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ARTICLE INFO ABSTRACT

Editor: H. Thybo The Midcontinent Rift (MCR), hosting several world-class ore deposits, is the fossil remnant of a massive
Mesoproterozoic rifting event (1.1 Ga) that did not lead to the formation of an ocean basin. To better understand
the lithospheric processes associated with the rifting stage and its subsequent failure, we developed a novel full-
waveform joint inversion method using ambient noise data and teleseismic P waves for this seismically inactive
region. We apply this approach to three years (2011-2013) of seismic recordings from the Superior Province
Rifting EarthScope Experiment (SPREE) (~12 km average station spacing) and the USArray Transportable Array
(~70 km average station spacing), and obtain a new 3D high-resolution Vs model down to 100 km depth, as
well as Vp and density models down to 60 km depth. The model shows major velocity anomalies in agreement
with previous seismic studies for the western arm of the MCR. In particular, we observe high density (2.8-3.0
g/cm3), Vp (6.3-6.5 km/s), and Vs (3.6-3.7 km/s) structures in the shallow upper crust within the rift, likely
associated with volcanic rocks. Similar to a previously identified underplated layer, we also observe extensive
normal-to-high Vs (3.8-4.2 km/s) along the whole rift axis and Vp (6.8-7.5 km/s) beneath the northern segment
of the rift within the lower crust. However, the Vs and Vp values are lower than average for typical underplated
materials. We suggest that this underplated layer may represent a combination of different intrusive rock types
(e.g., gabbro, anorthosite) developed during magma differentiation processes, or contamination of the mafic
magma by surrounding crustal material, or intrusions of sills.
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1. Introduction

The Midcontinent Rift (MCR) hosts several types of world-class
ore deposits and has been the focus of many geologic, geochemical,
geochronologic and geophysical studies over the past several decades. It
is the fossil remnant of a massive Mesoproterozoic rifting event (1.1 Ga)
that did not lead to the formation of an ocean basin (Cannon, 1994).
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Filled with a thick layer of dense and highly magnetized volcanic rocks,
it forms one of the most striking features on the gravity and magnetic
anomaly maps of North America (Chase and Gilmer, 1973; King and Zi-
etz, 1971). The tectonic setting of the MCR and environs is illustrated
in Fig. 1. It presents an excellent case study on how and where such a
rift forms and why it failed to develop into an oceanic spreading cen-
ter as it evolved into the late stage of continental rifting. In addition,
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Fig. 1. Tectonic setting of the Midcontinent Rift (MCR) and environs overlain on the Bouguer anomaly map after Frederiksen et al. (2021). This area was assembled
in the Proterozoic from a series of Archean cratons and later orogens. The oldest terrane is the ca. 3.5 Ga Minnesota River Valley Terrane (MRVT), which lies south
of the largest Archean block, the ca. 2.6 Ga Superior Province. Post-accretionary deformation in the Superior was limited to uplift at ca. 1.9 Ga along a narrow region
known as the Kapuskasing Structural Zone (KSZ) indicated by the black dashed line. A series of Proterozoic orogens were then accreted to the Superior, beginning
with the Penokean orogens to the south ca. 1.8 Ga.; subsequent accretion of the Yavapai and Mazatzal orogens onto the southern Superior took place ca. 1.7-1.6 Ga.
The Midcontinent Rift developed during a hiatus in orogenic activity on the margin (i.e. after the Shawinigan orogeny and before the Grenvillian orogeny) and then
ceased extension contemporaneously with the onset of the Grenvillian orogeny ca. 1090 Ma, which is the most recent Proterozoic orogen, formed by the collision of

Amazonia with Laurentia (Cannon, 1994; Swanson-Hysell et al., 2023).

the MCR has an unusual combination of the narrow form of a rift and a
large volume of volcanic flows, two types of features that usually differ
in geometry and origin (Stein et al., 2018). While a large number of geo-
logical, geochemical, geodynamic and geophysical studies have greatly
improved our understanding of the structure and evolution of the rift
(Behrend et al., 1988; Cannon, 1994; Vervoort et al., 2007; Miller et al.,
2013; Shen et al., 2013; Yang et al., 2015; Zhang et al., 2016; Chichester
et al., 2018; Bollmann et al., 2019; Frederiksen et al., 2021; Swanson-
Hysell et al., 2021; Hodgin et al., 2022), the mechanisms behind the
origin, evolution and subsequent failure of the rift are still under de-
bate. The thermal perturbation of a mantle plume or hotspot has been
proposed as the active origin of the rifting according to geochemical and
isotopic studies of exposed igneous rocks related to the MCR (Davis and
Green, 1997; Nicholson et al., 1997; White, 1997; Vervoort et al., 2007;
Swanson-Hysell et al., 2021), whereas the far-field stresses related to the
Grenville collisional events during the 1.09-0.98 Ga Grenville Orogeny
(Rivers, 2008) have been invoked to support the hypothesis of passive
rifting (McWilliams and Dunlop, 1978; Gordon and Hempton, 1986).
Recently it was proposed that the voluminous volcanism of the MCR
is the result of an elongated (linear) hydrous upwelling from the deep
upper mantle, initiated by subducted hydrous oceanic lithosphere from
the period that preceded the Shawinigan Orogeny (Swanson-Hysell et
al., 2023).

The understanding of the lithospheric structure of the MCR and in-
terpretations of its initiation mechanism and evolution history have
benefited from numerous studies using geophysical data collected over
the rift, including seismic data recorded by the USArray Transportable
Array (TA) (Shen et al., 2013; Shen and Ritzwoller, 2016) and the Su-
perior Province Rifting EarthScope Experiment (SPREE) (Zhang et al.,
2016; Chichester et al., 2018; Bollmann et al., 2019). However, differ-
ent data “see” quite different geophysical features of the lithospheric
structures of the MCR. Long-period magnetotelluric (MT) data show
that the western arm of the MCR is clearly evident in shallow depths
(< 3 km), with a narrow resistive core flanked by elongate conduc-
tive basins (Yang et al., 2015). However, their resistivity anomalies
associated with the MCR do not stand out at depths greater than 20

km. Seismic observations may provide better vertical resolution than
gravity and magnetic data, and the MCR’s dense volcanic rocks are de-
tected by both seismic reflection (Behrend et al., 1988) and receiver
function data (Zhang et al., 2016), which are sensitive to density and
velocity contrasts. However, large scale regional tomography studies of
ambient noise (Shen et al., 2013; Schmandt et al., 2015; Shen and Ritz-
woller, 2016) reveal reduced phase and/or group velocities along the
rift. Such reduced wavespeeds may reconcile with the high density of
the volcanic rocks if the bulk and shear modulus of the volcanic rocks
have a smaller contrast with the surrounding granitic crust. Longer-
period, two-station phase velocity dispersion measurements (Foster et
al., 2020) and teleseismic P wave tomography (Bollmann et al., 2019)
did not convincingly reveal lithospheric structures that correlate with
the MCR. Therefore, while crucial for providing more constraints on the
geological interpretation of this failed rift, constructing fine-scale and
consistent density and velocity models of the lithosphere in this region
of the MCR remains challenging.

Different from traditional ray-based seismic tomography methods
(Ritzwoller et al., 2002), full-waveform inversion techniques (FWI,
sometimes interchangeably known as adjoint tomography in earthquake
seismology) utilize numerical seismic wave simulations as the forward
solver and, by constructing more accurate misfit gradients for 3D mod-
els (Liu and Tromp, 2006; Tape et al., 2009; Tromp et al., 2005), pro-
vide an effective technique for high-resolution mapping of subsurface
structures in both exploration and earthquake seismology applications
(Liu and Tromp, 2006; Tape et al., 2009; Virieux and Operto, 2009;
Fichtner et al., 2009; Zhu et al., 2012; Krischer et al., 2018; Tromp,
2020). The empirical Green’s functions extracted from ambient-noise
data can be also used in FWI, which we call ambient noise adjoint to-
mography (ANAT). Many studies have demonstrated its potential in
resolving more pronounced velocity variations in the lithosphere and
uppermost mantle compared to tomographic methods based on ray the-
ory (Chen et al., 2014; Zhu, 2018; Sager et al., 2020; Maguire et al.,
2022). The lateral resolution of ANAT mostly relies on the station dis-
tribution. However, its vertical resolution is limited to shallow depths
(less than ~50 km) due to the effective period bands used (e.g., 5-35
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s). More recently, FWI of teleseismic high-frequency P waves (includ-
ing direct and scattered waves) based upon hybrid methods, which we
will refer to as TeleFWI, has been demonstrated to be capable of provid-
ing both high lateral and vertical resolution beneath dense linear arrays
(Monteiller et al., 2015; Wang et al., 2016; Beller et al., 2018; Wang et
al., 2021). Thanks to the full-waveform information of both direct and
scattered waves on vertical and radial components, TeleFWI not only
helps us to resolve small-scale local heterogeneities and sharp veloc-
ity discontinuities, but also gives us constraints on multiple parameters,
such as density, Vp and Vs. However, this method usually relies on the
coherence of scattered wavefields across densely spaced stations (e.g.,
~10 km station spacing) to avoid spatial aliasing (Beller et al., 2018).
Although Beller et al. (2018) demonstrated that additional stations from
other coarser seismic networks can help to improve the lateral resolu-
tion of TeleFWI, its high resolution is mainly restricted to the dense
array.

Taking advantage of complementary lateral and vertical sensi-
tivities of surface waves and teleseismic body waves, Wang et al.
(2021) applied joint FWI to study the lithospheric structures of central
California based on alternating ANAT and TeleFWI iterations. How-
ever, the alternating inversion minimizes two independent objective
functions in ANAT and TeleFWI, using independent misfit gradients
for these two objective functions. As a result, optimization strate-
gies such as conjugate gradient methods (Hestenes and Stiefel, 1952)
or quasi-Newton methods including the Limited-memory Broyden—
Fletcher—Goldfarb-Shanno algorithm (LBFGS) (Nocedal and Wright,
2006), essential to speed up the convergence of the inversion, can-
not be used in this inversion process. More importantly, when models
are updated with different step lengths (which could be obtained by
line-search methods) separately in ANAT and TeleFWI, the inversion
processes may be dominated by one particular dataset (Wang et al.,
2021). To mitigate these problems, we propose a formal joint inversion
method to minimize one combined objective function as a weighted
sum of the objective functions used by ANAT and TeleFWI. The misfit
gradients from ANAT and TeleFWI are directly computed for the joint
objective function, so that advanced optimization methods may be ap-
plied to speed up the convergence. The effects of these two datasets can
be balanced by applying proper weights between the misfits of ANAT
and TeleFWI.

In this study, we first lay out the details of this joint FWI method
for ambient noise and teleseismic body waves, which is then used to
construct high-resolution models of crustal and uppermost mantle struc-
tures of the western arm of the MCR using both the dense SPREE array
and the background USArray data. We compare our Vp, Vs and density
models with other published results and discuss their implications for
understanding the underlying geological processes associated with the
MCR.

2. Methodology
2.1. Adjoint tomography

Since its first application in earthquake seismology a decade and
a half ago, adjoint tomography (or FWI) has been extensively used to
resolve fine-scale structures both in regional (Tape et al., 2009; Fichtner
et al., 2009; Zhu et al., 2012; Wang et al., 2016, 2020; Zhu et al., 2020;
Maguire et al., 2022) and global tomographic studies (Bozdag et al.,
2016; Lei et al., 2020). In adjoint tomography, to minimize the misfit
function ¢ of traveltime or waveform differences between observed and
synthetic data, misfit gradients that describe the linearized relationship
between the perturbations of the misfit (§¢p) and model parameters,
can be obtained based on full numerical simulations of seismic wave
equations by

S = 7{ [K,(m)élnp + K, (m)slna + Ky(m)sinp] '6h)
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where K,(m), K, (m), K;(m) are the misfit gradients for density (p), Vp
(a) and Vs (), respectively (Tromp et al., 2005; Liu and Tromp, 2006).
In this study, to iteratively update these model parameters, we use a line
search method in conjunction with a gradient-based optimization al-
gorithm, i.e., the Limited-memory Broyden-Fletcher-Goldfarb-Shanno
algorithm (L-BFGS) (Nocedal and Wright, 2006), to decide the optimal
step length for model updates at each iteration.

2.2. Ambient noise adjoint tomography (ANAT)

The phase-traveltime (shortened as “traveltime” hereafter) differ-
ences between the empirical Green’s functions (EGFs) from ambient
noise cross-correlations and synthetic Green’s functions (SGFs) from
point-force sources can be minimized by seeking optimal model param-
eters (i.e., density, Vp and Vs) with the adjoint method. In this study,
we define the frequency-dependent traveltime misfit based upon the
multi-taper method (Zhou et al., 2004) as

N [eo)
| AT (0m)
= 2 [ 15 e @
2N = o;

where m is the model vector, AT;(w) = TI.”’” (w) — Tl.sy "(w) denotes the
frequency-dependent traveltime difference between the ith pair of SGF
and EGF, N is the total number of measurements and o; denotes un-
certainties associated with each measurement. We note here that even
though Vp and density could potentially be updated, the traveltimes of
the ambient noise have almost no sensitivity to these two model param-
eters.

2.3. Teleseismic full-waveform inversion (TeleFWI)

Differently from traditional traveltime inversion, TeleFWI seeks to
minimize the waveform differences between synthetic and observed
data (i.e., teleseismic body waves including scattered waves). In this
study, we use the following least-squares misfit function defined as

N 2
¢ = ﬁ > / llu @) 5 W (@) - dy0)IPdt €)
i=1 7

where N is the number of measurements, d,(f) and u;(t) represent the
observed data and corresponding synthetics, and * denotes the time
convolution operator. The time window [#,, #,] is defined to isolate P
and subsequent Ps waves and probably first-order multiples (Wang et
al., 2016) from other phases to reduce imaging artifacts.

The source wavelet W (¢) is estimated and then convolved with syn-
thetics (#;) prior to waveform matching in order to mitigate the effects
of the source signature and structure outside the simulation domain
(Beller et al., 2018; Wang et al., 2021). More details about obtaining
synthetics and source wavelet estimation W (f) can be found in sec-
tion 3.2.

2.4. Joint inversion of ANAT and TeleFWI

Taking advantage of complementary sensitivities of surface waves
(in this case, from ambient-noise data) and teleseismic body waves, the
joint inversion seeks to simultaneously minimize the cost functions of
ANAT (¢") and TeleFWI (¢F). The proposed cost function is defined as

T F
¢J=%<¢—T /1¢—F> , )
where ¢g and ¢g denote the misfits of ANAT (Eq. (2)) and TeleFWI
(Eq. (3)) from the first iteration, respectively. By rescaling the mis-
fit functions for these two different measurements, the cost function

of the joint inversion is therefore dimensionless, which makes it pos-
sible to use 4 to adjust the relative weights of these two datasets. In
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this study, we set 4 =1 so that ANAT and TeleFWI cost functions con-
tribute equally. We note here that although the misfit function is joined
together as in Eq. (4), the adjoint gradient for each individual misfit
function is computed independently. The joint misfit gradient in Eq. (4)
is simply the weighted sum of the gradients for individual dataset as
derived from Egs. (2) and (3) as

KT (m) AKF(m)
by by
0 0

As a result, the joint inversion is implemented through the following
five steps:

K'(m)= 5)

a. Before the first iteration (k = 1), the initial model is set to be either
a smoothed 1D reference model or a smoothed 3D model obtained
from previous studies.

b. For the k’th iteration: apply ANAT to compute the traveltime mis-
fits (Eq. (2)) EGFs and SGFs, as well as the corresponding misfit
gradients, e.g., KpT(m), KT(m) and K;(m). Similarly, apply Tele-
FWI to obtain the least-squares waveform misfits (Eq. (3)) and the
corresponding misfit gradients. If it is the first iteration, save the
misfit functions ¢>g and dzg .

c. Calculate the misfit function and the misfit gradients for the joint
inversion through the weighted sums of the two misfit values and
gradients computed in the previous step according to Egs. (4) and
(5).

d. Precondition the joint misfit gradients (Wang et al., 2016, 2021)
and calculate the optimal updating directions based upon tech-
niques such as L-BFGS.

e. Perform a line search (Wang et al., 2021) to obtain the optimal step
length. If the misfit reduction compared to the previous iteration
is less than 2%, terminate the inversion to avoid data over-fitting.
Otherwise, update the model to m**D, and restart again for the
(k + 1)’th iteration.

3. Application to seismic data from the western arm of the MCR
3.1. Data

In this section, we apply the joint inversion to image the lithospheric
structures of the western arm of the MCR. In total, we have 120 vir-
tual sources for ambient noise EGFs and 7 teleseismic events yielding
teleseismic P waves (Fig. 2). 66 virtual sources come from three dense
arrays (SN-SN’, SS-SS’ and SM-SM’) of the Superior Province Rifting
Earthscope Experiment (SPREE, XI) (van der Lee et al., 2011; Wolin et
al., 2015), with an average station spacing of about 12 km. The other
44 virtual sources come from the Earthscope Transportable Array, and
the US backbone network (TA) (Fig. 2) with an average station spacing
of about 70 km, which are used to improve the lateral resolution of the
study region. The ambient noise data last over three years with about
one and half years’ overlap among different networks, which makes it
possible to combine data from these different station networks (Bensen
et al., 2007). Moreover, the three dense arrays provide a high spatial
sampling of teleseismic P scattered waves that are important for re-
solving small-scale structures beneath the array (Beller et al., 2018).
Overall, the combination of these two networks provides excellent cov-
erage for studying the detailed subsurface structures of the MCR. The
data processing steps for ambient noise and teleseismic waves can be
found in Text S1 and S2 in the supplementary materials.

3.2. Implementation of joint inversion

We perform forward and adjoint full wavefield simulations based on
the open-source spectral element method (SEM) package SPECFEM3D_
Cartesian (Komatitsch and Tromp, 2002; Peter et al., 2011), the de-
tails of which can be found in Text 3 in the supplementary materials.
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To robustly image the lithosphere without being biased by previous re-
gional models, we construct an initial 1D model (Fig. S4) by smoothing
the AK135 reference model (Kennett et al., 1995) vertically by a Gaus-
sian function with a full width of 10 km. Furthermore, in this study,
the effect of surface topography (generally <400 m) is not considered
in inversions for either ambient noise or teleseismic data because the
variations of the topography are far smaller than the model resolution
of our dataset. Nevertheless, another independent inversion was con-
ducted using a 1D initial model (Fig. S4) constructed from the regional
EMCUS2016 model (Shen and Ritzwoller, 2016), in which topography is
considered and the same inversion parameters are used. For the sake of
simplicity, we denote the initial models obtained from AK135 and EM-
CUS2016 as AKinit and EMCinit, respectively. The constructed models
arising from the joint inversion using AKinit and EMCinit as the initial
models are denoted as AKinv and EMCinv (see more discussion in Sec-
tion 3.3), respectively.

To measure the traveltime differences (Eq. (2)) for ANAT, we follow
similar inversion procedures to those outlined in Wang et al. (2021).
For each master station, we conduct one forward wavefield simulation
for Rayleigh waves by placing a single vertical point source f= (0,0, f,)
at the master station and treating all the other stations as receivers.
The source wavelet is set to be a Gaussian wavelet with 1.2 s half
duration. Here, only the vertical-component SGFs are recorded at re-
ceivers and used to compare with EGFs at four period bands (6-15 s,
10-20 s, 15-30 s, and 20-35 s). For the TeleFWI (Eq. (3)), we apply
the highly efficient FK-SEM hybrid method to simulate the teleseismic
wavefield recorded at stations (Tong et al., 2014). As mentioned in Sec-
tion 2.3, to mitigate the source-side complications, we need to estimate
a source wavelet W () and convolve it with the synthetic teleseismic
data prior to computing their waveform differences. In this study, the
source wavelet estimation is realized by the following two steps: firstly,
performing a time-domain deconvolution of teleseismic synthetics from
data on the vertical component (Kikuchi and Kanamori, 1982), and sec-
ondly, estimating the source wavelet through a principal component
analysis (PCA) (Hagen, 1982; Wang et al., 2021) (see more details for
event P1 in Fig. S3).

After measuring the traveltime (ANAT) or waveform (TeleFWI) dif-
ferences, we obtain the corresponding adjoint sources based on the ob-
jective functions shown in Egs. (2) and (3), respectively. These adjoint
sources are injected at stations to calculate event misfit gradients for
either teleseismic events or virtual sources at master stations (Eq. (1)).
According to the joint objective function in Eq. (4), these two types of
gradients are then normalized by (qSOT and q’:g ) and summed based on
Eq. (5). A preconditioner defined based on the square root of depth is
applied to the joint gradient in order to reduce the impact of dominant
surface sensitivities and accelerate the convergence of the inversion at
greater depths. To reduce spurious high sensitivities at the sources and
receivers, the misfit gradients are then smoothed with Gaussian func-
tions with a radius of 20 km horizontally and 10 km vertically, which
is gradually reduced to 10 km and 5 km along the horizontal and verti-
cal directions after 8 iterations. The L-BFGS as well as a line-search are
used to further speed up the convergence of the inversion (Nocedal and
Wright, 2006). To investigate the effect of the joint inversion, we also
conduct ANAT-only, TeleFWI-only and alternating inversion (Wang et
al., 2021) from the same initial model for our study region. The param-
eters for data processing, kernel preconditioning, and line search are
the same as those for the joint inversion.

3.3. Resolution tests

We conduct resolution tests to examine the resolution and robust-
ness of our joint inversions. A checkerboard model in all three parame-
ters (Vs, Vp and density) with anomalies of a radius of 20 km (about the
wavelength of 6-sec S waves in the upper crust) and +12% perturbations
relative to the initial model (AKinv) is used to compute the synthetic
data. To examine the resolution beneath these three dense arrays, in
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Fig. 2. (a) Bouguer anomaly map of the west arm of the Midcontinent Rift (MCR) and its surrounding region. The 120 seismic stations used in this study are indicated
as triangles with blue triangles representing stations from the EarthScope USArray Transportable Array (TA) and the US backbone network and the black triangles
representing the three dense arrays from the SPREE (XI) project. SN-SN’ and SS-SS’ are two profiles across the rift and SM-SM’ is a profile along the rift. The magenta
dashed lines indicate the Belle Plaine Fault Zone (BPFZ) (Sims, 1987). The region for which FWI inversions are performed is indicated by the red rectangle. (b)
Locations of the seven teleseismic events used in TeleFWI are indicated as blue dots. The two red circles around the center of the study region (red square) denote
the epicentral distance range between 30° and 90°. Details of the seven teleseismic events are summarized in Table S1 of the supplementary material.

particular the linear SN and SS arrays, the perturbations in the north-
ern section are designed to be parallel to the SN array, while those in the
southern section are parallel to the SS arrays (Fig. 3a). Synthetic EGFs
and teleseismic P waves are computed for the same source-receiver ge-
ometries as used in the actual inversion. The synthetic teleseismic P
waves are first convolved with the estimated source time function for
the corresponding event to serve as “observed” teleseismic data. We
then conduct joint inversion following the same procedures as in Sec-
tion 3.2. Following the same inversion procedures, we also conduct the
alternating inversion, and two separate inversions with only one of the
datasets.

The left part of Fig. 3 displays the slices of recovered checkerboard
models at depths of 20 and 80 km from the joint inversion. At the depth
of 20 km, the inverted Vs perturbations (panel c¢) almost fully recover
the checkerboard pattern (albeit with weaker amplitude), especially in
the vicinity of the dense arrays thanks to the sensitivities from both
ANAT and TeleFWI. The Vp and density perturbations also have rea-
sonably good resolutions around the dense arrays mainly as a result of
TeleFWI sensitivity. However, at the depth of 80 km, the resolutions of
density, Vp and Vs are severely degraded compared to those at shal-
low depths and only some sensitivity is retained along the dense arrays,
mainly for Vs and Vp. At this depth, the resolution of the Vp model is
lower than the Vs model due to the longer wavelengths of transmitted
P waves compared to the converted S waves, while the recovered den-
sity perturbations have much weaker amplitudes compared to both Vs
and Vp models.

We also show vertical profiles of the recovered checkerboard model
beneath the SN and SS dense arrays in the right panels of Fig. 3. From
the recovered Vs profiles, it seems that the Vs model has a reasonably
good resolution down to 100 km depth, although the resolution dete-
riorates slightly beneath 50 km depth. This is due to the fact that the
ambient-noise data have very limited resolution beneath 50 km depth,
and most sensitivity is due to teleseismic P waves and therefore is also
subject to smearing along the teleseismic ray paths. The best resolu-
tions for Vp and density are limited to the top ~40 km (Fig. 3). Again
the vertical resolution for Vp is lower than Vs especially beneath 40 km
depth due to the lower resolution of transmitted and scattered P waves
compared to scattered S waves used to map Vs and density models.

We also examine the advantages of joint inversion for density, Vs,
and Vp models compared to alternating inversions and single dataset

inversions as shown in Figs. S13-S15. Another checkerboard test (with
a perturbation radius of 12.5 km) is conducted to further show the res-
olution at even smaller scales where only TeleFWI is performed to save
computational costs, as shown in Fig. S16. Combining the results shown
in Figs. 3 and S16, we conclude that Vs has a reasonably good resolution
down to 100 km depth and beyond, whereas reasonably good resolution
for density and Vp extends to about 60 km depth. Two additional syn-
thetic models are designed to further validate the reliability of the main
features in our final models (next section), i.e., the positive anomaly
in the upper crust and negative anomaly around the Moho (see more
details in Text 4 of the supplementary materials). The corresponding
inversion results demonstrate that our method is capable of recover-
ing the target features in the upper and lower crust along different rift
segments although with slightly weaker amplitudes.

3.4. Results

Fig. 4(a) shows the comparison of misfit reduction over iterations
using different methods (e.g., ANAT-only, TeleFWI-only, alternating in-
version). The misfit reduction from the joint or alternating inversion,
compared with ANAT-only or TeleFWI-only inversions, seems to indi-
cate a slightly slower convergence speed, which is not unexpected as
joint inversions strive to fit both datasets at the same time. On the
other hand, the ambient-noise misfit and teleseismic misfit from the
joint inversion are reduced to similar levels as those from the ANAT-
only and TeleFWI-only. Figs. 4(b-e) show the significant improvement
of the traveltime misfit between the EGFs and SGFs from the final and
initial models. We observe a reduction in both overall average travel-
time anomaly and standard deviation for the final model (e.g., from
-1.37 £ 1.24 s to -0.13 + 0.74 s for the period band of 10-20 s). More
detailed EGFs and SGFs waveform comparison for station pairs along
three dense SPREE arrays, as well as the improvement of waveform fits
for TeleFWI, can be found in Figs. S5 and S6, respectively. Figs. S7-S9
compare the slices extracted from the inverted models based on these
four methods, which further demonstrates that the joint inversion man-
ages successfully to balance two different datasets with complementary
misfit gradients (ANAT and TeleFWI) while keeping a good convergence
speed.

Next, we examine the main features in our final model, shown as
model perturbations with respect to AKinit in Figs. 5 and 6 as horizontal
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Fault Zone (Sims, 1987).

slices of density, Vs and Vp at depths of 5 km, 25 km, 50 km, and 80 km.
We also show vertical cross-sections of absolute velocity and density
values along three SPREE profiles (SN-SN’, SS-SS’ and SM-SM’ in Fig. 2)
in Fig. 7.

3.4.1. The upper crust

At the shallow depth of 5 km, the most prominent features in our
final models are the positive anomalies in density, Vp and possibly Vs
in the northern segment of the rift (Figs. 5a-c and 7). This high den-
sity, Vp and Vs feature in the upper crust may be correlated with other
geophysical observables such as high Bouguer anomalies highlighted by
the black dashed lines (0 mGal contours) in Fig. 5(a) and high density
(between 2 and 25 km depth) inverted from observed Bouguer data and
high-resolution seismic reflection profiles (Hinze et al., 1992). Deeper
(5-30 km) buried volcanic rocks have been identified by the GLIMPCE
seismic reflection profiles further north across Lake Superior (Cannon et
al., 1989; Miller et al., 2013), including two reflection profiles (Profile
A and B) in northwestern Wisconsin and eastern Minnesota (Chandler
et al., 1989) that are close to our SN dense array (Fig. 2). Combined
seismic and gravity modeling along these two profiles show similar den-
sity features as those in our results. On the other hand, this extensive
high density, Vp and Vs feature could not be readily identified by other
tomographic methods due to either sparse station coverage or limited
sensitivity near the surface, particularly for Vp and density (Shen et al.,
2013; Shen and Ritzwoller, 2016; Bollmann et al., 2019; Foster et al.,
2020; Aleqabi et al., 2023).

In addition, and somewhat surprisingly, our new model reveals weak
negative density anomalies and strong negative Vs anomalies in the
southern segment of the rift around the center of the SS-SS’ profile
(Fig. 7). The weak negative densities beneath SS-SS’ seem to be con-
sistent with the pattern of gravity lows on either side of the gravity
high at the rift axis observed at this locale (the solid line above Fig. 7b),

which is a saddle point in the Bouguer gravity field. These flanking
gravity lows may have been caused by deep horst-flanking sedimen-
tary basins, which cannot be resolved by our model. The more strongly
reduced S velocities correspond to a low S-velocity anomaly that in
map view at a depth of 5 km roughly coincides with the Marshfield
terrane (Fig. 6 in Whitmeyer and Karlstrom, 2007). Perhaps the Marsh-
field terrane has a lower rigidity or a distinct type of anisotropic fabric
than the surrounding terranes of the Penokean and Yavapai Provinces
(Whitmeyer and Karlstrom, 2007). These explanations would ascribe
the observations to pre-existing terranes, of which our model does not
reveal much given its tight focus around the MCR. Alternatively it is
possible that these low Vs velocities are related to the post-rift bend-
ing and transpressional deformation this part of the rift experienced
while rift-flanking faults to the north and south simply reversed their
syn-rift normal faulting behavior to uplift the central horst after rift-
ing ceased. Perhaps this combination of strike-slip with reduced reverse
faulting left an upper crustal fabric with a lowered effective rigidity. In
addition, modeling of gravity data combined with seismic reflection has
suggested that the relatively uneroded sedimentary rocks near this lo-
cation may grade laterally into a basaltic sequence toward the rift axis,
which makes it difficult to detect the volcanic rocks by using active-
source seismic data alone (Chandler et al., 1989) and could potentially
lead to a reduced upper-crustal S velocity in our model.

While the resolution of the density model deteriorates significantly
below 40 km depth (see Figs. 3 and S16 in the supplementary materi-
als) and our method may not resolve the fine-scale density distribution
in the top 5 km, we nevertheless still attempt to calculate synthetic
Bouguer anomaly based on the final density model. Details on the cal-
culation of synthetic Bouguer anomaly are outlined in Text 5 in the
supplementary materials. As shown in Fig. 6(d), from the middle to
the northern segment of the rift (44.5° N to 47° N), our synthetic
Bouguer anomaly shows positive values (0 to +60 mGal) along the
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Fig. 6. Similar to Fig. 5 but for horizontal slices at the depths of 50 km and 80 km. Panel (d) shows synthetic Bouguer anomalies at the surface calculated based
upon our final density model which reveal high gravity anomalies along the central (beneath SN array) and northern segment (beneath SS array) of the rift similar
to those in the observed Bouguer data (Fig. 2a). For example, our synthetic Bouguer anomaly shows positive values (0 to +60 mGal) along the rift axis from 44.5°
N to 47° N, while around 44° N, weaker negative values (-33 mGal) are flanked by stronger negative values (-38 to -44 mGal).

rift axis. It exhibits a high correlation with the observed Bouguer data
(0 to +50 mGal) shown in Fig. 2. Along the southern segment of the
rift (around 44° N), weaker negative values (-33 mGal) are observed
to be flanked by stronger negative values (-38 to -44 mGal), similar
to the observed Bouguer data, which also shows weaker negative val-
ues (-5 mGal) flanked by stronger negative values (-60 to -70 mGal).
The amplitude differences between our synthetic and observed Bouguer
anomalies are expected due to the resolution limitations of our data as
well as the complexity of near-surface structures. Overall, our synthetic
Bouguer anomaly shows a relatively higher gravity anomaly along the
rift axis, which is generally consistent with observed Bouguer data.

On the top of each vertical cross-section profile shown in Fig. 7, we
also show detailed comparisons of the synthetic and observed Bouguer
anomaly data. The synthetic gravity profiles generally show similar
magnitude of anomalies to observations, particularly the strong positive
anomaly in the center of the SN-SN’ profile (Fig. 7a) and along most of
the northern segment of the SM-SM’ profile which is a result of the high
density values, 2.8-3.0 g/cm? in the upper crust compared to the stan-
dard value of 2.7 g/cm3 (Wang et al., 2016). In the center of the SS-SS’
profile, a significantly weaker negative Bouguer anomaly is observed to
be flanked by stronger negative anomalies (Fig. 7b). However, the syn-
thetic Bouguer anomalies are not strong enough to match the data and
no strong positive density anomaly stands out directly beneath the rift.

3.4.2. The mid-to-lower crust and the uppermost mantle

At 25 km depth, our Vs model shows an extensive positive anomaly
in the study region (Fig. 5e), which is most likely a result of the initial Vs
model (AKinit) being slow in the mid-crust. It may explain the strong
negative traveltime anomaly bias for the initial model in Figs. 4(b-e)
and Fig. S5.

Another prominent feature in our Vs model is the normal-to-high
Vs (3.8-4.2 km/s) compared with typical lower crustal rocks at depths

of 40-60 km that above the Moho interface identified by the previous
P/S receiver function study (Zhang et al., 2016). While our method is
not sensitive to the exact depth of a sharp boundary such as the Moho,
this extensive strong Vs anomaly along the rift (Fig. 6b) seems to be
associated with the underplated layer identified from the P/S receiver
functions (Zhang et al., 2016). We note here, this underplated layer
seems neither a layer nor underplated and more of a frozen magmatic
root. We also observe that these strong Vs features are generally contin-
uous along the SM-SM’ profile (Fig. 71) except at the center of the profile
due to the sparse station coverage traversing the cities of Minneapolis
and St. Paul (see the station distribution in Fig. 2). The Vp and density
do not show these distinct features in the mid-to-lower crust compared
to the Vs, except for the northern segment of the rift (Figs. 71). The
general lack of Vp and density anomalies along the whole rift is consis-
tent with the S-to-P receiver function results (Chichester et al., 2018) as
well as Vp anomalies obtained from teleseismic P traveltime inversion
(Bollmann et al., 2019). One possible reason is that the Vp structure is
underestimated either due to the crustal underplating being complex in
these sections of the rift (e.g., with strong lateral variations and steep
dips) or that Vp and density have a lower resolution compared to Vs
(Wang et al., 2016). However, synthetic tests from Chichester et al.
(2018) and Bollmann et al. (2019), as well as ours shown in the res-
olution test in Section 3.3, all indicate that if there were extensive Vp
anomalies in the lower crust, we would be able to detect them.

To further examine the robustness of the main features in our model,
e.g., the high density and Vp structures along the northern segment of
the rift (SN-SN’ and SM-SM’ profiles), and the low Vs structure around
the southern segment of the rift (SS-SS’ and SM-SM’ profiles) in the up-
per crust; the extensive Vs perturbations at 40-60 km depth along the
whole rift (SM-SM’ profile), we experimented with a different initial
model, EMCinit (Fig. S4 in the supplementary materials). EMCinit is a
smoothed 1D model obtained from the EMCUS2016, a 3D shear-wave
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velocity model for the United States. It was constructed based on sur-
face wave dispersion from ambient noise and earthquake data, Rayleigh
wave H/V ratio, and receiver functions (Shen and Ritzwoller, 2016). Af-
ter 8 iterations of joint inversion, we obtained another model, denoted
as EMCinvy in Figs. S10-S11. A detailed data match and model compari-
son along these three dense arrays is shown in Fig. S12. In general, the
major velocity anomalies and contrasts of EMCinv have a good agree-
ment with AKinv, as well as the calculated Bouguer anomalies from the
obtained density model.

In summary, our models show major velocity anomalies and con-
trasts that are in general agreement with previous geophysical studies.
In particular, we observe high density (2.8-3.0 g/cm3), Vp (6.5-6.8
km/s) and Vs (3.6-3.7 km/s) structures in the shallow upper crust
within the rift likely associated with the volcanic rocks. We also ob-
serve extensive anomalous Vs (3.8-4.2 km/s) and Vp (6.8-7.5 km/s) at
40-60 km depth in the northern segment of the rift, which we identify
as a possible underplated layer.

4. Discussion
4.1. Dense volcanic rocks in the upper crust

The combination of seismic Vp, Vs and bulk density (as in this study)
instead of a single parameter gives us a more comprehensive under-

standing of the rock types and physical properties of the MCR (Grauch,
2023). The relatively high density/Vp anomalies identified along the
northern segment of the rift in Fig. 7(c) likely, and as expected indicate
the existence of dense volcanic rocks in the upper crust. According to
models from Chandler et al. (1989), Hinze et al. (1992) and Elling et al.
(2022), the density of volcanic rocks for the MCR is likely in the range of
2.8 t0 2.95 g/cm?. Our final model shows that most of the northern seg-
ment of the SM-SM’ profile has high-density values of 2.8-3.0 g/cm?® in
the upper crust. The corresponding Vp has values of 6.2-6.3 km/s. This
combination of high density and Vp usually suggests a mafic composi-
tion for this region (Chandler et al., 1989; Grauch, 2023). Therefore,
this high density/Vp/Vs feature likely represents volcanic rocks result-
ing from rift-related magmatism. Their current position arose through
the contractional inversion stage of the MCR which juxtaposed them
atop post-rift sedimentary rocks (Cannon, 1994; Vervoort et al., 2007;
Miller et al., 2013). According to the latest geochronological evidence,
the final inversion of the MCR might have occurred during the Rigolet
phase of the Grenvillian Orogeny (Fig. 1) around 1,010-980 Ma (Hod-
gin et al., 2022; Swanson-Hysell et al., 2023).

4.2. Unusual underplated layer with low-to-average velocities?

Another prominent feature of our final model is the extensive
anomalous Vs anomalies along the rift at depths of 40-60 km (Figs. 6
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and 7). These are bounded by a pair of discontinuities identified by re-
ceiver function studies, which were interpreted as the top and base of
an underplated layer in the lower crust (Zhang et al., 2016; Chichester
et al., 2018). Similarly, magmatic underplating was also invoked to in-
terpret the double bands of reflections at the base of the Moho dipping
towards the rift center from the GLIMPCE seismic reflection profiles
across the Lake Superior region (Behrend et al., 1988). Combined with
gravity studies (Chandler et al., 1989; Elling et al., 2022), a concep-
tual model is illustrated in Fig. 8a under the assumption that the Moho
beneath the MCR follows the bottom interface in the P-to-S receiver
function study (Zhang et al., 2016). The gray color in the lower crust
(Fig. 8a) indicates the region of the underplated material.

It has been hypothesized that due to the relatively low densities of
crustal rocks, basaltic magmas in the continental plates are probably
frequently trapped at or near the Moho within the lower crust, or in
complex crust-mantle transition zones in a process known as continen-
tal underplating (Cox, 1993; Furlong and Fountain, 1986). This process
may add high-density materials (e.g., mafic rocks) to the lower crust
and uppermost mantle around the Moho. Therefore, it is valid to as-
sume that the material also has high seismic velocity and Vp/Vs ratio
compared to those of average continental crust (Thybo and Artemieva,
2013). Based upon petrological and experimental data, Furlong and
Fountain (1986) estimated that the Vp for continental underplated ma-
terial is likely in a range of 7.0-7.8 km/s on average. In addition,
comparisons of seismic and xenolith data indicate that underplated ma-
terials are typically in the 7.0-8.0 km/s range for Vp and 4.0-4.6 km/s
range for Vs, known as the 7.X or 4.X layers in continental North Amer-
ica (Schulte-Pelkum et al., 2017). Therefore, our Vp values of 6.8-7.5
km/s and Vs values of 3.8-4.2 km/s beneath the center of the SN pro-
file seem to indicate an unusual underplated layer with low-to-average
velocities compared to typical underplated materials. Furthermore, al-
though at lower spatial resolution and at deeper depths, teleseismic P
traveltime tomography by Bollmann et al. (2019) also identified a rela-
tively low Vp imprint beneath the rift (compared to surrounding upper-
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mantle rocks) that could be related to the underplated layer. However,
the Vp range of the underplated materials may vary among different
tectonic settings and rock types. In particular, intrusions with differ-
ent mafic and ultramafic compositions and variable cumulates may
be present in the underplated material. For example, anorthosite has
lower velocities and density (Christensen and Stanley, 2003) at Moho
depths and could be responsible for the low-to-average velocities of our
model.

In addition to high Vp, high Vp/Vs (>1.75) and Vs are also ex-
pected to be discriminators for identifying the underplated materials
(Thybo and Artemieva, 2013). However, there are relatively few S-
wave studies available. By setting an average Vp/Vs ratio to 1.75-1.8,
Vs likely falls into the range of 4.0-4.4 km/s (4.X) for typical under-
plating materials. If this assumption is valid, our inferred Vs (3.8-4.2
km/s) at these depths further suggests an extensive underplated layer
with low-to-average velocities compared to cratonic upper mantle but
normal-to-high velocities compared to average continental crust, along
the whole rift. Joint inversions of Rayleigh wave phase velocities and re-
ceiver functions (Shen et al., 2013; Shen and Ritzwoller, 2016; Aleqabi
et al., 2023) and phase velocities measured by the two-station method
(Foster et al., 2020) consistently indicate normal-to-high Vs values com-
pared to typical lower crustal rocks, albeit with lower resolutions and
higher lower-crustal Vs than our models. Based upon laboratory (Sui et
al., 2022) and thermodynamic models (Hacker et al., 2015), Vs rang-
ing between 3.8-4.2 km/s and Vp ranging between 6.8-7.5 km/s may
correspond to about 45-55 wt% of SiO, component in the rock compo-
sition. Nevertheless, both our Vp and Vs indicate that the underplated
materials are dominantly mafic in composition. The unusual lower-
than-normal seismic velocities (Vs slightly lower than 4.X and Vp lower
than 7.X) could either be the result of a combination of different rock
types, e.g., gabbro and anorthosite, developed during magma differen-
tiation processes or contamination of the mafic magma by surrounding
crustal material (Grauch, 2023).

Although several scenarios were proposed to explain the volumi-
nous volcanism of the MCR (Swanson-Hysell et al., 2023), it is generally
agreed that there are three main magmatic stages during the devel-
opment of the MCR: the early (ca. 1109-1106 Ma), latent (ca. 1106-
1100 Ma) and main (ca. 1100-1084 Ma) stages (Vervoort et al., 2007;
Swanson-Hysell et al., 2019, 2023). The early magmatic stage repre-
sents the initial pulse of magmatism in the MCR, where mafic melts
intruding into the lower crust caused localized crustal heating and gen-
eration of silicic melts according to isotopic analysis (Vervoort et al.,
2007). Although the ultimate cause of the latent stage is still unknown,
one possible consequence is widespread crustal heating that may ulti-
mately contribute to the partial melting of various components in the
upper-and-mid crust as well as magma ponding near the Moho. In the
main stage, voluminous basaltic lava flows migrate through the crust
and erupt at the surface (Vervoort et al., 2007). The Duluth Complex,
one of the largest mafic intrusive complexes on Earth, is a represen-
tative intrusion of this main stage of magmatic activity (Green, 1983;
Vervoort et al., 2007; Swanson-Hysell et al., 2023). It is intriguing that
the end of the main stage magmatism is temporally very close to the on-
set of the Ottawan phase (ca. 1090-1030 Ma) of the Grenvillian orogeny
(Swanson-Hysell et al., 2019). Therefore, it has been suggested that the
compressive stress (Fig. 8) from Grenvillian orogeny may have resulted
in the cessation of the rift (Cannon, 1994; Swanson-Hysell et al., 2019).
After that, the ponded magma around the Moho (underplated material)
may have evolved into different mafic rock types and been contami-
nated with surrounding rocks at different depths, such as gabbro and
anorthosite, during its cooling and solidification in the lower crust. Fol-
lowing subsequent thermal subsidence and inversion, the present-day
underplated layer is situated at depths of 40-60 km along the rift. In ad-
dition, underplating during the latent and main magmatic stages may
have played an important role in the tectonomagmatic evolution of the
lithosphere, such as crustal thickening (Thybo and Artemieva, 2013).
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4.3. Low velocities caused by the development of dikes?

Our interpretation of the lower crustal underplated layer partly de-
pends on the location of the Moho. If we consider the top interface from
both P-to-S and S-to-P receiver functions (Zhang et al., 2016; Chich-
ester et al., 2018) as representative of the base of a normal unperturbed
continental crust overlying a normal cratonic mantle, the anomalous
material at 40-60 km depth beneath the rift is significantly slower
than cratonic mantle. This comparison would be consistent, among
others, with the relatively low phase velocities seen by Foster et al.
(2020) at periods sensitive to this depth range. It is also known that
basaltic magma may penetrate into the crust (Thybo and Artemieva,
2013) in the form of dikes and sills during the rifting process. Accord-
ing to geochronologic and geochemical analysis (Vervoort et al., 2007;
Swanson-Hysell et al., 2019), older dykes (reversely magnetized) might
have developed around the margins of the rift. Since all of the younger
lava flows show normal polarity and exceed the volume of the reversely
magnetized flows, it may be reasonable to assume that the younger
feeder dykes are probably numerous and increase in numbers towards
the center of the rift, provided that these vestiges of the crust are still
preserved (maybe thinned and stretched at depth) beneath the rift’s
main volcanic zones. Based on this hypothesis, the low-velocity struc-
tures at 40-60 km depth along the rift seem to suggest that feeder dykes
may be a dominant feature and have intruded into metamorphosed low-
ermost crust/uppermost mantle rocks, thus decreasing their velocities.
However, the detection of radial anisotropy may provide key evidence
for favoring the dyke hypothesis, and without it, their presence is quite
speculative. Therefore, high-resolution seismic imaging of anisotropic
structures beneath the MCR may help further address this question in
the future.

5. Conclusion

We constructed a high-resolution Vs, Vp, and density model for the
western arm of the MCR based upon a novel joint full-waveform in-
version method using ambient noise and teleseismic waves recorded
by both USArray and the SPREE array. By simultaneously fitting these
two complementary datasets, the joint inversion provides significantly
improved constraints on the subsurface structure with complementary
lateral and vertical sensitivities and offers an efficient FWI method
to map high-resolution structures beneath dense seismic arrays. The
checkerboard tests show that beneath the SPREE array, the Vs structure
can be reasonably well recovered down to ~100 km, Vp and density to
~60 km. The high-resolution lithospheric structures from our final mod-
els show velocity anomalies and discontinuities mostly in agreement
with previous seismic studies. In particular, we observe high-density
(2.8-3.0 g/cm3), Vp (6.3-6.5 km/s), and Vs (3.6-3.7 km/s) structures
in the shallow upper crust within the rift likely associated with the
volcanic rocks. We also observe extensive normal-to-high Vs (3.8-4.2
km/s) along the rift axis, as well as normal-to-high Vp (6.8-7.5 km/s)
beneath the northern segment of the rift in the lower crust. However,
the Vs and Vp values are lower than average compared to typical un-
derplated materials. We suggest that this lower crustal intrusion may
represent a combination of different intrusive rock types, e.g., gab-
bro and anorthosite, formed during magma differentiation processes or
contamination of the mafic magma by surrounding crustal material or
intrusions of sills.
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