this hypothesis, we need to compare upper mantle reflectivity observations with accurate esti-
mates of the thickness of the lithosphere. Such comparison would allow us to assess whether the lithosphere can,
indeed, be identified as a reflective layer atop a largely transparent asthenosphere.

Lateral variability in the lithospheric thickness is readily apparent from tomographic models (e.g., Debayle
et al., 2016; Priestley et al., 2018; Schaeffer & Lebedev, 2013). Tectonic regionalization based on tomography
(Lekic et al., 2011; Schaeffer & Lebedev, 2015) discriminates between lithospheres of different tectonic types
(Archean cratons, stable platforms and tectonic continents) based on their overall thickness. Yet, the absolute
thickness of the lithosphere, which we need here, is more difficult to determine.

Tomographic inverse problems yield non-unique models and are not formulated to produce solutions compat-
ible with realistic lithospheric geotherms, which makes it difficult to estimate thermal (and hence mechanical)
lithospheric thickness from them accurately. The mechanical strength of the lithosphere is due to its relatively
low temperature. The bottom of the lithosphere can be defined by an isotherm such that convection occurs at
temperatures above it and, thus, at depths below the depth where this temperature is reached (e.g., McKenzie
et al., 2005). Using this general approach, lithospheric thickness has been inferred from tomography a posteriori
(e.g., Hoggard et al., 2020; Priestley & McKenzie, 2006; Priestley et al., 2018; Steinberger & Becker, 2018) by
finding steady-state, conductive lithospheric geotherms most consistent, in some sense, with shear-speed profiles
given by a tomographic model at each point. Purely seismological efforts to estimate the lithospheric thickness,
using a simplified boxcar velocity structure for the high-velocity lid, were also undertaken, from regional to
global scales (e.g., Bartzsch et al., 2011; Pasyanos et al., 2014). Yet, the signal of the lithospheric thickness in the
surface-wave data (the primary seismic data type sensitive to the lithospheric thickness) is subtle and can be lost,
to a significant extent, in the non-uniqueness of the seismic models being converted to physical ones a posteriori
or due to the over-simplification of the shear-speed profile within the lithosphere.

3. LAB Definition in WINTERC-G

WINTERC-G is a Waveform tomography and Gravity (satellite geoid and gravity anomalies and gradiometeric
measurements) INversion model of the TEmpeRature and Composition of the lithosphere and the upper mantle
down to 400 km depth at global scale (Fullea et al., 2021, https://zenodo.org/record/5771863). WINTERC-G is
based upon the integrated geophysical-petrological approach LitMod (Afonso et al., 2008; Fullea et al., 2009)
where all relevant mantle rock physical properties modeled (seismic velocities and density) are computed
within a thermodynamically self-consistent framework allowing for a direct parameterization in terms of the
temperature and composition of the lithosphere-upper mantle. The temperature field in the model is primar-
ily constrained by surface-wave, Rayleigh and Love fundamental mode dispersion curves from high-resolution
global phase-velocity maps with an average grid-knot spacing of 225 km, computed using waveform inversion
measurements (Fullea et al., 2021; Lebedev et al., 2005). In WINTERC-G we adopt a thermal definition simi-
lar to the one used by other authors assimilating the lithosphere-asthenosphere boundary or LAB to a specific
isotherm, 1,300°C in our case (e.g., Crosby et al., 2006; Goes et al., 2020; Priestley & McKenzie, 2006). In
this way, we determine the steady-state lithospheric geotherm by solving the 1D heat conduction equation for a
temperature- and pressure-dependent mantle thermal conductivity, with boundary conditions of fixed temperature
at the surface of the Earth and at the LAB (Afonso et al., 2008; Fullea et al., 2009). Between the lithosphere and
the sub-lithospheric mantle, we parameterize a “transition” region (a buffer or boundary layer—equivalent to
the “thermal boundary layer” of McKenzie et al., 2005) of variable thickness (typically 5-50 km) where both
conduction and convection heat transport are taking place (Fullea et al., 2009, 2012; McKenzie et al., 2005). The
base of the thermal buffer is defined by the 1,400°C isotherm.

4. Lithosphere Thickness Inferred From the Study of Layering in Seismic Properties

RF method assumes that the observed signal from an earthquake may be separated into contributions of the
source, the recording instrument, and the path between them (cf. Langston, 1979). In that framework the P-to-S
converted waves forming beneath a seismic station constitute a path contribution and thus a sequence of such S
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waves observed after the “parent” P wave constitutes a “RF” that characterizes the subsurface beneath the station
(e.g., Rondenay et al., 2017). The method further assumes that P-to-S conversion takes place at boundaries
where abrupt changes in impedance, anisotropic velocity, or both take place. Polarities and amplitudes of these
mode-converted phases in the RF time series reflect the nature of the changes in seismic properties across the
boundaries. In the simplest case of an isotropic impedance change across a horizontal boundary the outcome of
P-to-S conversion is the same for all ray propagation directions. Departures from these conditions such as a dip
of the boundary and a directional dependence (anisotropy) of seismic velocity adjacent to the boundary result in
systematic variations in converted wave amplitude and polarity with direction of ray propagation (Cassidy, 1992;
Levin & Park, 1997). Later sections summarize the methods used to detect and characterize seismic boundaries
in the upper mantle of eastern North America. Exhaustive descriptions of methodology may be found in Xie
et al. (2020) as well as in studies from which we derive constraints on the lithosphere layering discussed in this
paper (X. Chen et al., 2021; Y. Li et al., 2021).

Regional surveys using RF analysis identify abrupt sub-horizontal boundaries in seismic properties at different
depths. In our study, these boundaries may represent changes in impedance, changes in anisotropic component
of velocity, or both. Significantly, boundaries reported in the upper mantle of eastern North America by Y. Li
etal. (2021) and X. Chen et al. (2021) can be detected by seismic body waves with periods ~2 s. These boundaries
represent vertical gradients in seismic properties over distances no larger than ~0.6 X A, where 1 is wavelength.
Assuming V, = 4.5 km/s in the upper mantle, the vertical dimension of these boundaries is 0.6 X 2 X 4.5 = 5.4 km
or less (Levin et al., 2016). At the same time, the lateral extent of boundaries detected from majority of wave
propagation directions may be evaluated as a function of depth of the boundary and the ray incidence angle. As
shown in Y. Li et al. (2021), the radius of the P-S RF footprint is R = ~0.25 H, or 25 km at 100 km depth.

Assuming that vertically abrupt (few km) and laterally extensive (few tens of km) boundaries in the upper mantle
are much more likely to be within the rigid lithosphere than in the viscous flowing asthenosphere we use the
deepest boundary detected beneath a seismic station to define the smallest possible thickness of the lithosphere.

5. Methods
5.1. Integrated Geophysical-Petrological Modeling

To illustrate the lithospheric and upper mantle structure from the integrated geophysical-petrological inversion
defining WINTERC-G model we present three example columns from Adirondack Mountains at the south-eastern
edge of the Proterozoic Grenville Province and the Paleozoic Appalachian Orogen (Figure 2; see Figure 1 for
locations). The primary constraint for the geotherm (and, hence, lithospheric thickness) in WINTERC-G are the
phase-velocity data for Love and Rayleigh surface waves (mostly sensitive to V, variations) and, to a lesser extent,
surface heat flow and elevation (isostasy). The surface wave data consists of Rayleigh and Love fundamental
mode phase-velocity dispersion curves obtained by the Automated Multimode Inversion (Lebedev et al., 2005) of
the waveforms of >25,000 earthquake worldwide (Fullea et al., 2021; Figure S2 in Supporting Information S1).
Seismic velocities and density in WINTERC-G are computed, through a self-consistent thermodynamic frame-
work, as a function of the fundamental or primary parameters: pressure, temperature and bulk chemical composi-
tion (e.g., Afonso et al., 2008; Connolly, 2005; Fullea et al., 2009, 2021; Khan, 2016; Khan et al., 2007; Kuskov
et al., 2014).

Synthetic phase velocity dispersion curves for the model columns in WINTERC-G are computed from the V,
V,,» and density vertical profiles (after including corrections for attenuation, partial melting and radial anisotropy,
cf. Fullea et al., 2021) using a version of the MINEOS modes code (Masters et al., 2011) adapted for the trav-
eling wave decomposition, appropriate for surface waves (Nolet, 2008). Synthetic surface heat flow values are
computed from the temperature gradient at the surface of the model and the crustal thermal conductivity in each
model column. The predicted surface elevation, under the local isostasy assumption, depends on the vertically
integrated crustal and lithospheric mantle densities in the model. Sub-lithospheric temperatures, from the bottom
of the transition/buffer zone down to 400 km, are obtained from the inversion of the surface wave data. The
geotherm is parametrized by the temperature at three equally spaced depths from the base of the thermal buffer
to the top of the transition zone at 400 km. Sub-lithospheric temperatures are vertically regularized depending on
the lithosphere and thermal buffer thickness by constraining the excursion from a reference adiabatic gradient of
0.5 K/km (only <100 K are allowed).
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In this work we modify the original WINTERC-G scheme to implement a more flexible parametrization of the
thermal buffer allowing for a gradual transition from the conductive lithosphere to the convective sub-lithosphere.
We also include prior information on crustal V, from controlled source experiments. The inversion for V| in the
crust is set to limit the resulting V,/V; ratios within predefined boundaries (1.5-2.1 in the upper crust, 1.67-1.93
in the middle and lower crust), and the input V, values within uncertainties (1 km/s in the upper crust and 0.2 km/s
in the middle and lower crust). An extra term in the misfit function weights the differences between the model
crustal V, and density from the inversion and their lithological predictions based on the V and V /V inverted
values (Clemente-Gomez et al., 2022). The crustal lithological predictions are based on empirical V-V, and
V-density relationships from global petrophysical data (Brocher, 2005; Christensen & Mooney, 1995).

To estimate the uncertainty in the lithospheric thickness obtained from the integrated geophysical-petrological
modeling we perform sensitivity tests with the following procedure: starting with the best fitting lithospheric
thickness value (Z; .5 ,.) We carry out alternative inversions with its value fixed and modified progressively
(8.8 Zy ap pest £ 1 km_, Z; A pest = 2 km, etc.). The procedure continues until the data misfit is increased signif-
icantly (>I0%) with respect_ to the best fitting misfit. The LAB depth uncertainties obtained according to this
sensitivity test are generally on order of 10 km for the thin lithospheric columns (<80 km) and 10-20 km for a

130-160 km thick lithosphere.

In Figure 2 we show lithospheric and upper mantle structure in three example columns. The LAB depth, as
defined by the 1,300°C isotherm, is around 125-130 and 175 km in the columns under the Adirondacks, and
145-170 km in the column in the Appalachians. The thickness of the thermal buffer (and in general, the inner
structure of the LAB) is not well resolved with surface wave data as there are trade-offs with the crustal structure
and sub-lithospheric temperatures. Therefore, different thermal and structural models are compatible with the
seismic observations. Here, we compare two alternative models corresponding to a different regularization for
the thermal buffer thickness and additional regional crustal constraints (i.e., Vp from controlled source studies,
Tesauro et al. (2014) and references therein). The original WINTERC-G model is characterized, in general, by a
thin thermal buffer leading to a warmer mantle in the vicinity of the LAB. The alternative model shows a thicker
thermal buffer and, therefore, a colder mantle around the base of the lithosphere and the asthenosphere. The two
models can explain the constraining data with similar misfits. For the Appalachian column, the thermal buffer
is similar in the two cases (40 km) but the new alternative model shows a deeper LAB (170 km) compared to
the original WINTERC-G model (145 km); however, below the buffer, at around 250 km depth, the original
WINTERC-G model is colder than the updated model (Figure 2 top). In the two Adirondack mountains columns
the thermal buffer thickness varies from 15 km in the original WINTERC-G model to 40-50 km in the new alter-
native model (Figure 2 middle and bottom). LAB depths values in the global WINTERC-G model are shown in
Figure S2 in Supporting Information S1.

5.2. Receiver Function Analysis

Our data set consists of three-component records of teleseismic body waves from earthquakes in a distance
range 20-180°, and comprising phases such as direct P, Pdiff, PKP, and PKKP. Prior to the analysis, we rotate
the three-component seismograms to a coordinate system aligned with the incoming P wave ray (Vinnik, 1977,
Figure 3) so that compressional waves appear on the L component, converted P-SV phases on the Q component,
and converted P-SH phases on the 7 component.

RFs are constructed by isolating S-polarized waves on Q and T components that have the same shape as the L
component record of the “parent” P wave. Construction of RF gathers in either backazimuth or epicentral distance
(Figure 4) provides means to detect and characterize candidate P-S converted phases and reject energy not consist-
ent with their expected behavior. We average all data in a chosen bin (directional or epicentral), and bins are set to
overlap by 50% so each earthquake recorded affects two adjacent bins. An RF phase spanning more than two bins
is deemed reliable. Results presented in this paper have at least two events per bin. Prior to combining individual
records into backazimuth or epicentral bins, we correct all incoming records for their incidence angle, simulating

Figure 2. Results of the inversion for physical state in three columns (see Figure 1 for location). Geotherm (left), shear wave isotropic velocity (middle), residuals
(calculated minus observed) for Rayleigh and Love dispersion curves (right). Red and black lines correspond to the original WINTERC-G model and an alternative
model with different regularization for the thermal buffer thickness and additional regional crustal constraints (see main text for details). Horizontal solid and dashed
lines in the temperature panel mark the lithosphere-asthenosphere boundary (7 = 1,300°C) and bottom of the thermal buffer (7 = 1,400°C) depths respectively.
Additional model parameters (density, anisotropy of seismic velocity, attenuation, magnesium number) are shown in Figures S3—S5 in Supporting Information S1.
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Free surface A a b y4

Pd Q

Figure 3. (a) A schematic ray diagram of seismic waves used in the analysis. (b) Coordinate systems used in receiver
function analysis: Z is vertical, positive up; Radial (R) is along the great-circle connecting the source and the receiver, positive
from the source to the receiver; Transverse (7) is orthogonal to both R and Z; (L) is along the P wave ray path, positive from
the source to the receiver; (Q) is in the vertical plane containing the ray, normal to L and positive from the source to the
receiver.

vertical incidence. This leads to better alignment of P-S converted waves in the resulting RF. To focus RF timeseries
in the time range where converted waves from our target depth range in the mantle are expected we migrate the time
series to the depth of 50 km as described in Park and Levin (2016a). Both move-out corrections and depth migration
use site-specific velocity models based on prior studies of the crust and mantle in the region (Levin et al., 2017,
Yuan et al., 2014) and the IRIS EARS database (Trabant et al., 2012). Also, these site-specific models are used
to predict arrival times for P-S waves converted from the crust-mantle boundary and the multiply reflected waves
within the crust. As discussed below, these predictions (Figure 4) help decide which phases within the observed
wavefield should be interpreted. X. Chen et al. (2021) and Y. Li et al. (2021) document specifics of the data sets
used here in terms of seismic observatory operation times, numbers of records used, earthquake magnitude ranges
included and data availability, and also provide a detailed account of technical steps taken in developing the RFs.

5.2.1. Directional Harmonic Decomposition of RF Wavefield

From theoretical expectations (Park & Levin, 2016b; Xie et al., 2020) polarities and amplitudes of P-S converted
waves vary with direction. At each time step the entire observed RF wavefield can be described by a scaled sum
of harmonic functions cos(k X baz) and sin(k X baz), where baz is the back azimuth of a specific earthquake;
k = 0 corresponds to the directionally invariant component, and k£ = 1, 2 yield 2-, and 4-lobed variation patterns
in 360°. Scalars defining amplitudes of these functions form “harmonic components” of RF wavefield (Figure
S6 in Supporting Information S1). Y. Li et al. (2021) introduced the concept of seismic attributes (Bedle, 2019)
for these harmonic components. A “Contrast” attribute may be positive or negative when directionally invariant
component has a clear phase with corresponding polarity. If a phase is observed on directionally variable compo-
nents only, the Contrast attribute is “undefined”.

For the 50-200 km depth range we investigate, a preferred choice of mechanism for the directional variation
in Q and T component RF timeseries (Figure 4) is seismic anisotropy. Seismic boundaries detected using P-S
converted waves span an area enclosed by the base of the cone of rays passing through the target depth. Y. Li
et al. (2021) show the ray cone radius to be R ~ 0.25H where H is depth (Figure 3). At 50 km a converting bound-
ary is at least 25 km across, at 150 km is 75 km across, etc. (see Figure 4g). Systematic dips of intra-lithospheric
boundaries spanning such distances should result in clear directional variation in the arrival time of the converted
wave, on the order of a second or more (e.g., Bianchi et al., 2010). Not finding such variations we deem system-
atic dips of detected boundaries to be a less plausible origin of harmonic variation in amplitude than effects of
seismic anisotropy next to them. Anisotropy with a horizontal symmetry axis yields a pattern described purely by
sin(2 X baz) and cos(2 X baz), while a dipping axis requires contributions with sin(baz) and cos(baz) periodicity.
A total amplitude of harmonic components with the same periodicity is computed as a Pythagorean sum of their
amplitudes at each time step (Figure 4c) and serves as a measure of energy with specific directional variability
at each time step (Xie et al., 2020). Following their association with horizontal and dipping anisotropy-causing
fabric, components with k = 1 will be referred to as “dipping fabric” (DF) attribute and those with k = 2 as “hori-
zontal fabric” (HF) attribute. Experience with synthetic seismograms as well as analytical solutions for P-to-S
conversion in layered anisotropic medium show that under the most general conditions of arbitrarily oriented
anisotropic axis both HF and DF components will be needed to capture directional variation of converted wave
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Figure 4. Receiver functions (RFs) and their interpretation for sitt HCNY in the Adirondack Mountains region of New York (Figure 1), adapted from Y. Li

et al. (2021). (a, b) RFs arranged in backazimuth (directions between North and East shown as values in excess of 360); (c) Constant (directionally invariant) component
and total amplitudes of directional components with the same periodicity (sin(baz) and cos(baz) and sin(2baz) and cos(2baz)); Gray shading shows error in directional
component amplitudes. (d) Epicentral gather of the Q component RFs illustrating clear crustal multiples observed between delay times 10 and 17 s; (e, f) Epicentral
gathers of 7' component RFs for backazimuth ranges where pulses 3—4 s delay (orange arrow) have consistent polarity. Timeseries are band-limited to 0.02-0.25 Hz.
Vertical lines: gray—time at the target depth of 50 km (set to 0 s) and the time of free-surface arrival of the parent P wave (—5.8 s); green—time of the Ps wave
converted from the Moho computed in a simple model; magenta and cyan—times of the multiply-reflected waves (PpPs, PpSs, and PsPs) computed in the same model,
with maximum and minimum times expected for the likely range on incidence angles; (g) Projection of interpreted boundaries onto an E-W striking vertical plane,
horizontal size of bars shows the estimated footprint of a cone of rays at the corresponding depth (see Figure 3), colors indicate an increase (blue), decrease (red) or
unknown (gray) sense of impedance change, circle indicates strong DF component, triangle—strong HF component at a corresponding boundary. Colored arrows—
components of the wavefield interpreted as evidence for distinct boundaries, discussed in Section 5.2.2.

amplitude (Levin & Park, 1997; Park & Levin, 2016a; Xie et al., 2020). The portion of the wavefield that cannot
be fit by the above combination of harmonic functions is deemed “unmodelled” and helps assess the reliability
of RF waveforms. Xie et al. (2020) use synthetic seismograms to show that reliable DF and HF components have
twice the total amplitude of the unmodelled energy at a given time step.

5.2.2. Worked Example of RF Interpretation

To illustrate the process by which RF wavefields are interpreted in terms of boundaries in the upper mantle we
present data for sitt HCNY (Figure 1a) in the Adirondacks where very deep boundaries are detected. Data shown
here are for a lower (0.25 Hz) frequency cutoff than same data presented in Figure S24 of Y. Li et al. (2021),
while attributes of interpreted boundaries are taken from that study. Phases deemed consistent with boundaries in
seismic properties at depth are noted at delay times 0.9, 3.2, 4.7, 9.4, and 13.5 s, corresponding to depths 59, 82,
97, 144, and 185 km. We estimate the accuracy of picking arrival times in our data as 0.1 s, which is equivalent
to ~1 km in the vertical direction. All depth estimates are made with an assumption of V,/V, = 1.8 in the upper
mantle (cf. Y. Li et al., 2021). A smaller value (e.g., V,/V, = 1.7) will make all depth estimates systematically
larger, with changes proportional to boundary depth reaching an order of 20 km at 170 km.

Phase at 0.9 s (red arrow) appears as a small positive Q component pulse indicating an increase in impedance
with depth and has clear HF component energy. Its DF component has a high noise level (gray filled waveform
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6. Results

In Figure 1a we plot the deepest converting boundaries detected at individ-

250 .
0 100

Figure 5. Vertical projection of all converting boundaries within the Superior
Craton area of study. Small green boxes show crustal thickness from Levin

200 300 400 ual sites investigated by Y. Li et al. (2021) and X. Chen et al. (2021), and

Distance, km compare them to the estimates of LAB depth at the nodes of the alterna-

tive WINTERC-G model shown in Figure 1b. Almost everywhere in eastern
North America the deepest boundaries detected with mode-converted body

et al. (2017). Individual boundaries detected by receiver function analysis waves reside above the LAB depth estimated by geophysical-petrological
shown as horizontal bars depicting true scale of the footprint at a given depth. modeling of surface wave and other data sets. In Paleozoic and Proterozoic

Symbols and plotting conventions same as in Figure 4g. Vertical exaggeration regions (Appalachians and Grenville, respectively) the deepest boundaries

of the cross section is 2:1. All RF values adapted from X. Chen et al. (2021).
Depths to the bottom of the lithosphere at corresponding nodes of the
WINTERC-G model (Figure 1b) are shown by large green boxes. Thermal
buffer extends beyond the bottom of the figure.

are close to the estimate of the LAB depth, while in the Archean Superior
province the LAB is notably (~50 km) deeper than the deepest boundaries.
In a few locations beneath the easternmost part of the Grenville Province the
deepest boundaries appear at depths 150-180 km, below the depths of the
LAB estimated at nearby nodes.

Figures 5 and 6 illustrate the relationship of upper mantle layering and the estimates of LAB depth for three
areas outlined in Figure 1b. In these cross sections all detected seismic boundaries from X. Chen et al. (2021)
and Y. Li et al. (2021) that fall within a box are plotted at corresponding depths and at lateral positions
projected along one of the transect lines. As discussed in the original publications where constraints on mantle
layering were presented, we are confident that all detectable boundaries in the depth range 50-250 km are
present. This mode of presentation allows us to show additional attributes of these boundaries, such as their
Contrast (positive, negative or neutral) and whether there is anisotropy associated with them (DF and HF
attributes). Transect orientations in all three cases are chosen to be approximately orthogonal to the nearest
major tectonic boundary (the Superior-Grenville boundary for boxes SUP and APP, and Grenville-Appalachian
boundary for box ADK).

LAB depth estimates and depths to the bottom of the thermal buffer for all WINTERC-G nodes falling within a
given comparison box are similarly projected onto the vertical plane of the transect. These depths are shown at
the coordinates of the corresponding node of the WINTERC-G model, with no attempt to represent the smooth
nature of surfaces describing depths to temperatures of 1,300 and 1,400°C. In the Superior province (Figure 5)
upper mantle layering is limited to a depth range down to ~170 km only. The boundaries show positive or neutral
Contrast attributes, and the majority of the detected boundaries have HF attributes, suggesting near-horizontal
rock fabric.
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Figure 6. Vertical projections of crustal thickness, receiver function (RF) converting boundaries, and depths to the bottom of the lithosphere at the corresponding
WINTERC-G nodes (Figure 1b) for the Appalachians (left) and Adirondacks-New Hampshire (right) areas. Symbols and plotting conventions same as in Figure 4g.
Vertical exaggeration 2:1. All RF values adapted from Y. Li et al. (2021). Depths to the bottom of the lithosphere at corresponding nodes of the WINTERC-G model are
shown by large green boxes, and a corresponding extent of the thermal buffer is shown by green triangles.

In the Appalachians (Figure 6a) seismic boundaries reside above ~130 km and show a broad range of attributes
(Contrast values and anisotropy attributes HF and DF) that appear to be distributed throughout the whole depth
range. All LAB depth estimates except for one are below the deepest boundary detected with P-S converted
waves. If the possible range of thermal buffer thickness from the integrated geophysical-petrological modeling is
taken into account, the depth to 1,400°C isotherm (lower lithospheric bound) is everywhere larger than depths of
boundaries with abrupt gradients in seismic properties detected using RFs.

The region enclosing Proterozoic Adirondack Mountains of eastern Grenville Province and parts of Paleozoic
Appalachian Mountains (Figure 6b) presents a clear departure from simple relationships seen in the other
two regions. In the central part of the transect a group of seismic boundaries reside at depths 150-180 km,
while the estimate of the LAB depth at nearest nodes is 130-160 km. Projecting all detected boundaries onto
a transect, we find, in addition to the very deepest boundaries shown in Figure 1, further ones that also reside
below the local estimate of the LAB depth. Significantly, all boundaries detected by P-S converted waves
reside above the depth to 1,400°C, as defined by the thermal buffer in the alternative WINTERC-G model
(Figure 1b).

7. Discussion

RFs yield evidence of the presence of sharp impedance contrasts in the upper mantle. Surface wave data are sensi-
tive to the lithospheric structure in relatively broad depth ranges and, inverted in a thermodynamic framework,
together with other relevant data, yield the temperature and thickness of the lithosphere. The inherent ambiguity
of interpreting velocity profiles extracted from tomographic models in terms of lithospheric thickness or temper-
ature is considerably reduced by means of the integrated geophysical-petrological modeling of surface wave and
other data (Fullea et al., 2021). In this work, we updated a region of the WINTERC-G model for eastern North
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Anmerica, including specific constraints on the crustal structure from the compilation of Tesauro et al. (2014) and
allowing for a larger vertical extent of the thermal buffer that separates purely conductive and purely convective
regions in the model.

A comparison of Figure 1b and Figure S2 in Supporting Information S1 shows that the values of the LAB depth
(i.e., the 1,300°C isotherm) in the alternative model with a thicker thermal buffer for eastern North America are
generally larger than those in the original WINTERC-G model (with a thinner thermal buffer in general), espe-
cially in the eastern part where an area of abrupt thinning of the lithosphere was present.

This localized thinning of the lithosphere beneath the coastal region of eastern North America is well recog-
nized in all continent-scale models of the upper mantle that rely on surface waves (e.g., Golos et al., 2020; A. Li
et al., 2003; Menke & Levin, 2002; Schaeffer & Lebedev, 2014; Schmandt & Lin, 2014; Shen & Ritzwoller, 2016;
Van der Lee & Nolet, 1997). Named a “divot” by Fouch et al. (2000), this region of reduced upper mantle shear
wave speed has been associated with various lithospheric thickness values on the basis of mode-converted
body waves, from as small as ~60 km (Hopper & Fischer, 2018) to 100 km or larger (Abt et al., 2010; Rychert
et al., 2005). The LAB depth values in the updated WINTERC-G model in the “divot” region fall on the larger
end of this range (Figure 1b), as do the estimates based on the deepest observed converting boundaries from RFs
considered in this study (Figure 1a). Values of lithospheric thickness in 100—125 km range in a region known as
the North Appalachian Anomaly (Menke et al., 2016; Schmandt & Lin, 2014) are also consistent with other mantle
temperature estimates from surface wave dispersion (e.g., Steinberger & Becker, 2018). An interesting issue raised
by these larger estimates of the lithospheric thickness in coastal eastern North America is the nature of the clear
downward decreases in shear waves impedance that are the basis of much shallower LAB estimates in this region
by, for example, Hopper and Fischer (2018). Notably, we also find numerous instances of downward decrease in
impedance in this region, at depths 60—100 km (Figure 6b, also Figure 5 of Y. Li et al., 2021), thus clearly within
the thermally conductive lithosphere and suggestive of lithospheric layering. Their origin is not clear and will
require additional study.

Melt has a significant impact on both seismic velocities and attenuation. WINTERC-G model accounts for
melt effects considering a mantle-peridotitic nominally anhydrous solidus (Katz et al., 2003) and then comput-
ing the effects of melt on V,, V,, and attenuation according to experimental results (Chantel et al., 2016). A
near-solidus, pre-melt contribution is included to linearly smooth out the effect of melt on seismic velocities
over a temperature range in the neighborhood of the solidus, in line with laboratory studies suggesting a
progressive, V.-decreasing effect of anelasticity below the solidus temperature (e.g., Takei, 2017; Yamauchi &
Takei, 2016) (see Appendix D in Fullea et al., 2021). In our study region the inversion of the surface wave and
other data does not require the presence of melt. In other words, the geotherms in our models do not cross the
dry peridotite solidus; in the framework of our integrated geophysical-petrological modeling the velocity drop
at the LAB is the result of the combined effects of temperature (changing from conductive and steep in the
lithosphere to convective and low quasi adiabatic gradient in the asthenosphere below) and pressure (almost
monotonically increasing with depth).

Thermobarometric estimates of the (paleo)geotherm from local xenoliths provide independent information to vali-
date geophysical models. In our study region the closest xenolith data is the Renard suite (longitude: —72.2°,
latitude: 52.8°) in the Superior craton. The Renard kimberlites (630-640 Ma) have been studied in terms of
geochemistry and thermobarometry (Hunt et al., 2012). In Figure S7 in Supporting Information S1 we compare
the temperature and pressure (depth) estimates for the Renard xenolith suite with the geotherm in our closest
WINTERC-G column (longitude: —72°, latitude: 52°). The lithospheric thickness in our model close to the Renard
suite is about 210 km and corresponds well, except for a few outliers, with the independently derived petrological
paleogeotherm, suggesting that the lithosphere has remained stable in the eastern Superior craton since the Late
Neoproterozoic.

The modified WINTERC-G model (Figure 1b) in eastern North America presented in this paper shows thicker
lithosphere and thermal buffer than the original version, leading to a closer match with the distribution of imped-
ance boundaries defined by the RF analysis considered in this work. Virtually all locations where P-S converted
waves detect an abrupt gradient in properties fall above the depth to the 1,300°C isotherm used to define the LAB
in WINTERC-G. This holds true even if uncertainties on the order of 20 km in the LAB depth and estimates of
converted boundary depths are taken into account (see Sections 5.1, 5.2.2 and Figures 5 and 6). The only excep-
tion is found on the easternmost edge of the Grenville Province within the Adirondack mountains, where some
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boundaries fall below the LAB depth estimated from surface waves. Yet all the scattering boundaries are above
the depth to the temperature of 1,400°C defining the bottom of the thermal buffer in WINTERC-G.

Examining these boundaries (Figure 6b, also Figures 4 and 5 of Y. Li et al., 2021) we note that most of them do
not have a Contrast attribute defined. Timing of the P-S converted phases from depths 150-200 km places them
among the intra-crustal multiples (see Figure 4), making the definition of a Contrast attribute problematic. Instead,
these boundaries are identified on the basis of their HF and DF attributes that reflect abrupt vertical gradients in
anisotropic seismic velocity. The most likely origin of such abrupt changes in rock fabric are shear zones accom-
modating the deformation either within the lowest part of the lithosphere, or else directly beneath it. An interpre-
tation in terms of sub-lithospheric shear forming in the upper mantle in response to plate motion is an intriguing
possibility. However, in the case of boundaries at the eastern edge of the Grenville Province we prefer a more
conservative interpretation and view them as being within the lowermost lithosphere. The mismatch between their
depths and the estimate of the LAB depth in the WINTERC-G model (Figure 1b) may simply reflect the fact that
lateral resolution in the upper mantle inferred from surface waves is coarser than that associated with RF studies.

Significantly, we do not claim that any of the boundaries we detect represent the LAB at any of the locations, what
we do claim is that these boundaries are within the lithosphere, and the LAB as defined by temperature does not
have a uniform seismological signature on vertical scales of tens of km, only on a larger scale controlling surface
wave dispersion.

In addition to the numerous detections of interfaces within the lithosphere in studies around the world (e.g.,
Bostock, 1997; Ford et al., 2016; Hales, 1969; Hopper & Fischer, 2018; Lebedev et al., 2009; Levin & Park, 2000;
Priestley et al., 1994; Rychert & Shearer, 2009; Solodilov, 1997; Thybo and Perkhuc, 1997; Wirth & Long, 2014;
Yuan & Romanowicz, 2010), discontinuities in the sub-lithospheric upper mantle have also been reported. Hua
etal. (2020) used longer wavelength S-to-P converted waves to detect a relatively smooth increase in seismic wave
speed with depth between 80 and 150 km beneath Anatolia, interpreted as the bottom of the low-velocity zone
beneath the thin lithosphere of that active region. Velocity changes on the order of 10% over vertical distances of
a few tens of km are needed to match observed converted phases, a degree of variation we do not expect in our
region (see Figure 2). Also, the X discontinuity around 300 km depth has been detected, predominantly in loca-
tions with relatively hot asthenosphere (e.g., Pugh et al., 2021, 2023; Schmerr et al., 2013). These discontinuities
below the lithosphere have been attributed either to phase transformations or to particular mechanisms of hetero-
geneity created by mantle upwellings and their interactions with the lithosphere. Whereas interfaces due to phase
transformations can be long-lived, chemical heterogeneity in the asthenosphere appears to be mixed effectively
by convection within it, with the result that the sub-lithospheric upper mantle is largely transparent, compared to
the highly reflective mantle lithosphere.

The existence of abundant interfaces with diverse origin within the lithosphere can account for the commonly
observed scattered signals from the lithosphere, observed in continents around the world (e.g., Abt et al., 2010;
Birkey et al., 2021; Calo et al., 2016). This presents an alternative to the end-member concept of the MLD as a
ubiquitous feature with the same origin and the same significance everywhere. The scattered signals are likely to
come, instead, from interfaces of different origin, created by diverse processes over the course of the evolution of
the lithosphere.

8. Conclusions

Beneath a large part of the North American continent investigated in this study, vertical gradients in seismic prop-
erties are pervasive, vary in their nature and number, and extend down to depths of ~170 km. The deepest detected
gradients always reside above the depth to the 1,300°C isotherm that marks the LAB. In younger (Paleozoic and
Proterozoic) regions the deepest boundaries are close to the local LAB depth, while in the Archean region the
lowermost ~50 km of the lithosphere lacks detectable scattering boundaries.

We conclude that abrupt changes in seismic properties reside primarily within the thermally defined rigid
mechanical lithosphere and are much rarer in the convecting mantle beneath it (Figure 7). Consequently, we can
define continental lithosphere as a region of conductive heat transport and steep geotherm that is characterized
by pervasive internal layering of density, elastic moduli and texture. This layering records the history of lith-
osphere's formation and evolution, with density sorting, subduction, internal deformation and delamination all
leaving their marks.
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Figure 7. A schematic cartoon summarizing our findings in eastern North America. Conductive rigid mechanical lithosphere
bounded by the depth to the temperature of 1,300°C (dark green). The top of convecting asthenosphere (white) is at the

depth where temperature reaches 1,400°C. In the region between these depths both conduction and convection of heat take
place (light green). Vertical extent of the lithosphere decreases with the age of its formation. Horizontal bars indicate abrupt
near-horizontal boundaries in seismic properties detected with receiver functions. Lateral extent of individual boundaries is
larger at greater depths. There are no boundaries within the lowermost ~50 km of the lithosphere consolidated during the
Archean. An abrupt change in thickness occurs at the junction of Proterozoic and Paleozoic lithospheres.
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ds/nodes/dmc/). Specific data sets are Albuquerque Seismological Laboratory/USGS (1990, 1994, 2014), IRIS
Transportable Array (2003), Lamont Doherty Earth Observatory (LDEO), Columbia University (1970), Menke
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