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Abstract—The Songliao Basin, a major Meso-Cenozoic sedi-

mentary basin in Northeast Asia, is well known for its significant

hydrocarbon resources. The sediments beneath the Central

Depression have been extensively investigated, but the western

basin, including the Western Slope and Southwestern Uplift,

remains relatively under-explored. For a better understanding of the

sediments in the western Songliao Basin, we conducted a fre-

quency-dependent P-wave delay analysis using waveforms from 26

temporary broadband seismic stations of a north–south linear array

across the western basin from 2021 to 2023. Our results reveal a

pronounced variation in the thickness of the Quaternary and Cre-

taceous sedimentary cover, ranging from * 1.5 km in the axial

part of the Western Slope to 0.5 km at the basin margin. The

thicknesses also exhibit obvious variations around the Chifeng–

Kaiyuan Fault and the Jiamatu Uplift, highlighting a significant

relationship between sedimentation and tectonics. The resulting

S-wave velocity profiles show that the sediments between the

Solonker–Xar Moron Suture and the Jiamatu Uplift can be repre-

sented by a single layer, while those in the central part of the

Western Slope and Southwestern Uplift exhibit a pronounced

vertical negative velocity gradient. These results imply that beneath

the basin-wide Nenjiang Formation, the low-velocity Qingshankou

Formation, being rich in hydrocarbon resources, is likely developed

in such areas with a negative velocity gradient. Consequently, the

central part of the Western Slope and Southwestern Uplift may

have more favorable hydrocarbon resource potential compared to

other regions of the western basin, but its potential is modest

compared to the Central Depression.

Keywords: Frequency-dependent P-wave delay, sedimentary

thickness and S-wave velocity, western Songliao Basin, oil and gas

resource potential.

1. Introduction

The Songliao Basin is a large Meso-Cenozoic

sedimentary basin in NE China (Fig. 1). Its eastern

part is rich in hydrocarbon resources (Z. Feng et al.,

2010), and thus has attracted intensive drilling and

active-source seismic explorations (e.g., Fu et al.,

2019; Hou et al., 2018). However, neither of the

drilling and active-source seismic explorations are

economic, making the western part of the basin with

less abundance of hydrocarbon resources remain

under-explored.

The Songliao Basin is located in the eastern

Central Asian Orogenic Belt. The Songnen Block,

which constitutes the basement of the Songliao Basin,

collided with the North China Craton to the south

along the Solonker-Xar Moron Suture and with the

Xing’an Block to the northwest along the Heihe-

Hegenshan Suture during the Late Paleozoic Era (J.

Li et al., 2019; Liu et al., 2017, 2021; Pan et al., 2009;

Xiao et al., 2003; Zhou & Wilde, 2013). Since

* 200 Ma, the Songnen Block has been primarily

influenced by the subduction system of the (Paleo-)

Pacific Plate to the east (e.g., J. Li et al., 2019;

Shinjiro et al., 1990; P. J. Wang et al., 2016), which

led to the development of numerous NE-SW trending

structures and intense magmatic activities within the

block (China Geological Survey, 2004) and formed

the Songliao Basin. The Songliao Basin developed

through regional mega-rifting (150–105 Ma), signif-

icant sagging (105–79.1 Ma) characterized by higher

subsidence rates in the north than in the south, and

regional uplift and structural inversion (79.1–64 Ma)

with a reduction in sedimentation (e.g., Z. Feng et al.,

2010; P. J. Wang et al., 2016). Throughout the

Cenozoic Era, with the retreat of the Pacific Plate, the
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basin has experienced minimal tectonic activity,

thereby preserving its original structural framework

to the present day. The Central Depression (CD in

Fig. 1) is a sub-tectonic region rich in hydrocarbon

resources within the basin (Z. Feng et al., 2010).

Investigating the structure of sediments is essen-

tial not only for unraveling the tectonic history of a

basin and assessing hydrocarbon resources, but also is

particularly useful for an investigation of the basin’s

crust and lithosphere using body waves (e.g., R.

Zhang et al., 2023). As a low-cost and valuable

complement to drilling and active-source seismic

exploration, passive seismic methods have been

world-widely applied in sedimentary and crustal

structure studies (e.g., An et al., 2024; L. Zhang &

Tian, 2024; H. Zhang et al., 2025). Surface-wave

tomography of the Songliao Basin has shown that the

Central Depression has significantly thicker low-ve-

locity sediments compared to the Southwestern Uplift

and possibly contains two distinct depocenters in its

northern and southern parts (M. Feng et al., 2023; G.

Li et al., 2016; Tang et al., 2022; R. Wang et al.,

2019). However, surface-wave tomography has lim-

itations in vertical and lateral resolution, which

makes it challenging to accurately determine sedi-

ment thickness. In contrast, body-wave receiver

functions are highly sensitive to impedance contrasts

and can reliably detect sediment thickness. Yet,

converted phases and multiples often strongly inter-

fere with each other, making them difficult to identify

and complicating the investigations (Y. Bao & Niu,

2017; Kuang et al., 2022; Tao et al., 2014; K. Zhang

et al., 2020). The microtremor horizontal-to-vertical

spectral ratio (H/V) is another method for estimating

sediment thickness (F. Bao et al., 2019), but its reli-

ability heavily relies on prior knowledge of

sedimentary S-wave velocity. Besides, surface-wave

or receiver-function analyses are often more sensitive

to deeper structures ([ several km), and H/V spectral

ratio measurements are sensitive to very shallow

layers (hundreds of meters). Given the limitations and

advantages of different methods, accurately estimat-

ing sediment thickness using passive seismic methods

remains a challenge.

Forward modeling (Y. Bao & Niu, 2017) has

shown that converted S-waves and reverberations at

the sediment–basement interface can interfere with

the direct P-wave, resulting in a frequency-dependent

delay of the P-wave arrival. The magnitude of this

delay is governed mainly by the shear-wave velocity

and thickness of the sedimentary layer. Consequently,

inverting frequency-dependent P-wave delays is a

robust mean for recovering these two parameters

(e.g., Deng et al., 2023; Yang & Niu, 2019).

To enhance our understanding of the structure and

evolution of the western Songliao Basin, the Chinese

Academy of Geological Sciences deployed 26

broadband seismic stations along a * 500-km-long

north–south line (blue triangles in Fig. 1) approxi-

mately along 123�E, from September 2021 to

November 2023. This linear array (called DB array)

traverses the Western Slope and Southwestern Uplift,

regions that have been relatively under-sampled. The

dense broadband seismic observations of the array

provide a valuable opportunity to investigate the

western Songliao Basin. This paper aims to conduct a

P-wave delay time analysis across multiple frequency

bands for the records of the broadband seismic sta-

tions along the array (Fig. 1). The resulting

sedimentary velocity and thickness models will

address a data gap in this relatively under-sampled

region and refine our understanding of basin

evolution.

2. Data

This study uses three-component waveforms from

the 26 broadband seismic stations (DB01-DB26 in

Fig. 1) of the DB array. The array was operational

from September 2021 to November 2023. To ensure a

high signal-to-noise ratio and near-vertical P-wave

incidence, we selected teleseismic events with epi-

central distances of 30–95� and Mw C 5.5 (yellow

circles in Fig. 1 inset). Following standard pre-pro-

cessing steps, including detrending, demeaning, and

instrument-response removal, the horizontal compo-

nent seismograms were rotated into radial and

transverse components. The vertical and radial traces

were subsequently band-pass filtered across five

period bands: 1–10 s, 2–20 s, 3–30 s, 4–40 s, and

5–50 s. The five period bands were set starting from

1–5 s because the maximum frequency for teleseis-

mic P waves was normally lower than * 3 Hz and

R. Zhao et al. Pure Appl. Geophys.



even lower for S-waves (* 1 Hz) due to attenuation

along long-distance propagation (Zhang & Tian,

2024) and the basement of the Songliao basin was

generally not deeper than the wavelength of a 5 s

signal (* 7–10 km) (Li et al., 2016). We extend the

period bands to 10–50 s to better constrain sediment

with varied thicknesses. Figure 2a shows the filtered

P waveforms at stations DB04, DB08, DB13, and

DB26 for the event that occurred on 11 October 2021

at 09:10:25 UT. Across all stations, the radial-

Figure 1
Tectonic settings of the Songliao Basin and the seismic stations used in this study. The upper left inset map illustrates the distribution of

earthquakes (yellow circles) relative to the center of the seismic array (blue triangle). The blue triangles represent the broadband seismic

stations of the DB linear array deployed by the Chinese Academy of Geological Sciences. The black squares indicate the seismic stations of

NECESSArray. Sub-tectonic regions (Z. Feng et al., 2010) are labeled as follows: CD = Central Depression; NEU = Northeastern Uplift;

NP = Northern Plunge; SEU = Southeastern Uplift; WS = Western Slope; SWU = Southwestern Uplift. Boreholes are also marked:

SK2 = Songke-2; JMT = Jiamatu; DL = Dalin

Sedimentary Structure of the Western Songliao Basin



component P arrivals exhibit progressive delays rel-

ative to the vertical component as frequency

increases. Although anisotropy and/or dipping inter-

face can cause periodic delays with respect to back-

azimuths (e.g., M. Feng et al., 2024, 2025), the

P-wave delays in our study are only available for

limited back azimuths and don’t appear obvious

periodic variation with respect to back-azimuths but

oscillate from their total mean (Figure S2 in the

Supplementary Material). So, the averaged P-wave

delays from different back-azimuths used in our study

can be taken as mainly arisen from differential

interference between sedimentary P-to-S conversions

and reverberations on the vertical and radial compo-

nents (Y. Bao & Niu, 2017). It offers an approach to

constrain the major (first-order) sedimentary thick-

ness and shear-wave velocity.

We measured the P-wave delay times between the

radial and vertical components of the band-pass-fil-

tered waveforms using cross-correlation. Since

Figure 2
Frequency-dependent P-wave delay times at four seismic stations (DB04, DB08, DB13, DB26). In panel a, vertical dotted lines mark the

theoretical direct P arrival time

R. Zhao et al. Pure Appl. Geophys.



sediment-induced delays beneath the Songliao Basin

are typically less than 2 s (Y. Bao & Niu, 2017), we

slid the radial trace within a ± 2 s window in steps

equal to the sampling interval. The lag that maxi-

mized the cross-correlation coefficient was recorded

as the delay time. For each station and each period

band, we calculated the average delay from all usable

events and determined their standard deviation.

Measurements within one standard deviation of the

mean were considered effective. The mean and

standard deviation of these effective measurements

were then adopted as the final observations. The

counts of effective observations across all stations

range from 11 to 229. The numbers of effective

observations across the five period bands for four

representative stations are shown in Fig. 2b. The

mean delays and their uncertainties (standard devia-

tions) are shown in Fig. 2c. At DB04 and DB13,

delay times decrease monotonically with increasing

period. DB08 exhibits an initial increase followed by

a decrease, with all delays exceeding 0.5 s. In con-

trast, DB26 consistently exhibits small delays

(\ 0.2 s) across all period bands. These distinct fre-

quency-dependent signatures suggest markedly

different sedimentary structures beneath the four

sites.

3. Method

We adopt the frequency-dependent P-wave delay-

time methodology of Bao and Niu (2017), using a

grid search inversion to determine the optimal sedi-

mentary S-wave velocity and thickness. We also

improved the forward modeling procedures for better

reflecting more realistic stratigraphic conditions. The

key aspects and enhancements of our method are

detailed below.

3.1. Forward Modeling

To better understand how frequency-dependent

P-wave delays are controlled by sedimentary struc-

ture, we designed four synthetic sedimentary models

(black lines in Fig. 3a): a single layer of thin

sediment (THIN), a single layer of thick sediment

(THICK), two layers of equal thickness with a

positive velocity gradient (ThickP), and two layers

of equal thickness with a negative velocity gradient

(ThickN). The purpose of designing these four

models was to facilitate comparison with subsequent

results for real data. The layer thicknesses (Hs) and

S-wave velocities (Vs) are annotated in the panels of

Fig. 3a. All models are supposed to be underlain by a

35-km crystalline crust with a fixed Vs of 3.5 km/s.

Using the RAYSUM code (Frederiksen & Bostock,

2000), we generated synthetic radial (gray) and

vertical (black) waveforms for each model and added

random noise with an amplitude of * 10% of the

direct P wave. The synthetics were band-pass filtered

at the same five period bands applied for the field data

(1–10, 2–20, 3–30, 4–40 and 5–50 s). The resulting P

waveforms are shown in Fig. 3b, where the fre-

quency-dependent radial/vertical delays are clearly

visible. The delays were measured in the same

manner as for the field data (squares in Fig. 3c).

The THIN model yields small, almost constant

delays, indicating a weak sedimentary influence.

The THICK model produces larger delays with little

frequency dependence. ThickP exhibits delays that

increase as frequency decreases, whereas ThickN

shows the opposite trend—delays decrease with

decreasing frequency. These forward-modeling

results confirm that frequency-dependent P-wave

delays are highly sensitive to sedimentary structure

and thus provide robust constraints for inversion.

3.2. Grid Search for Sedimentary Thickness and S-

Wave Velocity

We determined the optimal sedimentary thickness

(Hs) and S-wave velocity (Vs) using grid search.

Within predefined bounds, this method systematically

evaluates every pair of (Hs, Vs) at fixed increments.

For each candidate model (Hsi, Vsi), synthetic

waveforms are generated and processed in the same

manner as described in the forward-modeling sec-

tion. The best-fit model is identified as the one that

minimizes the misfit between the observed and

predicted frequency-dependent P-wave delays. This

misfit is quantified by the objective function:

Sedimentary Structure of the Western Songliao Basin
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misfit =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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where N denotes the number of period bands; toi and

tpi are the observed and predicted P-wave delay times

for the i-th band; and roi is the corresponding

observational standard deviation.

We initially assumed a single sedimentary layer.

Guided by prior estimates of S-wave velocity (Vs)

and thickness (Hs) for the Songliao Basin (Y. Bao &

Niu, 2017; G. Li et al., 2016; R. Zhang et al., 2023),

we conducted a grid search for Vs from 0.5 to

2.5 km s-1 in increments of 0.1 km s-1 and for Hs

from 0 to 3 km in steps of 0.1 km. For stations where

the minimum misfit remained higher than half of the

average observational standard deviations of all

period bands (black bars in Fig. 2c), we invoked an

equal-thickness two-layer model when Hs is C 1 km.

The inversion then sought the optimal total thickness

(Hs) and the velocities of the upper (Vs1) and lower

(Vs2) layers over the same ranges and steps as the

single-layer search. Vs1 can be smaller than, equal to

or greater than Vs2, simulating sediments with single

layer (Vs1 = Vs2), positive vertical Vs gradient

(Vs1\Vs2) or negative vertical Vs gradient (Vs1[
Vs2). Comparatively, the method of Bao and Niu

(2017) tries to search for Hs and Vs at the Earth’s

surface with a zero or positive vertical Vs gradient,

preventing detection of possible sediment layers with

negative Vs gradient. Due to the inherent trade-off

between Hs and Vs, comparable delay patterns can be

produced by adjusting either Hs or Vs (to be further

discussed later). Our assumption of equal thickness

for the two-layer model can be compensated by

varying Vs1 and Vs2. For any quasi-vertically incident

P waves, the P-wave delays generated by converted S

waves at the base of single- or multiple-layer

sediments can be approximated as:

t ¼ Hs

Vs
�

X

n

i¼1

Hs

n

1

Vsi

� �

1

Vs
� 1

n

X

n

i¼1

1

Vsi

� �

ð2Þ

where n denotes the number of layers, Hs and Vs are

the sediment thickness and S-wave velocity for the

single-layer model or the total sediment thickness and

its equivalent average S-wave velocity for the multi-

layer models.

Figure 3d shows the normalized misfit distribu-

tion in the single- (or upper-) layer solution space for

the four test cases shown in Fig. 3a (blue ? red

indicates increasing misfit). White dots mark the true

(Hs, Vs) pairs, while red crosses denote the inverted

solutions. All red crosses cluster within the low-misfit

belt and lie close to the white dots, demonstrating that

the grid search approach reliably recovers the under-

lying structure. However, the elongated misfit pattern

reveals a pronounced trade-off between Hs and Vs:

proportional increases (or decreases) in Hs and Vs

may yield nearly identical misfit. Consequently, the

inverted models (red lines in Fig. 3a) deviate slightly

from the true models (black lines). Nevertheless, the

inverted models faithfully capture the essential fea-

tures—thin versus thick sediments and two-layer

sediments with positive and negative velocity gradi-

ents. The deviations follow a systematic pattern: Hs

and Vs are positively correlated, meaning an overes-

timate of Hs is compensated by an overestimate of Vs

(Fig. 3a, THIN, THICK, and THICKP); while Vs1
and Vs2 of a two-layer model are anticorrelated,

meaning an overestimate of Vs1 is compensated by an

underestimate of Vs2 with their mean unchanged

(Fig. 3a, THICKN).

Potential limitations of the grid searching method

need to be noted. For calculation efficiency, the

sediments are simplified as a single- or two-layer

model which is suitable for detecting the overall

characteristics of sedimentary layer rather than

detailed features within the strata. The synthetic tests

under an assumption of fixed and unrealistic Vs in the

bFigure 3

Four synthetic sedimentary models (a), and their synthetic P

waveforms (b), frequency-dependent P-wave delay times (c), and

normalized misfit distributions in solution space (d). In panel b,

synthetic seismograms are contaminated with random noise at

* 10% of the direct P-wave amplitude. In panel c, black squares

and cyan crosses are P-wave delays measured from noise-free and

noise-contaminated data; red crosses are predicted P-wave delays

from the inverted models. In panel d, the color scale ranges from

blue (low) to red (high), indicating increasing misfit; white dots

mark the true models, while red crosses denote the inverted models

along with their uncertainties

Sedimentary Structure of the Western Songliao Basin



half space show that our method can better restore the

variation trends but not the absolute values of Hs and

Vs (Fig. 3a). Thus, one is suggested to pay more

attention to the relative variation pattern of Hs and Vs

over the study region rather than to the absolute

values of Hs and Vs of single station when discussing

the results. More synthetic tests using different Vs in

the half space can be found in Figure S1 of the

Supplementary Material.

3.3. Model Appraisal

The quality of the models is first assessed through

the fit to the data. The red crosses in Fig. 3c represent

the predicted P-wave delays from the final inversion

models, which fit the observed P-wave delays

(squares) reasonably well. The largest residuals occur

in the 5–50 s band, where the sediment thickness may

be too small compared to the signal wavelength.

Uncertainty is then quantified from the misfit distri-

bution shown in Fig. 3d. Near the optimum, the misfit

contours approximate a Gaussian curve. Following

the approach of An et al. (2024), we fit 1-D Gaussian

curves along the Hs and Vs axes and use the full

width at half maximum (FWHM) as the measure of

parameter uncertainties. The lengths of the red

crosses in Fig. 3d correspond to these FWHM values.

The magnitudes of the uncertainties are consistent

with the local misfit curvature, confirming the

reliability of our uncertainty estimates.

4. Results

Figure 4 presents inversion results for four rep-

resentative stations along the DB array (Fig. 1). At

DB04 and DB13, delay times decrease monotonically

with increasing period (Fig. 2c), and the inverted

profiles exhibit a negative velocity gradient (VS1[
VS2, Fig. 4a). This pattern is similar to the forward

modelling test for the ThickN model (Fig. 3a,c). At

DB08, the delay pattern shows an initial rise followed

by a decline (Fig. 2c), and the inverted model indi-

cates a positive velocity gradient (VS1\VS2,

Fig. 4a). This is analogous to the forward test of the

ThickP model (Fig. 3a,c). DB26 displays near-con-

stant delays of \ 0.2 s across all period bands

(Fig. 2c) and an exceptionally thin sedimentary cover

(Fig. 4a). This is consistent with the forward test of

the THIN model (Fig. 3a,c).

Figure 5a,b shows the total sedimentary thickness

(Hs) and average S-wave velocity (Vs) at each station

of the DB array, with numerical values provided in

Table S1 of the Supplementary Material. For com-

parison, the figure also shows the estimates of Hs and

Vs for stations of the NECESSArray derived by Bao

and Niu (2017) using a similar methodology

(squares). Bao and Niu (2017) originally reported Hs,

surface Vs, and vertical Vs gradient. To facilitate

comparison, we converted their surface Vs and gra-

dient to a depth-average Vs using Eq. (2).

The DB array traverses the Southwestern Uplift

and Western Slope, regions where the sedimentary

thickness (Hs) is remarkably smaller than in the

Central Depression (Fig. 5a), as expected. Beneath

the DB array, Hs exhibits pronounced segmentation

pattern: larger Hs in the middle and tapering towards

both ends, with dramatic variations in areas crossed

by major tectonic lines. A few earlier measurements

(squares) adjacent to the DB array fell within the blue

color range, indicating a good agreement with our

results. The average S-wave velocity (Vs) shows

clearer segmentation in our results than in previous

studies (Fig. 5b). The sediments at the northern and

southern ends of the array exhibit the lowest Vs,

whereas the thickest sediments (between DB13 and

DB22) are characterized by distinctly higher Vs,

consistent with a typical uplift architecture. Com-

parison of Fig. 5a and Fig. 5b reveals that both Hs

and Vs undergo sharp variations around major tec-

tonics such as the Chifeng-Kaiyuan Fault (CKF).

5. Discussion

5.1. Calibration of Sedimentary Layer

The basement of the Songliao Basin, which is

composed of Paleozoic metamorphic and igneous

rocks, is overlain by Jurassic, Cretaceous, Paleogene,

and Neogene clastic sedimentary rocks. These sedi-

mentary rocks reach a maximum cumulative

thickness of 10 km in the central part of the basin,

thinning out towards the margins. The Songliao Basin

R. Zhao et al. Pure Appl. Geophys.



evolved through three main tectonic stages: regional

mega-rifting (150–105 Ma), significant sagging

(105–79.1 Ma), and regional uplift and basin inver-

sion (79.1–64 Ma) (e.g., Z. Feng et al., 2010; P.

J. Wang et al., 2016) (Fig. 6a). The majority of the

sedimentary rocks, particularly the three major for-

mations of the Late Cretaceous Nenjiang Formation,

Qingshankou Formation, and the Early Cretaceous

Quantou Formation, were formed during the

significant sagging stage. The Nenjiang Formation

consists of interbedded mudstone and siltstone. The

Qingshankou Formation is dominated by black shale

and oil shale, characterized by a significant increase

in acoustic travel time or a notable decrease in

seismic wave velocity in organic-rich or porous

intervals (Z. Feng et al., 2010). The Quantou

Formation is primarily composed of sandstone and

glutenite (Z. Feng et al., 2010; X. Wang et al.,

Figure 4
Inverted sedimentary models (a), fits of P-wave delay times (b), and normalized misfit distributions in solution space (c) for stations DB04,

DB08, DB13, and DB26. Symbols and labels follow those in Fig. 3

Sedimentary Structure of the Western Songliao Basin



2022a, 2022b; Xu et al., 2020) (Fig. 6a). The bases of

these three major formations correspond to strong

seismic reflectors T1, T2, and T3, respectively. In the

Central Depression, reflectors T1 (the base of the

Nenjiang Formation), T2 (the base of the Qing-

shankou Formation), and T3 (the base of the Quantou

Formation) are at the depths of * 1.4 km, * 2.5,

and* 3.8 km, respectively. In the western part of the

basin, these reflectors are shallower, with T1 at

* 0.9 km, T2 at * 1.2 km, and T3 at * 1.8 km (Z.

Feng et al., 2010).

Both synthetic tests and field measurements in our

DB array and in other parts of the Songliao Basin (Y.

Bao & Niu, 2017) observed greater Hs in the basin

axial region and smaller Hs in the margin. However,

the Hs values adjacent to Well SK2 in the Central

Depression are significantly smaller than the 6-km

sedimentary thickness documented by the SK2 drill

log (Fig. 5a). Although other methods consistently

resolve the gross pattern of thick sediments in the

center with tapering toward the margins (Kuang

et al., 2022; R. Zhang et al., 2023), similar discrep-

ancies in absolute Hs have been reported across the

basin. These discrepancies suggest that different

methods may be probing different sedimentary strata

or formation. Therefore, the sediment thickness

detected in our study may correspond to a specific

stratum. Hence, the associated sedimentary strata

should be calibrated.

Our results in the Western Slope give

Hs & 1.5–1.8 km, and a similar methodology yields

Hs & 3.0–4.0 km at Well SK2, closely matching the

burial depth of the Quantou Formation revealed by

seismic reflection profile (Z. Feng et al., 2010)

(Fig. 6b). Moreover, the Dalin (DL) and Jiamatu

(JMT) boreholes close to our DB array in the

southwestern basin (locations in Fig. 1) both encoun-

tered the Quantou Formation (Guo et al., 2021). We

Figure 5
Sediment thickness (a) and average S-wave velocity (b) in the Songliao Basin. The squares denote results obtained by Bao and Niu (2017)

using the similar methodology; their velocities have been converted to the equivalent average values via Eq. (2). Basin subdivisions are as in

Fig. 1. Abbreviations are: SXS = Solonker-Xar Moron Suture; HHS = Heihe-Hegenshan Suture; YYF = Yilan-Yitong Fault; CKF =

Chifeng-Kaiyuan Fault

R. Zhao et al. Pure Appl. Geophys.



therefore infer that the sediments probed by our study

may correspond to the base of the Quantou Formation

(i.e., the T3 reflector).

5.2. Variation of Sedimentary Thickness

Figure 6b displays the Vs-Hs sedimentary profiles

beneath the DB array. The overall trend of our Hs

results (the base of the color-filled profiles) closely

aligns with thicknesses derived from well logs by

Guo et al. (2021) (red ‘‘?’’ symbols in Fig. 6b) and

with those from P-wave delay time analysis by Bao

and Niu (2017) (black ‘‘?’’ symbols). Significant

sedimentary cover is observed in the Southwestern

Uplift and Western Slope, with Hs value reaching

* 1.5–1.8 km in the central segment and thinning to

* 1.0 km at the flanks. Thickness remains modest

(\ 0.5 km) at both its southern end within the Liaohe

Basin and its northern end in the basin-mountain

transition of the Great Xing’an Range (GXR).

A striking feature in Fig. 6b is the abrupt thick-

ness change across both the Chifeng-Kaiyuan Fault

(CKF) and the Solonker-Xar Moron Suture Zone

(SXS). Similar changes across tectonic lines have

been previously observed in other sedimentary basins

(e.g., C. Wang et al., 2022a, 2022b). The CKF and

SXS were active during the late Mesozoic (Bureau of

Geology & Mineral Resources of Jilin Province,

1988; G. Ma, 2018), coinciding with the sedimenta-

tion of the Qingshankou and Nenjiang formations.

The observation of abrupt thickness changes across

these faults highlights the significant imprint of

tectonic activity on sedimentation. Dramatic thick-

ness changes also occur between DB12 and DB13,

where the Jiamatu Uplift (JMT) is located. Previous

studies reported Hs of 5.2 km (Y. Bao & Niu, 2017)

and 1.2 km (H. Ma et al., 2019) beneath NE57, a

4-km discrepancy. Our densely spaced stations DB12

and DB13 (adjacent to NE57) yield Hs values of

0.9 km and 2.1 km, respectively. Given the signifi-

cant variations in Hs over such a localized uplift, our

denser measurements are particularly beneficial for

improving the characterization of sedimentary struc-

tures in the western Songliao Basin.

Figure 6
Tectonic implications of the DB array sedimentary structures. a Stratigraphic column of the Central Songliao Basin simplified from P.J. Wang

et al., (2016). The labeled approximate depths for T1, T2 and T3 are taken from the Central Depression of the Songliao Basin (Z. Feng et al.,

2010). b Sedimentary structures of the DB array. c Schematic structural model along the DB array. In panel b, colored bars depict the S-wave

velocity–depth profile of the sedimentary layers beneath each seismic station; the surface trace is an enlarged topography; red ‘‘?’’ mark

sedimentary thicknesses from the DL and JMT well logs (Guo et al., 2021); black ‘‘?’’ denote thicknesses at NE39, NE57, NE78 and NE88

from P-wave delay time analysis (Y. Bao & Niu, 2017). Abbreviations: CKF = Chifeng Kaiyuan Fault, SXS = Solonker-Xar Moron Suture,

GXR = Great Xing’an Range, PPP = (paleo-) Pacific Plate, MOO = Mongol-Okhotsk Ocean, PAO = Paleo-Asian Ocean
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5.3. Geological Implication of Sedimentary Vs

Figure 6b reveals pronounced vertical variations

in sedimentary Vs beneath the DB array. A mild

negative Vs gradient, with slightly faster velocities

above and slower velocities below, is observed within

the Chifeng–Kaiyuan Fault zone (DB04–DB05). The

section between the Solonker–Xar Moron Suture

(DB09–DB12) and the Jiamatu Uplift (JMT) is

characterized by a single, low Vs layer. Between

DB13 and DB21, across the Southwestern Uplift and

Western Slope, a strong negative Vs gradient is

evident, with markedly higher Vs in the upper layer

and lower Vs beneath. Sedimentary velocities are

governed by lithology, porosity, fluid content, and

organic richness, etc. (Gercek, 2007), all of which

reflect tectonic and depositional settings. So, these

segmented Vs patterns imply distinct tectono-sedi-

mentary regimes along the array.

The Songliao Basin has experienced three main

successive tectonic stages: rifting, subsidence, and

tectonic inversion (Z. Feng et al., 2010; Wei et al.,

2010; X. Wang et al., 2022a, 2022b). The Chifeng–

Kaiyuan Fault, marking the basin’s southern margin

(Fig. 1), is a regional, deep-seated structure that was

repeatedly reactivated during the Late Mesozoic

when the basin was finally formed (Bureau of

Geology & Mineral Resources of Jilin Province,

1988; G. Ma, 2018). As a primary basin-bounding

fault, it played an important role in the multi-stage

tectonic evolution of the basin. Consequently, the

mild negative Vs gradient beneath the Chifeng–

Kaiyuan Fault may be related to well-developed rock

fractures in the fault zone (Fig. 6c).

Borehole logs from the southern Songliao Basin

indicate that the Nenjiang Formation, which consists

of interbedded mudstone and siltstone, exhibits

extensive lateral continuity compared to the Qing-

shankou Formation (predominantly black shale and

oil shale) and the Quantou Formation (characterized

mainly by sandstone and glutenite) (Guo et al., 2021).

When considering only lithological properties, sand-

stone typically exhibits a faster seismic velocity than

both shale (Castagna et al., 1985; Mavko et al., 2020)

and mudstone (Barton, 2006; Castagna et al., 1985;

Sjögren, 1984). This suggests that the Qingshankou

Formation may be more likely associated with lower

seismic velocities, while the Quantou Formation may

exhibit higher velocities. The Nenjiang Formation, in

turn, is likely to have intermediate seismic velocities.

Given the correlation between formation lithology

and seismic velocities, the single sedimentary layer

imaged between DB09 and DB12, located between

the Solonker-Xar Moron Suture and the Jiamatu

Uplift (Fig. 6b), likely corresponds to the well-

developed and extensively continuous Nenjiang For-

mation. In contrast, the Qingshankou and Quantou

Formations are relatively underdeveloped in this

region.

The actual stratigraphy may be more complex

than our simplified two-layer model, but a robust

negative vertical Vs gradient persists across the

Western Slope and Southwestern Uplift between

DB13 and DB21. If the Western Slope and the

Southwestern Uplift have undergone similar sedi-

mentary evolution and have similar stratigraphy to

the southern basin, as revealed by borehole data (Guo

et al., 2021) and seismic reflection transects (H.

Wang et al., 2015), the low-velocity Qingshankou

Formation and the high-velocity Quantou Formation

should be less-widely developed than the intermedi-

ate-velocity Nenjiang Formation in the region. Thus,

our observed negative Vs gradient may indicate

significant development of the Qingshankou Forma-

tion but limited development of the Quantou

Formation (Fig. 6c). If so, the Western Slope and

Southwestern Uplift between DB13 and DB21 may

have more favorable hydrocarbon resource potential

than the southern part between DB09 and DB12.

However, since the overall sediment thickness along

the DB array is much smaller than the Central

Depression, the resource potential in the part with

negative Vs gradient remains modest compared to the

basin center.

6. Conclusion

The thicknesses and S-wave velocities of the

sediments in the western Songliao Basin were derived

from frequency-dependent P-wave delay times

recorded by 26 broadband seismic stations between

September 2021 and November 2023. Comparisons

with borehole logs imply that the sediments targeted

R. Zhao et al. Pure Appl. Geophys.



by our analyses are likely to extend down to the base

of the Quantou Formation strata. Significant varia-

tions in sedimentary thickness were observed across

the Chifeng-Kaiyuan Fault (CKF) and the Jiamatu

Uplift (JMT), indicating that the sediments in the

region were obviously influenced by the tectonic

activities. A negative velocity gradient was detected

in the central part of the Western Slope and South-

western Uplift. This suggests that, in addition to the

well-developed Nenjiang Formation, the Qing-

shankou Formation, which is characterized by low

velocity and rich in hydrocarbon resources, may also

develop in this area, implying a more favorable

hydrocarbon resource potential compared to the other

regions of the western basin.
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