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Abstract The lithospheric layering and evolution of Archean cratons can be effectively constrained by
seismic properties. We present fine‐scale lithospheric discontinuity images of the North China Craton
(NCC) using the seismic daylight imaging (SDI) technique, which is also known as the autocorrelogram
method. With the aid of large‐scale surface‐wave velocity models, the characters of autocorrelograms
related to lithospheric discontinuities in the NCC are investigated. Spatial variation in discontinuity
characteristics is revealed across the craton. In the modified/destroyed eastern NCC, both the
midlithospheric discontinuity (MLD) and the lithosphere‐asthenosphere boundary (LAB) are rather sharp
(~2 km). Various dynamic processes, including juvenile underplating, asthenospheric upwelling, and
corner flow induced by paleo‐Pacific Plate subduction, may contribute to such sharp interfaces. In the
stable western NCC, P wave reflections cannot easily reveal the LAB, suggesting a diffuse (thicker than
30 km) lithosphere‐asthenosphere transition (LAT). Multiple MLDs are also found that may have
arisen during craton formation and multiple phases of rejuvenation of the cratonic lithosphere as
evidenced by the petrological results. The use of higher‐frequency data enables us to distinguish among
the lithospheric discontinuity styles and favor multiple origins of the MLDs and LAB in the cratonic
lithosphere.

1. Introduction

The processes involved in the formation and evolution of continents, e.g., the coalescence and breakup of
supercontinents, leave behind variations in the geophysical and geochemical properties of their constituents
that provide insights on their complex history. The characteristics of the lithosphere‐asthenosphere bound-
ary (LAB), especially its seismic velocity gradients, provide an indication of the past and present‐time inter-
actions between the lithosphere and the asthenosphere. The LAB is reported as sharp beneath oceans and
young continental areas, but tends to be a transitional zone at depths of 50–70 km or greater beneath
Archean cratonic regions (Abt et al., 2010; Fischer et al., 2010; Ford et al., 2010; Kawakatsu et al., 2009); thus,
this boundary may be more appropriately termed a lithosphere‐asthenosphere transition (LAT; Yoshizawa
& Kennett, 2015). The LAB is the link between the conductive lithosphere and the convective astheno-
sphere, and it can take the forms of a sharp or more gradual transition.

The significance of the LAB remains elusive, since its depth and character vary with different geochemical
and geophysical observations and include exploiting petrological, thermal, electrical, and anisotropic fea-
tures (Burgos et al., 2014; Eaton et al., 2009; Yuan & Romanowicz, 2018). In seismology, the LAB is classi-
cally linked with the base of the lithospheric high‐velocity lid. In addition, the LAB can also be
estimated from changes of seismic anisotropy from surface waves (Plomerová et al., 2002; Yuan &
Romanowicz, 2010). Estimates of the LAB/LAT from various sources may be discordant in areas where
changes are diffuse, such as beneath cratons. However, shear‐wave velocities and radial anisotropy from
regional and global shear‐wave tomographic models may help to confine a broad depth range for the LAB
(or LAT).
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Amidlithosphere discontinuity (MLD) has been detected in Archean and Proterozoic lithospheres across the
globe. This discontinuity was first reported by Hales (1969) as an increase in P wave velocity using active
source seismic data, whereas Thybo and Perchu (1997) inferred it as a reduction in Pwave velocity in an ana-
lysis of similar data. More recently, the MLD has been associated with a reduction of S wave velocities from
the receiver function (Abt et al., 2010; Chen et al., 2014; Fischer et al., 2010; Ford et al., 2010; Selway
et al., 2015). In contrast, Sun et al. (2018) suggested that theMLD results can be associated with intermingled
local increases and decreases in seismic wavespeed suggested by high‐resolution tomography. These varia-
tions still produce absolute P and S velocities higher than the ak135 continental reference model (Kennett
et al., 1995).

A variety of models, including the vertical stacking of subducted slab segments (Bostock, 1997), stratification
in lithospheric anisotropy (Yuan & Romanowicz, 2010), arc accretion and underthrusting (Miller &
Eaton, 2010; Wirth & Long, 2014), and plume accretion (Tharimena et al., 2016; Wirth & Long, 2014), have
been proposed for the origin of the MLD during the processes of craton formation (see also Yuan &
Romanowicz, 2018). Moreover, Sun and Kennett (2017) reported a thermally controlled MLD that could
arise from thermally induced and elastically accommodated grain‐boundary sliding (Karato et al., 2015).

Here we investigate the seismic MLDs and LAB/LAT beneath the Archean North China Craton (NCC—
Figure 1) dating to ca. 3.8 Ga (e.g., H. F. Zhang et al., 2012; Zhu et al., 2011). The destroyed eastern NCC
(ENCC) lost its thick lithospheric root (~100 km) from ~135–115 Ma due to peridotite‐melt reactions
(H. F. Zhang et al., 2012) and Pacific Plate subduction (Zhu et al., 2011). The tectonic background is summar-
ized in Figure 1b. The western NCC (WNCC) is seemingly stable and experienced melt extraction at ~2.6 Ga
(Y.‐G. Xu et al., 2008). The NCC therefore gives a unique opportunity to link the seismic structure of litho-
spheric discontinuities to craton formation and subsequent evolution.

The recently developed seismic daylight imaging (SDI) technique including moveout correction (Sun
et al., 2019; Sun & Kennett, 2016a) exploits the frequency band from 0.5–4 Hz and can attain a vertical

(a)

(b)

Figure 1. (a) Distributions of seismic stations and outcrops of mantle xenolith across the NCC along the 40°N transect.
The red and blue triangles denote seismic stations. The red dashed line gives the schematic cratonic boundary. The
diamondiferous kimberlites in the destroyed ENCC are shown as blue diamonds, and the outcrops of Cenozoic basalts
are given by filled black circles (H. F. Zhang et al., 2012). (b) Tectonic background of the NCC and inferred flow
patterns in the sublithospheric upper mantle modified from Zhu et al. (2011) and Chen et al. (2014). The red and blue
stations indicate variations in lithospheric discontinuities corresponding to the presence of the destroyed or stable
NCC. The dark gray line represents the seismic transect from Sun and Kennett (2017) discussed in the text.
ENCC ¼ eastern NCC; TNCO ¼ Trans‐North China Orogen; Or ¼ Ordos Basin; WNCC ¼ western NCC; and
MTZ ¼ mantle transition zone.
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resolution of 2 km, and it presents the shortest wavelength for a mantle lithospheric P wave velocity of
~8 km/s. This approach, which is also known as the autocorrelogram method, can consequently provide
information on the fine‐scale nature of the lithosphere. Using the method, Sun and Kennett (2017)
investigated the MLD structures beneath the southern part of the stable WNCC and TNCO without links
to petrological information due to the lack of mantle xenolith outcrops (the gray triangles in Figure 1).

Here we further improve the SDI method by using the Hilbert envelope to emphasize the most prominent
features of the sharp pulses and wavetrains in the SDI signals, making it much easier to interpret the litho-
sphere discontinuities compared with previous studies (Sun et al., 2019; Sun & Kennett, 2017). We applied
the enhanced SDI method to probe the lithospheric discontinuities, including MLDs and the LAB/LAT
across the whole NCC from west to east, i.e., the northern part of WNCC, TNCO, and ENCC. The northern
part of WNCC has a distinct feature connecting to the Quaternary Datong volcanic field (Y.‐G. Xu
et al., 2005), which produces localized fine‐scale heterogeneities and consequent reflections observed on
the P wave reflectivity. In addition, the selected seismic stations lie near a rich selection of outcrops of

(a)

(b)

(c)

(d)

Figure 2. Unfiltered Z‐component seismograms (a, c) and their corresponding spectrograms (b, d) for two teleseismic
events recorded at station DLD. The origins (UTC time) of the two events are 2016‐06‐06 16:25:33 (a, b) and
2016‐12‐29 22:30:19 (c, d). Note the high‐frequency signal (up to 4 Hz) immediately after the direct P arrival.
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mantle xenoliths in the craton (H. F. Zhang et al., 2012; J. P. Zheng et al., 2012; Y.‐G. Xu et al., 2008), which
aids the incorporation of geochemical and petrological information for a better understanding of the evolu-
tion of the craton for a period spanning over 3 Ga.

2. Enhanced SDI Processing
2.1. Data

We apply the SDI approach to image theMLDs and LAB/LAT beneath the NCC using the immediate coda of
teleseismic P waves and a time window of 100 s starting from −10 s relative to the initial P arrival, as
recorded by permanent and portable seismic stations. The distribution of broad‐band (up to 120 s) stations
is displayed in Figure 1, which are placed on bedrock and provide high‐quality data at a sampling rate of
100 Hz (X.‐F. Zheng et al., 2010). The broad‐band stations are distributed across different geologic units that
span from the destroyed ENCC across the Paleoproterozoic TNCO to the stable, or locally modified, WNCC.
We select teleseismic events with a signal‐to‐noise ratio greater than 2.0 and magnitude greater than 5.0
between January 2013 and December 2017. The signal time window ranges between −10 and 10 s and the
noise in the time window of −100 ~ −50 s relative to the theoretical arrival time using the ak135 model.
The number of stacked events for the stations ranges from 99 to 198, which is sufficient to produce reliable
images of lithospheric discontinuities.

2.2. High‐Frequency Content

In the SDI approach, Pwave reflections are extracted from the first teleseismic Pwave arrivals and their scat-
tered multiples between the free surface and lithospheric discontinuities (Sun & Kennett, 2017) with the aid
of autocorrelation (Gorbatov et al., 2013). Phạm and Tkalčić (2017) evaluated the SDI approach and con-
cluded that it is suitable for determining the P and S wave reflectivities beneath a seismic station; subse-
quently, this technique has become an effective method of examining lithospheric discontinuities (Becker
& Knapmeyer‐Endrun, 2018; Kennett & Sippl, 2018). The detailed processing procedures for the SDI method
are described in Sun and Kennett (2017) and Sun et al. (2018). Here we focus on some new aspects intro-
duced in recent practice that aid in the imaging of lithospheric discontinuities.

Seismic images from receiver functions may smear out the small‐scale structures of MLDs due to the
low‐frequency content of the processed data (Abt et al., 2010; Selway et al., 2015). To improve the imaging
ability for fine‐scale lithospheric structures, we use a high‐frequency band (0.5–4 Hz) for the teleseismic P
waves and immediate coda.

We illustrate the unfiltered Z‐component of seismograms recorded by station DLD in Figure 2. The spectro-
grams in Figure 2 show that the frequencies of these signals could reach 4 Hz or higher with a duration
longer than 200 s. In the supporting information Text S1 and Figure S1, 11 band‐pass filters are designed
with the lower cutoff of the frequency bands ranging from 0.1 to 2 Hz, and the higher cutoff from 1 to
4 Hz. From these tests, the recorded high‐frequency signals (0.5–4 Hz) can be effectively used to retrieve
the P wave reflectivity for imaging lithospheric structures.

2.3. Tracking Reflectors by Hilbert Envelope

The interpretation of high‐frequency P wave reflectivity has been generally based on frequency changes in
the autocorrelograms in previous studies (Kennett et al., 2017; Sun et al., 2019; Sun & Kennett, 2017). Sun
et al. (2018) employed an instantaneous frequency estimate to track such frequency variations. Primary
reflectors are associated with frequency changes separating groups of P wavetrains or a significant P wave
reflection. However, such frequency changes are not easy to map, especially due to the complexity of the
wavetrains.

Here we construct the Hilbert envelope of the traces to emphasize the most prominent features, since the
envelope is related to the energy in the reflections. This approach enables us to characterize the reflection
strength and locate strong reflections attributable to lithospheric discontinuities. The trace envelope e(t) is
defined as

10.1029/2019JB018594Journal of Geophysical Research: Solid Earth

SUN ET AL. 4 of 17



e tð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2 tð Þ þH2 tð Þ

q
; (1)

where H(t) is the Hilbert transform of the seismic signal s(t). We employ
an empirical threshold of twice the root‐mean‐square (RMS) amplitude
of a trace to identify a reflector, which has a >95% chance of being
a signal.

Figure 3a shows three simple models that contain a sharpMoho and three
cases of an intralithospheric discontinuity: (i) with a sharp velocity jump
from 7.2 to 8.2 km/s at 50 km (M1); (ii) with a two‐step velocity jump at
50 and 55 km (M2); and (iii) with a complex 4‐layer transition (M3).
Figure 3b shows the corresponding synthetic P wave reflections without
noise. As shown in Figure 3b, the sharp discontinuity (the Moho and
the 50 km discontinuity in M1) resembles as a large single peak. In the
complex model cases (models 2 and 3), although the envelope response
from the lower gradual transitions (e.g., label A in Figure 3) is weak, the
Hilbert envelope helps to indicate the location from consecutive local
peaks just above the threshold.

The use of the envelopes provides a good visual measure for assessing
reflection strength and hence the presence of lithospheric discontinuities
in the P reflectivity. The interpretation of results obtained from the envel-
ope SDI approach is therefore somewhat easier than for previous studies
using changes in the frequency characteristics of the P reflectivity
(Kennett et al., 2017; Sun & Kennett, 2017), especially when dealing with
multiple reflections (wavetrains).

3. Simulations of Realistic Signals From
Lithospheric Discontinuities

The synthetic seismograms in Figure 3 show that a clear and single P
wave reflection corresponds to a sharp discontinuity, whereas wavetrain
groups are indicative of gradual transition zones. The use of the charac-
ter of reflectivity is similar to the procedures used in active source
reflection studies, where changes in reflectivity patterns are suggestive
of structural domain boundaries (Kennett et al., 2015). The multiples
and converted waves related to interfaces can be effectively suppressed
at 0.5–4 Hz via stacking after a standard work flow from SDI (Sun
et al., 2019). For simplicity, we thus simulate the vertical reflection
response with noise contamination. The response is calculated using
the reflectivity method (Kennett, 1983), as implemented in the code
ERZSOL3 (Please refer to http://www.spice-rtn.org/library/software/
ERZSOL3.html).

In real‐data imaging of theMLDs and LAB, however, the situation is more
complex since the presence of noise or scattering may bury small signals.
In Figure 4, we show the effect of introducing Gaussian noise into the syn-
thetic seismograms. Figure 4a displays the case for a single trace, and
Figure 4b shows the stacked results over 100 traces generated using differ-
ent random seeds. The mean value of noise was zero and the standard
deviation was set to 50% of the RMS amplitude of the synthetic seismo-
grams. The traces were then filtered to the same frequency band as used
in the SDI processing. Before stacking (Figure 4a), the signals (e.g., labeled
as A) may be obscured by noise. After stacking the coherent signal
becomes significant in Figure 4b, which suggests that stacking can mark-
edly enhance the recognition of reflections from discontinuities. In

(a) (b)

Figure 3. Simple synthetic tests illustrate the selection of P wave
reflectivity for simple and complex velocity gradients by envelopes. (a)
Three velocity models containing discontinuities with different velocity
gradients. (b) Noise‐free synthetic P reflections from an explosive source at
the free surface. The gray solid lines show the Hilbert envelopes, and the
gray shaded areas denote the Hilbert envelopes greater than the twice the
RMS amplitude (the dotted gray line), which is taken as significant
reflectors throughout the manuscript. The source function is a Ricker
wavelet with a peak frequency of 1 Hz and frequency band ranging
from 0–3 Hz.

(a) (b)

Figure 4. Panel (a) same as Figure 3b but with Gaussian noise for a single
seismogram. (b) Stacked results over 100 reflected traces with Gaussian
noise. The gray shaded peaks give the envelope greater than the
threshold (defined as twice the RMS; gray dotted lines) indicating a
primary reflector.
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addition, it is always recommended to choose raw seismograms with a good signal‐to‐noise ratio and wide
azimuth and distance distributions.

In Figure 5, we further investigate smooth cratonic LAB (or LAT) models with a gradual velocity drop over a
depth range from 10 to 50 km, with velocity contrasts of 5% (Figures 5a–5c) and 2.5% (Figures 5d–5f). A sharp
discontinuity (0 km thickness) is also used for comparison. Sharp discontinuities (e.g., reflectors 1, 2, 3) are
prominent as a single large pulse; and gradual transitions (e.g., reflectors 4, 7, and 8) corresponds to an
extended wavetrain with duration increasing with gradient thickness.

It is noteworthy that the stacked signal amplitudes (e.g., reflectors 5 and 6) becomeweaker when the velocity
contrast becomes smaller or the LAT becomes thicker. In the presence of noise (Figure 5f), such changes will
lead to weaker reflections that may be buried in the noise (reflector 7, 8 in Figure 5c and 9, 10 in Figure 5f).
This finding illustrates that the SDI has limitations in imaging gradual gradients and cannot provide a direct
image of LATs with thicknesses equal to or over 30 km as shown in Figure 5f. This limit is critical in the
interpretation of the LAT in the stable part of cratons, where we rely on large‐scale tomographic models
to aid the delineation of these smooth interfaces. Further synthetic tests on the effect the discontinuity sharp-
ness are performed in section 5 for a finer‐scale gradient with thicknesses ranging from 0 to 7 km less than
that of the dominant wavelength.

For these synthetics, the polarity of sharp reflections may be associated with the polarity of the velocity jump
across a discontinuity (Sun et al., 2019). For example, for velocity increases and decreases, reflectors 1 and 2
and reflector 3 in Figure 5b correspond well with positive and negative velocity gradients, respectively.
However, the polarity of reflectors becomes increasingly difficult to identify for a gradient zone (e.g., reflec-
tors 5, 6, and 7) due to the interference of high‐frequency signals, especially for small velocity gradients
and/or with the presence of noise (Figures 5e and 5f).

Admittedly using envelope approach results in a loss of polarity information in the autocorrelated wave-
forms, although such a loss is justified because of difficulty extracting polarity information due to scattering,
multiples, and noise for high‐frequency data (e.g., Model M3 in Figure 3). Alternatively, we may determine
the polarity at the location of the maximum amplitude of the envelope.

The presence of fine‐scale structures in the lithosphere can produce complex, frequency‐dependent, interfer-
ence phases (see supporting information to Sun & Kennett, 2016a) but also complex scattering from local
heterogeneities. Such features can provide a complex background when recognizing of even sharp disconti-
nuities. Thus, the “noise” in the P reflectivity can in part be associated with the physical characteristics of the
lithosphere, although it is difficult to differentiate from the true noise. As a rather empirical approach, here
we approximate “significant signals” by using twice the RMS threshold.

4. Results

In this section, we aim to investigate the P wave reflection characteristics associated with the MLDs and
LAB/LAT across the NCC. We consider a variety of constraints from different classes of seismological infor-
mation, including results from both isotropic and radially anisotropic shear‐wave velocity models from
regional and global shear‐wave tomographic models (Bao et al., 2015; French et al., 2013) to help distinguish
the depth content of the MLDs and LAB/LAT (Figures 6, 7, and S2). Both the regional (Bao et al., 2015) and
the global model (French et al., 2013) share broad similarities in the velocity structure above a depth of
180 km. The regional model presents more localized heterogeneities, while the global model extends to a
greater depth with smooth and robust background velocity structures. The velocity information then helps
to characterize the P wave reflection patterns across different regions of the craton. The interpretation of
lithospheric discontinuities is summarized below.

1. The lower bound of the LAT and LAB are in a zone of decreasing seismic wavespeeds, which is typically
seen in many stable regions (Abt et al., 2010; Fischer et al., 2010). The global SEMUCB‐WM1 velocity
model (French et al., 2013) is mainly used to define the lower bound of LAT and the LAB.

2. The upper bound of the LAT corresponds to a transition in radial anisotropy.

Positive radial anisotropy (i.e., ξ > 1.0) is assumed in the stable lithosphere due to the frozen‐in structures
that give a horizontal sense of shear‐wave polarization (Silver, 1996), whereas negative radial anisotropy
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may be observed in the lower lithosphere and asthenosphere because metasomatism and sublithospheric
mantle flow may develop vertical infiltration (e.g., Foley, 2008).

Such metasomatic infiltration may be enhanced beneath the NCC due to the large lateral topography on the
base of the lithosphere (Chen, 2009; Y. Zhang et al., 2019) as well as vertical perturbations to the mantle flow
due to interactions with the Pacific subduction system (e.g., Chen et al., 2014; Yang et al., 2018; Zhu
et al., 2011). Here we set the position of the upper bound of the LAT where the radial anisotropy ξ is in
the range between 0.98 and 1 from the global model, with minor adjustment from the P‐reflectivity.

3. A sharp LAB is identified when the upper and lower bounds of the LAT tend to present similar depths
and correspond to a single peak of P reflectivity. The case is suitable for the interpretations in the
ENCC, where the lower lithosphere is presumably removed (Zhu et al., 2011).

4. The MLD and/or MLDs are then determined between the Moho and the upper limit of the LAT or LAB.

Figure 6 illustrates the interpretation of lithospheric discontinuities by combining P wave reflectivity and a
broad suite of information, i.e., body/surface wave velocity and radial anisotropy. In Figure 7, we further
superimpose the Pwave reflectivity on the surface wave velocity and radial anisotropy profiles. The regional
Vs model of Bao et al. (2015) was developed using a combined noise and earthquake surface wave dispersion
data set with a ~2° lateral resolution in the shallow upper mantle. The full‐waveform global model of

(a) (b) (c)

(d) (e) (f)

Figure 5. Tests of the boundary sharpness. (a) Velocity model with a gradient layer and 5% velocity reduction. The
thickness of the gradational layer ranges from 0 to 50 km. The corresponding synthetic reflections are given (b) without
and (c) with Gaussian noise. Note that (b) shows single traces and (c) shows stacked traces. Panels (d) to (f) is the
same as (a) to (c) but the velocity reduction is 2.5%. The source function is a Ricker wavelet with a peak frequency of 1 Hz
and the highest cutoff frequency of 3 Hz. The discrete step sizes are 2.5, 5, 5, and 6 km, which correspond to
gradient thicknesses of 10, 20, 30, and 50 km, respectively. The step sizes are smaller than the dominant wavelength of
8 km. The blue shaded peaks give the envelope greater than the threshold (gray dotted lines) indicating a primary
reflector.
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French et al. (2013) provides much smoother lateral constraints on the isotropic and radially anisotropic
shear‐wave information. The combination of the high‐resolution P wave reflectivity and the broad‐band
models indicates multiscale heterogeneity in the lithosphere (Kennett et al., 2017).

4.1. LAB/LAT in the NCC

Along a transect carefully selected to represent the richest Archean outcrops, we show the results of an
assessment of the nature of the LAB/LAT from the east to west across the NCC craton (Figures 6 and 7).
The base of the lithosphere is interpreted to be a sharp LAB beneath the destroyed ENCC due to the clear
observations of reflected signals, i.e., strong impedance contrast, together with the surface wave information
using the above rules 1 and 3. For the stable WNCC, we infer a broad LAT from the presence of continuous
wave groups and the lack of clear reflections, which is similar to the situations examined in Figures 3–5.
Such a broad transition is also consistent with observations for other cratons.

(a) (b)

(c) (d)

(e) (f)

Figure 6. P reflectivity across the NCC compared with the absolute shear‐wave velocity and radial anisotropy. (a, b) Stations DLD and WFD in the ENCC,
(c, d) stations ZHT and HSH in TNCO, (e, f) stations 293 and 273 in the WNCC. In each subfigure, the P wave reflectivity (gray solid line) and the corresponding
envelope (black line) are plotted to the left, and the significant reflectors (envelope amplitude greater than the threshold) are shaded in red and plotted to
the right. To suppress the large amplitude at zero time, we simply apply a taper function and zero out the depth shallower than 10 km. Short brown lines indicate
the Moho from P reflectivity interpreted around the ones from receiver function (gray dashed lines). For each station, in the central panel solid line is the Vs
from a regional Sn model (Sun & Kennett, 2016b), and the dashed line is the Vs from the global velocity model (French et al., 2013). The global Vs is color‐coded to
indicate velocity decreases (red) and increases (blue). The third subfigure shows the radial anisotropy from the global model (French et al., 2013). The
vertical solid line is at the radial anisotropy of ξ ¼ 0.98.
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The two easternmost stations WFD and DLD are situated in the reworked ENCC, near the major diamond-
iferous fields (Figure 1). The LAB identifications beneath the two stations are largely consistent with the bot-
tom of a negative velocity gradient zone at ~110 km beneath DLD in Figure 6a and ~120 km beneathWFD in
Figure 6b. This depth range of the lithosphere base also closely follows the radial anisotropy threshold of 0.98

(a)

(b)

(c)

Figure 7. P wave reflectivity profiles across the NCC plotted against the isotropic shear‐wave velocity models
(Bao et al., 2015, in a and French et al., 2013, in c) and radial anisotropy model (b, French et al., 2013) for illustrations of
the LAT/LAB and MLD/MLDs selection. Gray‐shaded regions show the reflection envelopes. The thick brown
dashed lines indicate the Moho from receiver function (Chen, 2010). The black dotted lines indicate radial anisotropy of
0.98 and 1 from the global model. The arrows denote the MLDs interpreted from the P wave reflectivities. The black
arrows indicate major MLDs while the gray arrows are the MLDs reflecting finer‐scale heterogeneities. The red bars
indicate the locations of a relatively sharp LAB, while the red shaded areas show the LAT in the stable region.

10.1029/2019JB018594Journal of Geophysical Research: Solid Earth

SUN ET AL. 9 of 17



(Figure 6 and dashed lines in Figure 7). The P wave reflectivity shows a large single reflector at a depth of
109 km at DLD (Figures 6a and 7) and 119 km atWFD (Figures 6b and 7). Therefore, we interpret this strong
and clear reflection as the sharp LAB.

To the west of these two stations, a similar sharp P reflection phase can also be found at depths of ~105 km
beneath station YGZ (see Figure S2). We interpret this phase as the LAB, which is consistent with the bottom
of the negative velocity gradient zone and the radial anisotropy of ξ < 1. The slight discrepancy of approxi-
mately 10 km between the results from the P reflectivity (~105 km) and surface wave velocity model
(~95 km) could be attributed to different vertical resolutions of these methods.

The LAB tends to be a gradual zone from station ZHT to the west which is located along the boundary
between the stable and destroyed NCC. In Figure 6c, a single reflection peak at a depth of 132 km can be
clearly discerned in Figures 6c and 7, and it corresponds to a radial anisotropy in the range of 0.98–1. The
other phase at a depth of 212 km falls into a zone of negative Vs gradient. Here we interpret the two phases
as the upper bound and lower bound of the LAT.

Figure 6d shows the P wave reflectivity beneath the HSH station in TNCO. An obvious phase at 160 km
depth is interpreted as the upper bound of the LAT, and it is associated with the radial anisotropy at
ξ ¼ 0.98. The phase at 210 km is considered the lower bound of the LAT and located in the negative S wave
velocity gradient zone.

Stations 273 and 293 located in the WNCC have similar features as stations ZHT and HSH in the
TNCO. In Figure 6e, a clear train of P reflections is observed beneath station 273 at a depth range
between ~157 and 245 km, which is interpreted as a LAT. The upper limit is related to the anisotropy
between 0.98 and 1 closely following the radial anisotropy threshold, while the lower limit is related to
the negative gradient defined in the global Vs (Figure 6e). The internal phases (190–220 km) reflect the
continuously gradual variations of velocities inferred from the synthetic examples in Figure 5, although
the polarity could not be determined.

The P wave reflectivity at the westernmost 293 station shows rather weak reflections at depths of 150 and
220 km. Since the signal of P wave reflectivity is too weak, we make the subjective suggestion of a LAT in
the range 150–220 km, which fits with the radial anisotropy ξ ¼ 1 and global surface wave velocity.

4.2. MLDs

With the careful definition of the LAT and LAB, many prominent intralithospheric reflections become
obvious in the depth range where the radial anisotropy ξ is not less than 1. Beneath ENCC, the correspond-
ing discontinuities are sharp based on the large reflection amplitudes.

In the easternmost NCC, a large spike in the P wave reflectivity is observed at a depth of 56 km beneath sta-
tion DLD. This feature occurs at the depth where a rapid velocity decrease in the lithosphere is found in the
regional Sn velocity distribution (Figure 6a). We interpret this reflectivity spike to be a sharp MLD present-
ing a clear reflection signal as suggested by the synthetic examples in Figures 3 and 5. Beneath station WFD
(Figure 6b), a very large spike is found at a depth of 69 km which is also interpreted as an MLD, surrounded
by small local peaks. Both these signals fall in the high‐velocity lid in the regional surface wave velocity
model (Figure 7a).

Beneath stations YGZ and ZHT in Figures S2 and 6c, long‐duration signal trains with moderate and similar
amplitudes are present at depth ranges of ~50–80 and ~50–110 km, respectively. These signal trains are inter-
preted as gradual MLDs or multiple thin layers, which may be associated with the complex pattern of velo-
city variations in the regional surface wave velocity model (see Figure 7a).

Toward the stable WNCC, the MLD tends to be less evident beneath stations HSH and 273. We note that
there are still several local peaks in the P reflectivity envelopes, with small reflection amplitudes, suggesting
a different style of discontinuity further east. For example, beneath station HSH, there are three envelope
peaks at depths of 55, 80, and 120 km (three arrows in Figure 6d) matching the depth variations in the Sn
velocity model. Beneath station 273, the characteristics of the waveforms in the depth interval from 55 to
115 km resemble a continuous Pwavetrain that corresponds to the intermingled high‐ and low‐velocity var-
iations of the tomographic Sn velocity in the central panel of Figure 6e.
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Interestingly, beneath station 273, there is a strong reflection phase at 55 km, which has a similar amplitude
as the MLD at site DLD in the destroyed ENCC, thus indicating strong impedance contrast. The strong
reflection has good spatial correspondence with the slow velocity blob (111–114°E) in Figure 7a, thus linking
with the local upwelling associated within the young volcanic field (Y.‐G. Xu et al., 2005). The clear signal is
thereby enhanced by the local tectonic activity.

In the stable WNCC, several MLDs beneath station 293 can be similarly identified in the depth range of
~50–90 km. The amplitude of these signals beneath 100 km is minimal compared with that of other stations
further east, which also leads to difficulty in defining of the LAT.

4.3. Lateral Variations in the MLDs and LAB/LAT Character

To summarize, both the MLDs and LAB/LAT in the transect across the NCC show an interesting spatial
change in the reflection pattern, from several peaks or wavetrains in the stable west to single peaks in the
east. At MLD depths, rapid wavespeed increases and decreases with depth are seen in the Sn velocity espe-
cially for the stations in the TNCO and WNCC.

The absolute radial anisotropy ξ reduces significantly through the depth range (from blue to white in
Figure 7b), which is consistent with these reflections being intralithospheric. We suggest that a strong lateral
contrast can be inferred for both the sharp MLDs and LAB in the destroyed ENCC and multiple MLDs and
transitional LATs toward the more stable cratonic region.

A noteworthy feature is that beneath our defined LAT/LAB, some significant P wave reflectors are present,
which may arise from the small‐scale lateral heterogeneities within the asthenosphere (Flatte & Wu, 1988;
Kennett et al., 2017) or pieces of sinking ENCC lithosphere due to multiple stages of lithosphere delamina-
tion processes in the region (Chen, 2010).

5. Sharpness and Error Estimates
5.1. Sharpness of the LAB Estimation

Figure 3 in the previous section presents a series of models containing gradient zones. Here we look into a
suite of models containing a layer with a thickness that ranges from 1 to 7 km less than the dominant wave-
length (Figure 8a) to test the influence of the discontinuity sharpness on the reflection signal. The velocity is
5% slower than the background velocity. Figures 8b and 8c illustrate the corresponding synthetic reflections
without and with Gaussian noise.

(a) (b) (c)

Figure 8. Sharpness test. (a) Model containing a fine‐scale gradient layer with the thickness ranging from 1 to 7 km.
(b, c) Synthetic reflections without and with noise, respectively. The velocity drop is 5%. The source function is a
Ricker wavelet with a peak frequency of 1 Hz and the highest cutoff frequency of 3 Hz. The blue shaded peaks indicate an
envelope greater than the threshold (gray dotted lines), which represents a primary reflector.
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In Figure 8, the P reflectivity shows an individual reflection or envelope for the layer thickness smaller than
2 km. As the thickness of the layer increases to 3 km ormore, the individual reflection splits into two distinct
reflections from the upper and lower boundaries of the layer (see the dashed lines and the envelopes).
Therefore, in the frequency band of the seismic signal, the thickness of the LAB beneath two stations
(DLD and WFD) may be estimated to be thinner than 2 km (Figures 6a and 6b).

For the fine‐scale models, the amplitudes become smaller; the step size of 1 km ismuch finer than those used
in Figures 3–5. The amplitude of P wave reflectivity can provide the impedance contrast of two layers, but
fine‐scale structures as shown in Figure 8 may be obscured by the wave interference induced by the struc-
tures (Kennett et al., 2017). The effects resemble the synthetic case M3 where interference effects produce
amplitude concentration (label “A” in Figure 3) in zones of rapid velocity variation. Therefore, current inter-
pretation primarily depends on the phase information, i.e., clear envelopes. Further exploitation of the
reflected amplitudes will be considered in future work.

5.2. Bootstrap Tests

We test the stability of the depth estimates for the discontinuities and their likely errors, using a bootstrap
resampling technique (Efron & Tibshirani, 1986). We randomly select 100 subsets of autocorrelograms with
the same total number of traces for each station and then stack them to obtain an average estimate of the
stacked P reflectivity profile. We perform this bootstrap procedure and estimate the mean depth values for
both the MLD and LAB discontinuities and take the standard deviation as the estimated error. As an exam-
ple, the P reflectivity for stations DLD and HSH is shown in Figure 9 along with the corresponding
envelopes.

The standard deviations of the picked MLD and LAB depths (56.64 and 109.55 km) beneath station DLD
from the bootstrap procedure are 0.41 and 0.46 km, respectively (Figures 9b and 9c). Beneath station
HSH, the deeper MLD (126.65 km) and the upper bound of the LAT (163.70 km) are tested in Figure 9e,
and their standard deviations are 0.24 and 0.51 km. In general, the stable discontinuity estimates and the
small depth variations from the bootstrap tests suggest the SDI results are robust.

6. Discussion

Our analysis of stations across the NCC shows a notable change in reflection character: both the MLD and
LAB seem sharp in the destroyed ENCC, and multiple MLDs and gradational zones of LAT are found in the
stable WNCC. This finding implies distinct lithospheric properties from the relatively intact WNCC to the
ENCC, which has lost its original lithospheric root.

(a) (b)

(c)

(d) (e)

Figure 9. Robustness test and error estimation using bootstrap analysis from stations DLD and HSH. (a) All 100
bootstrapped P reflectivity and corresponding envelopes of station DLD. Magnified views of (b) the MLD and
(c) LAB. (d) P reflectivity and corresponding envelope of station HSH. Magnified views of (e) the deeper MLD and upper
bound of the LAT. The P reflectivity is shown in black solid lines and the envelope in gray lines. The red shaded
peaks give the envelope greater than the threshold (red dotted lines) indicating a primary reflector.
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6.1. Sharp LAB and MLD in the East

The clear reflectors at ~110 km beneath stations WFD and DLD are interpreted as the LAB rather than the
MLD, which is consistent with high resolution regional tomographic results in which the high‐velocity litho-
sphere extends only to ~100 km depth (e.g., Sun & Kennett, 2016b), and high values of surface heat flow
exceed 80 mW/m2 in the ENCC (He, 2015). The ENCC had a lithosphere thickness of ~200 km in the
Paleozoic (~480 Ma) as inferred from diamondiferous kimberlites (Figure 1) near these two stations (e.g.,
Zhu et al., 2011). However, during the Mesozoic destruction of the ENCC, the craton is thought to have lost
as much as 100 km thickness of the lithospheric root. Closely related to the subduction and stagnation of the
Pacific Plate in the transition zone, a series of dehydration reactions, melts/fluid additions, and
peridotite‐melt reactions may have led to the destruction of the cratonic root (Chen, 2010; He, 2014;
Liao et al., 2017; H. F. Zhang et al., 2012; Zhu et al., 2011).

Tomographic images show that along 39°N, the tip of the stagnant Pacific slab may have reached at least
~118°E (Huang & Zhao, 2006), which correlates spatially with the sharp reflections in the ENCC, and
may suggest that the sharp nature of the LAB found beneath stations WFD and DLDmay be directly related
to the melts and fluids processes in the NCC destruction event. Accumulated melts along the base of the
lithosphere are capable of generating a sharp LAB, e.g., eastern North America (Rychert et al., 2005) and
the Pacific Ocean (Kawakatsu et al., 2009). Shear‐wave splitting measurements (Zhao et al., 2007) show a
change in the anisotropy direction from generally absolute‐plate‐motion parallel in the stable west to sub-
duction parallel beneath the ENCC, which may result from possible subduction‐induced return flows
underneath.

Meanwhile, dehydration and peridotite‐melt reactions at the lithospheric base (Tang et al., 2013; H. F. Zhang
et al., 2012) alter the overlying craton. Both these processes may also contribute to the creation of distinct
MLDs. We therefore consider the possibility that both the percolated melts at the LAB and the perturbed
flow field induced by the Pacific Plate subduction contribute to the sharp LAB in the ENCC.

6.2. Gradual LAT and MLD in the West

The LAB beneath the stable WNCC is characterized by a gradual velocity reduction (or LAT) over a depth
range exceeding 30 km (Figures 6c–6f, 7). Especially, the LAT beneath station 293 is suggested to be very
thick, because of the absence of clear P reflections from deeper than 100 km. This finding is supported by
the synthetic tests in Figure 5 (similar to cases 7–10) because of the small velocity contrast in a large depth
range. Another P wave reflectivity profile across the southern part of the western and central NCC (gray tri-
angles in Figure 1; where the lithosphere is the thickest of the NCC (Y. Zhang et al., 2019)) does not show
significant LAB reflections (Sun & Kennett, 2017), suggesting that a gradual velocity variation in the LAT
may be a large‐scale feature in the stable WNCC. This style of thick LAT is also in accordance with other
stable cratons, e.g., the Superior Craton (Abt et al., 2010) and Australia (Ford et al., 2010), based on the
absence of a LAB signal in Sp receiver functions, and their forward modeling suggests that the transitional
zone thickness reaches 70 km or more.

Beneath stations ZHT, HSH, and273, the series of local reflections in the lower lithosphere marks a rather
interesting LAT. The heat flow in the WNCC that reaches 55 mW/m2 (Figure 2 in He, 2015) is higher than
that measured in other stable cratons at ~40 mW/m2 (e.g., Sun et al., 2018). This difference is an indication
that melts/fluids originated from the asthenosphere have infiltrated into the stable lithosphere (Figures 7a,
7c, and S2a). The uppermost mantle shows high P wavespeeds and low S wavespeeds from the Pn and Sn
traveltime inversion (Sun & Kennett, 2016b), suggesting the presence of partial melt in the zone. Such meta-
somatic infiltration is also indicated by geochemical studies (Y.‐G. Xu et al., 2005; X. Xu et al., 2018).

Another intriguing feature is the presence of multipleMLDs with small amplitudes toward the stableWNCC
(west of HSH). Observations of multiple MLDs are reported in recent studies in the North American cratons
(Bostock, 1997; Calò et al., 2016; Ford et al., 2016; Hopper & Fischer, 2015) and the ArcheanWest Australian
Craton (WAC, Sun et al., 2018). The distribution of multiple MLDs correlates well with a coherent drop in
radial anisotropy in the shallow tomidlithosphere (i.e., blue to white in Figure 7b). Similarly, Sun et al. (2018)
also observed that the deeper MLD correlates well with a large decrease in radial anisotropy in the WAC.
Gradual MLDs are also observed toward the western margin of the destroyed ENCC (stations ZHT).
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Cratonic lithosphere is subject to long‐term refertilization (Foley, 2008; O'Reilly & Griffin, 2010; Tang
et al., 2013). Foley (2008) proposed that episodic reactivations of cratons introduced a small degree of melts
into the lower lithosphere, thus forming linear incisions and lateral erosions. As local heterogeneities, these
impregnated melt sources are capable of producing local reflectors in the LAT. In the repeated refertilization
processes, the vertical sense of the melt infiltration well correlates with the observations of the radial aniso-
tropy reduction in Figures 6 and 7b. It is plausible that the infiltrated melts and subsequent lateral erosion
(e.g., Foley, 2008; Snyder & Lockhart, 2009) may have reached this portion of the lithosphere and resulted in
these MLDs. Kennett et al. (2017) demonstrated a close correspondence between P wave reflectivity and
changes in xenolith mineralogy for a suite of sites in southeastern Australia extending from the south
Australian craton into the Phanerozoic belts to the east.

6.3. MLD Formation and Craton Lithosphere Evolution

Potential candidates for the lithospheric discontinuities observed in the NCC are summarized in Figure 10.
The different styles in the MLDs and LAT/LAB across the NCCmay suggest that seismic signals here reflect
multiple stages of cratonic formation and evolution. Various mechanisms encompass a range of processes
from the original formation of cratonic materials (Figure 10a) to their subsequent evolution, e.g., continuous
or episodic craton reactivation and consequent multiple MLDs (Figure 10b) and lithosphere thinning or
eventual destruction (Figure 10c).

In Figure 10a, we summarize the vertical stacking models of the MLD formation. In addition, the scenario
with the changes of the fast axis of azimuthal anisotropy as observed in North America (Yuan &
Romanowicz, 2010) is also borrowed to illustrate frozen‐in fabrics from various deformation processes in
the early craton evolution. Ford et al. (2016) argued that the MLD may not prominently link to the change
in azimuthal anisotropy beneath the modified Wyoming and Superior Craton. The discrepancies may sug-
gest that the MLDs are significantly affected by local reworking processes.

Evidence frommantle xenoliths indicates that the lower part of the mantle lithosphere may represent differ-
ent degrees of partial melt of the primitive mantle. In the WNCC, an analysis of Sr‐Nd and Re‐Os isotopes
from peridotite xenoliths (Y.‐G. Xu et al., 2008) revealed positive correlations between the 187Os/188Os ratio
and melting at ~2.6 Ga. The Mg#, defined as 100 Mg/[Mg + Fe], shows that the convective mantle has Mg#
of 88–89, fertile continental mantle ~90, and depleted cratonic mantle with higher Mg# of >92 (e.g., Chapter
6 of Artemieva, 2011; Griffin et al., 2004). The Sanyitang peridotite xenoliths in the WNCC near station 273

Figure 10. Multiple stages of MLD formation and craton lithosphere evolution. (a) Stable cratonic lithosphere with
frozen‐in anisotropy. The short solid lines illustrate a possible vertical change in the fast axis direction of the
azimuthal anisotropy. (b) Cratonic lithosphere with long‐term alternation. Moderate alternations of the mantle
lithosphere via episodic refertilization introduce vertical and lateral erosions. (c) Destroyed cratonic lithosphere with a
prominent rejuvenation of the mantle lithosphere.
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have a relatively low Mg# of 88.8–90.7 (H. F. Zhang et al., 2012), which indicates peridotite‐melt reactions
via multistage rejuvenation events (H. F. Zhang et al., 2012). This finding supports that the reworking of
the lithospheric mantle that may likely contribute to the LAT and multiple MLDs. Globally, geochemical
and petrological studies also provide evidence that metasomatism and magma infiltration commonly exist
in the secular evolution of the cratonic and circum‐cratonic lithospheric mantle as shown in Figure 10b
(Cooper & Conrad, 2009; Foley, 2008; Tang et al., 2013).

In the ENCC, the original depleted cratonic lithosphere may be either subsequently transformed into the
enriched and fertile mantle (H. F. Zhang et al., 2012; Tang et al., 2013) or replaced by newly accreted mantle
lithosphere after the removal of its root (Y.‐G. Xu et al., 2008). In the latter situation, there is still a remainder
of the Archean lithospheric mantle. Measurements of the Mg# from spinel‐facies peridotite xenoliths near
stationWFD can be classified into three groups (J. P. Zheng et al., 2012): ~86, ~90, and >92. These groupings
suggest the coexistence of shallow residues from the Archean mantle lithosphere and the deep, altered man-
tle lithosphere. Thus, it is likely that the sharp MLD beneath the ENCC is related to a strong compositional
contrast due to melt infiltration into the remainder of the Archean lithosphere. Accordingly, the LAB in the
ENCC marks the base of the rejuvenated lithosphere. The depth of the LAB here compares with that of
MLDs in the stable areas, and the original MLD before the root removal therefore might have been overwrit-
ten or erased by episodic fluid or melt metasomatism depending on the extent of rejuvenation (O'Reilly &
Griffin, 2010).

7. Conclusions

We here improve the SDI approach for imaging fine‐scale lithosphere structures by using the Hilbert envel-
ope to highlight the major energy in the P reflectivity estimates. High‐resolution P wave autocorrelograms
are used to investigate the characters of fine‐scale lithospheric discontinuities in the NCC. We also incorpo-
rate information from global and regional shear wavespeed models to facilitate the identification of litho-
spheric discontinuities.

In general, the gradients of the MLD and LAB vary significantly from very sharp in the destroyed eastern
part to gradational in the stable western part. The MLD and LAB may be as sharp as 2 km in the ENCC.
Using bootstrap resampling, the statistical errors in the LAB and MLD depth are estimated to be smaller
than 0.5 km. Multiple MLDs observed in the WNCC tend to be gradual with intermingled high‐ and
low‐velocities from the regional tomographic Sn model; and the LAT in the region extends over a depth
range of more than 30 km with the aid of synthetic tests since the SDI approach suffers from difficulties
in detecting gradients.

Combined with geochemical and petrological information, the sharpness variations of the lithospheric dis-
continuities can aid in our understanding of craton evolution in the NCC. Various mechanisms encompass a
range of deformation processes, from the original formation of cratonic lithosphere to the subsequent
reworking and evolution, e.g., continuous or episodic craton refertilization, lithosphere thinning, and/or
eventual destruction. With these observations of the NCC, we suggest that the MLDs could have been
formed during craton formation and secular evolution could have interacted with the underlying astheno-
sphere, thus reflecting the erosion and modification of the cratonic lithosphere.

Data Availability Statement

The waveforms were retrieved from the Data Management Centre of the China National Seismic Network,
Institute of Geophysics, China Earthquake Administration, doi:10.11998/SeisDmc/SN, http://www.
seisdmc.ac.cn (X.‐F. Zheng et al., 2010) for permanent stations, and the IRIS Data Management Center for
portable stations. The data of permanent stations used in this study are also deposited in a trusted repository
of Mendeley Data (doi:10.17632/6mtpzfjtj4.1). The code of Seismic Daylight Imaging is available for down-
load at Zenodo (doi: 10.5281/zenodo.3600628, https://doi.org/10.5281/zenodo.3600628).
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