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ABSTRACT
The Meso-Neoproterozoic eras witnessed critical transitions in supercontinental cycles that shaped global tectonic regimes and 
paleogeographic configurations. This study presents LA-ICP-MS zircon U–Pb geochronology analyses of thirteen sandstone 
samples from the Yan-Liao rift zone along the northern North China Craton (NCC) margin to constrain regional tectonic evolu-
tion and basin development. Detrital zircon populations exhibit multiple age clusters, with pre-1800 Ma grains derived from NCC 
basement terranes and younger populations (< 1.8 Ga) correlating with Mesoproterozoic magmatic events. Systematic younging 
of Maximum Depositional Age (MDA), determined through robust statistical treatment of the multi-MDA method, reveals spa-
tial–temporal depositional patterns controlled by source-to-sink relationships across the rift system. Provenance analysis demon-
strates that evolving rift morphology progressively modified zircon transport mechanisms and age distributions, defining four 
distinct stages of basin evolution between 1.8 and 0.9 Ga. These evolutionary phases exhibit temporal correlations with global 
supercontinent cycles—initial rifting phases correspond to Columbia breakup (1.8–1.4 Ga), while later tectonic reorganization 
aligns with Rodinia assembly (1.4–0.9 Ga). Our integrated approach provides critical constraints on NCC margin evolution during 
Precambrian supercontinental transitions, offering new insights into cratonic responses to global-scale geodynamic processes.

1   |   Introduction

Provenance analysis and geochronological investigation of detri-
tal sediments serve as fundamental tools for reconstructing pa-
leogeographic configurations and deciphering tectonic evolution 
histories (Fonneland et al. 2004; Weltje and von Eynatten 2004; 
Vermeesch  2013). These methodologies are particularly criti-
cal for resolving supercontinent cyclicity, including assembly, 
stabilization, and breakup events (Yonkee and Weil 2015; Liu, 
Zhao, et al. 2020; Li et al. 2019; Zhang et al. 2022). The com-
positional signatures preserved in ancient sedimentary succes-
sions reflect a complex interplay of parent rock characteristics, 

sediment transport dynamics, basin architecture, and paleoen-
vironmental conditions (Dickinson et al. 1988; Johnsson 1993). 
Among detrital minerals, zircon has emerged as a premier tracer 
for provenance studies due to its exceptional resistance to alter-
ation and capacity to retain geochemical and geochronological 
fingerprints of source terrains (Garzanti et  al. 2014; Horton 
et  al.  2015; Geisler et  al.  2003; Kennedy et  al.  2003). Detrital 
zircon U–Pb geochronology has proven indispensable for con-
straining maximum depositional ages (MDAs) of strata lacking 
biostratigraphic markers or volcanic interlayers (Garzanti and 
Andò 2007; Sharman and Malkowski 2020; Coutts et al. 2019; 
Herriott et  al.  2019), while systematic comparisons between 

© 2025 International Association of Sedimentologists and European Association of Geoscientists and Engineers and John Wiley & Sons Ltd.

https://doi.org/10.1111/bre.70068
https://orcid.org/0000-0002-1898-3776
mailto:
https://orcid.org/0000-0002-9789-1713
mailto:
mailto:changjian@cup.edu.cn
mailto:qiunsh@cup.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fbre.70068&domain=pdf&date_stamp=2025-10-24


2 of 19 Basin Research, 2025

detrital age spectra and potential source regions enable ro-
bust paleogeographic reconstructions (Caracciolo  2020; Liu 
et al. 2022).

The Yan-Liao rift zone along the northern NCC preserves a 
Meso-Neoproterozoic stratigraphic succession exceeding 
10,000 m in thickness, recording nearly one billion years of 
cratonic evolution (Wang et al. 2015; Liu, Zhang, et al. 2020; 
Zhu et al. 2022; Deng et al. 2021). While recent revisions to 
the regional stratigraphy have incorporated radiometric dates 
from volcanic interbeds (Li et al. 2013; Pang et al. 2020), sig-
nificant discrepancies between MDAs derived from detrital 
zircon youngest peak ages and independent geochronologi-
cal constraints (such as volcanic zircon ages) highlight per-
sistent methodological challenges in determining the actual 
depositional age of sedimentary rocks (Wan et  al.  2011; Liu 
et al. 2021). This necessitates a critical evaluation of alterna-
tive approaches to improve the reliability of detrital zircon 
chronostratigraphy. Furthermore, the tectonic significance 
of multiple regional unconformities within this succession 
remains debated, with proposed mechanisms ranging from 
craton-scale uplift to eustatic sea-level fluctuations (He 
et al. 1994; Kuang et al. 2019).

This study presents new detrital zircon U–Pb geochronological 
data from Meso-Neoproterozoic strata in the central Yan-Liao 
rift zone, integrated with existing datasets, to address four key 
objectives: (1) evaluate the reliability of detrital zircon MDAs in 
temporal calibration of Proterozoic successions; (2) identify spatial 
variations in sediment provenance through the rift evolution; (3) 
develop a paleogeographic model reconciling provenance varia-
tions with basin dynamics; and (4) elucidate linkages between re-
gional tectonism and supercontinent-scale processes. Our findings 
advance understanding of Proterozoic stratigraphic architecture, 
cratonic basin evolution, and Precambrian palaeogeography while 
proposing an integrated framework for detrital zircon applications 
in tectonostratigraphic analysis.

2   |   Geological Background and Sampling

The NCC, among Earth's oldest Archean cratons, preserves 
a multi-stage tectonic evolution spanning from the Archean 
to Phanerozoic (Figure 1a) (Zhai et al. 2003; Zhao et al. 2005; 
Kusky et  al.  2007; Zheng et  al.  2013). Bounded by the Qilian 
Orogen to the west, the Central Asian Orogenic Belt to the 
north, the Qinling-Dabie Orogen to the south, and the Sulu 
Ultra-High Pressure Metamorphic Belt to the east (Figure 1b), 
the NCC formed through the amalgamation of Archean micro 
blocks, culminating in the collision of the Eastern and Western 
Blocks along the Trans-North China Orogen (TNCO) at ~1.85 Ga 
(Zhao et  al.  2005; Santosh et  al.  2020). Post-collisional exten-
sion (~1.85–1.6 Ga) triggered the development of three major 
Paleoproterozoic rifts, including the Yan-Liao rift zone along 
the northern NCC margin (Zhai and Liu 2003; Peng et al. 2008). 
This extensional phase is evidenced by widespread magmatism, 
such as the Xiong'er Group volcanics (1.8–1.65 Ga), mafic dyke 
swarms (1.78–1.62 Ga), and anorthosite-rapakivi granite com-
plexes (~1.7 Ga) (Lu et al. 2003; Hou et al. 2008; Yang et al. 2005), 
which facilitated the deposition of Meso-Neoproterozoic sedi-
mentary successions across the stabilized cratonic basement.

Summary

•	 Integrated zircon U-Pb geochronology and morphol-
ogy establish the depositional framework of the Yan-
Liao Rift.

•	 Four distinct stages of basin evolution are defined, 
controlled by evolving rift morphology.

•	 These stages temporally correlate with the Columbia 
breakup and subsequent Rodinia assembly.

•	 This study deciphers the North China Craton's spe-
cific response to global supercontinent cycles.

FIGURE 1    |    (a) Location of the North China Craton. (b) Archean–Palaeoproterozoic basement and late Palaeoproterozoic to early Neoproterozoic 
sedimentary cover of the North China Craton (modified after Peng et al. 2011).
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The Yan-Liao rift zone, a prominent intracontinental rift basin 
along the northern NCC (Figures 1b and 2), hosts a ~10,000 m-
thick Meso-Neoproterozoic succession (1.8–0.8 Ga) that records a 
complete rift cycle and is subdivided into four chronostratigraphic 
systems (Figure  3) (Wang et  al.  2015; Liu, Zhang, et  al.  2020; 
Meng et al. 2011). The basal Changcheng System (late Statherian) 
overlies Paleoproterozoic basement, comprising coastal to 
shallow-marine clastic deposits that mark the initial rift phase. 
The Changzhougou Formation (Chc) begins with poorly sorted, 
rounded, pebbly feldspathic coarse sandstone locally rich in quartz-
ite clasts, transitioning upwards into purplish-grey, medium-thick 
bedded sandstone (Chen et al. 2014) (Figure 4). This unit exhib-
its large-scale trough and planar cross-bedding, wedge-shaped 
cross-bedding, wave ripples, and normal/inverse grading. Its rel-
atively high quartz content, presence of feldspar and dark Fe-Mn 
detritus, and low textural maturity, combined with sedimentary 
structures like large cross-beds and ripples, indicate deposition in 
a high-energy beach/shoreface environment dominated by tidal 
processes during marine transgression, with paleocurrents sug-
gesting provenance from the southwestern Wutai ancient land 
and Miyun-Huairou uplift (Chen et  al.  2014). Overlying this, 
the Chuanlinggou Formation (Chch) consists predominantly of 

grey-black silty shale displaying fine laminations and horizontal 
bedding, with a distinctive tuffite marker bed in the middle (Liu 
et al. 2022) (Figure 4). The absence of coarse silt or sand, pres-
ence of pyrite nodules, and lack of bioturbation strongly suggest 
deposition in a low-energy, anoxic, reducing environment, inter-
preted as a restricted lagoon or bay, with local muddy tidal flats 
(Li, Ou, et al. 2020). The transitional Tuanshanzi Formation (Cht) 
exhibits a tripartite sequence: lower calcareous siltstone, middle 
haematite-bearing quartz sandstone, and upper stromatolite-
bearing dolomite with chert bands. Characterized by interbed-
ded sandstone, mudstone, and thin carbonate layers, along with 
wave ripples, lenticular bedding, and stromatolites, it represents 
a mixed tidal flat or restricted shallow marine setting, recording 
distinct transgressive-regressive cycles (Zhang et  al.  2013). The 
Dahongyu Formation (Chd) provides critical evidence for syn-rift 
magmatism, characterized by interbedded K-rich trachyte, basalt, 
and tuffite volcanic flows and pyroclastics, which uncomfortably 
overlie the Tuanshanzi Formation (Xingcheng Movement) (Qu 
et al. 2012). Intercalated clastic sediments, primarily quartz sand-
stone and conglomerate (locally polymictic), deposited during vol-
canic quiescence, point to shallow marine or locally alluvial fan 
environments (Lu and Li 1991).

FIGURE 2    |    Simplified geological map of the Meso-Neoproterozoic successions in Yan-Liao rift zone (a) (modified after Zhang et al. 2015), Jixian 
area (b), Kuancheng area (c), and Xiahuayuan area (d), and locations of the detrital zircon samples.
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Overlying the Changcheng System, the Jixian System 
(Calymmian) records a major shift to extensive carbonate 
platform deposition during the rift's main thermal subsidence 
phase, reflecting a period of stable tectonic setting and broad 
marine conditions (Gao and Zhu  2024). The Gaoyuzhuang 

Formation (Jxg) comprises thick-bedded, massive dolomite with 
chert bands and stromatolites; biomarker data showing high 
gammacerane and low Pr/Ph ratios indicate deposition in a 
hypersaline, reducing environment on a restricted to open car-
bonate platform (Sun et al. 2021). The Yangzhuang Formation 

FIGURE 3    |    Stratigraphic subdivision of the Meso-Neoproterozoic succession in Yan-Liao rift zone (modified after Zhai et al. 2015; Qu et al. 2010). 
Reference for chronology: (a) Zhang et al. (2015); (b) Liu et al. (2011); (c) Li et al. (2009); (d) Zhang et al. (2012); (e) Su et al. (2010); (f) Li et al. (2014); 
(g) Guo et al. (2019); (h) Li et al. (2010); (i) Lu et al. (2003); (j) Gao et al. (2008); (k) Zhang et al. (2013); (l) Li et al. (2011); (m) Duan et al. (2014).
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(Jxy) features purple-red argillaceous dolomite containing 
gypsum pseudomorphs or nodules, clearly reflecting supra-
tidal or restricted platform conditions under an arid climate 
(Qu et al. 2012). The exceptionally thick Wumishan Formation 
(Jxw) is dominated by thrombolitic and conical stromatolitic 
dolomite with abundant chert bands, representing a shallow 
subtidal to intertidal environment on a broad platform or ramp 
(Zheng  2016). The Hongshuizhuang Formation (Jxh) consists 
of black shale and mudstone rich in organic matter and pyrite, 
suggesting deposition in a deeper, anoxic intra-platform basin 
or outer shelf setting (Sun et al. 2021; Gao and Zhu 2024). The 
Tieling Formation (Jxt) is marked by stromatolitic limestone, 
capped by a prominent palaeokarst surface, indicating a final 
phase of open platform deposition followed by subaerial expo-
sure (Gao and Zhu 2024).

A regionally significant unconformity (Qinyu Uplift) com-
monly separates the Tieling Formation from the overlying 
Unnamed System (Ectasian to Stenian), Xiamaling Formation 
(Djx). The Djx Formation shows a distinct sequence: basal 
sandstone, a thick main body of black shale (rich in organic 
matter and pyrite, locally containing graptolite fossils), and a 
capping sandstone (Gao, Zhang, Shi, Zhou, Wang, et al. 2007; 
Qiao et  al.  2007) (Figure  4). The shales and the presence of 
glauconite in the sandstones indicate deposition in a deepen-
ing, oxygen-poor shelf environment, potentially related to a 
minor renewed subsidence pulse during cratonic adjustment 
(Qiao et al. 2007).

The terminal Qingbaikou System (Tonian) marks the rift de-
mise phase (Li, Ou,  et  al. 2020). The Longshan Formation 

(Qnl) typically begins with a basal conglomerate or pebbly 
sandstone containing subangular to moderately rounded 
clasts of quartzite and granite, overlain by quartz arenites 
exhibiting large-scale cross-bedding. This unit shows evi-
dence of tidal influence (bidirectional cross-bedding) and 
deposition within a tidal flat to shallow marine setting, 
rather than a braided fluvial environment. The upper part in-
cludes glauconite-bearing sandstones and purple-red shales 
(Guo et al. 2019). The Jingeryu Formation (Qnj) consists not 
only of purplish-red siltstones and mudstones but also in-
cludes basal sandstones and middle carbonate layers (dolo-
mitic limestone) (Figure 4), indicating deposition in a mixed 
siliciclastic-carbonate tidal flat system under arid conditions 
(Song 2015). This succession signifies the cessation of signifi-
cant Neoproterozoic sedimentation in the Yan-Liao rift zone. 
This sedimentary evolution—from initial rift-related coarse 
clastics (Chc, Chch) and volcanism (Chd) linked to active ex-
tension and basin formation, through a prolonged phase of 
widespread stable carbonate platform development (Jixian 
System) during thermal subsidence, punctuated by minor 
adjustments (Unnamed System), to final uplift and basin fill-
ing with mature sandstones and conglomerates (Qingbaikou 
System)—is diagnostic of an intracontinental rift basin (Zhai 
and Liu 2003; Peng et al. 2008; Wang et al. 2015).

Sampling targeted three areas within the central Yan-Liao 
rift zone (Figures 2 and 4) to capture stratigraphic and spatial 
variability (Guo et al. 2019; Sharman et al. 2018). In the Jixian 
area, hosting the thickest (~10,000 m), NNW-striking succession 
(Figure 2b), seven sandstone samples were collected from key 
formations representing different rift stages: Chc, Chch, Chd, 

FIGURE 4    |    Photographs of the field outcrops in the Yan-Liao rift zone. Image (a) shows the interbedding of mudstone and sandstone from 
the Xiamaling formation; Image (b) shows the quartz sandstone deposited in the Jingeryu formation; Image (c) shows the sandstone of the 
Changzhougou formation overlaying the metamorphic basement of the Paleoproterozoic era; Image (d) shows the sandstone bands embedded in 
shale of the Chuanlinggou formation.
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Djx, Qnl, and Qnj. Northeast of Jixian, the Kuancheng area ex-
hibits NNE-striking strata with complete Meso-Neoproterozoic 
exposures except for the absent Djx Formation, yielding four 
samples from the Chc (shoreface sandstone), Chch, Chd, and 
Qnj units (Figure 4). To the west, the Xiahuayuan area provided 
two Djx Formation sandstones: XHY4 near Jurassic strata and 
XHY6 adjacent to the underlying Tieling Formation. Sample lo-
cations, lithostratigraphic affiliations, and GPS coordinates are 
detailed in Table 1.

3   |   Analytical Methods

3.1   |   LA-ICP-MS U–Pb Dating Method

Detrital zircon U–Pb geochronology was conducted at the 
Thermochronology Laboratory, China University of Petroleum 
(Beijing), utilising a New Wave 193 nm Excimer laser ablation 
(LA) system coupled to an Agilent 7900 inductively coupled 
plasma mass spectrometer (ICP-MS). Analytical protocols 
followed established methodologies to ensure data reproduc-
ibility and accuracy (Horstwood et al. 2016). NIST SRM 610 
served as the external standard for elemental concentration 
calibration, with 91Zr used as an internal standard to correct 
for instrumental drift (Chew et  al.  2014). Age fractionation 
corrections were applied using the zircon reference material 
91,500 (Wiedenbeck et al. 2004). To rigorously monitor analyt-
ical precision and accuracy throughout the analytical sessions, 
secondary zircon reference materials SA01 (Huang, Wang, 
et al. 2019; recommended age = 535.08 ± 0.32 Ma) and Plešovice 
(Sláma et al. 2008; recommended age = 337.13 ± 0.37 Ma) were 
analyzed intermittently alongside the unknowns. A total of 
74 grains of SA01 yielded a concordia age of 536.37 ± 0.77 Ma 
(2σ; MSWD = 0.93), while 47 grains of Plešovice yielded a 
concordia age of 337.04 ± 0.63 Ma (2σ; MSWD = 2.2). Both 
results are concordant within 2% uncertainty of their respec-
tive recommended values (Spencer et al. 2016), validating the 

reliability of the analytical procedures and data reduction. 
Raw data were processed using the iolite v4 software package 
(Paton et al. 2011) with a customized data reduction scheme 
(DRS), with instrument operating parameters summarized in 
Table 2.

Given the polycyclic provenance of detrital zircons in Meso-
Neoproterozoic strata, rigorous statistical validation of age spec-
tra was prioritized. The probability of failure (P), quantifying the 
likelihood of incomplete sampling of age populations, was con-
strained to ≤ 5% (Dodson et al. 1988; Vermeesch 2004). As demon-
strated by Vermeesch (2004), achieving this threshold requires a 
minimum of 117 concordant grains per sample. However, pro-
longed geological recycling in the Yan-Liao rift zone has likely 
perturbed U–Pb systematics, necessitating enhanced grain 
counts to mitigate partial resetting effects (Andersen et al. 2019). 
Consequently, between 160 and 320 zircon grains per sample 
were analyzed, selected based on cathodoluminescence zoning 
patterns and absence of visible inclusions or fractures (Figure 5). 
Detailed protocols for mineral separation, mounting, imaging, 
and data filtering are provided in the Supporting Informations.

3.2   |   Maximum Depositional Age Calculation 
Methodology

Following U–Pb dating, we excluded individual grain ages with 
< 0.1 probability of concordance using IsoplotR (Vermeesch 
2018). We implemented six complementary maximum dep-
ositional age (MDA) approaches: (1) the youngest graphical 
probability peak (YPP) (Dickinson and Gehrels  2009; Ludwig 
2012); (2) the youngest single grain (YSG) age; (3–4) youngest 
grain clusters YGC1σ (grains overlapping at 1σ uncertainty) 
and YGC2σ (overlapping at 2σ uncertainty; Coutts et al. 2019); 
(5) the youngest statistical population (YSP; Coutts et al. 2019); 
and (6) the maximum likelihood age (MLA) (Vermeesch 2021). 
To accurately reveal sediment accumulation timing, we 

TABLE 1    |    Samples information of the Yan-Liao rift zone.

Sample Location Lat.(N) Lon.(E) Formation Rock type

XHY4 Xiahuayuan 40.46288 115.2325 Xiamaling (Djx) Quartzite

XHY6 Xiahuayuan 40.46879 115.26343 Xiamaling (Djx) Quartzite

KC1 Kuancheng 40.57241 118.55987 Changzhougou (Chc) Quartz sandstone

KC2 Kuancheng 40.58327 118.54081 Chuanlinggou (Chch) Quartz sandstone

KC4 Kuancheng 40.59107 118.52588 Dahongyu (Chd) Quartz sandstone

KC5 Kuancheng 40.61532 118.35838 Jingeryu (Qnj) Quartz sandstone

JX1 Jixian 40.21807 117.51974 Changzhougou (Chc) Quartz sandstone

JX2 Jixian 40.20401 117.50675 Changzhougou (Chc) Quartz sandstone

JX3 Jixian 40.16861 117.48997 Dahongyu (Chd) Quartzite

JX8 Jixian 40.17588 117.50587 Chuanlinggou (Chch) Quartz sandstone

JX10 Jixian 40.06689 117.43321 Jingeryu (Qnj) Quartz sandstone

JX11 Jixian 40.07671 117.40497 Xiamaling (Djx) Quartzite

JX13 Jixian 40.07311 117.40962 Longshan (Qnl) Feldspathic quartz sandstone
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systematically compared these approaches across diverse dep-
ositional scenarios.

4   |   Detrital Zircon U–Pb Results

4.1   |   Detrital Zircon U–Pb Age Spectra

Detrital zircon U–Pb age distributions from Meso-
Neoproterozoic strata in the Yan-Liao rift zone exhibit system-
atic variations. Samples from the Changzhougou Formation 
(Changcheng System; JX1, JX2, KC1) display strikingly similar 

age spectra, characterized by 92% of grains clustering between 
2.7 and 2.2 Ga and a dominant peak at ~2.5 Ga (Figure 6). Moving 
to the overlying Chuanlinggou Formation, both JX8 (Jixian) 
and KC2 (Kuancheng) samples preserve the prominent ~2.5 Ga 
peak but also introduce secondary peaks within the 2.0–1.95 Ga 
range; nevertheless, 84% of grains still fall within the 2.7–2.2 Ga 
interval (Figure  6). A pronounced shift in provenance is evi-
dent in the Dahongyu Formation. Here, sample JX3 (Jixian) 
yielded exclusively Paleoproterozoic ages (1.9–1.5 Ga), whereas 
KC4 (Kuancheng) zircons retain Archean–Paleoproterozoic sig-
natures (2.7–1.8 Ga) (Figure 6). Further complexity is recorded 
in the Xiamaling Formation, where JX11 (Jixian) and XHY6 
(Xiahuayuan) share spectra dominated by 1.7–1.6 Ga ages, 
while the overlying sample XHY4 exhibits a broader range of 
older zircons (2.5–1.8 Ga) (Figure  6). Finally, within the ter-
minal Qingbaikou System, the Longshan (JX13) and Jingeryu 
(JX10, KC5) formations show mixed Archean–Paleoproterozoic 
age populations but differ in their modal peaks (Figure  6). 
Cumulative distribution functions (CDFs) highlight four prin-
cipal age clusters (1.6, 1.85, and 2.5 Ga) across the dataset 
(Figure 6).

4.2   |   Detrital Zircon Morphological Parameters

Despite sharing statistically indistinguishable U–Pb age spectra, 
the Changzhougou Formation samples JX1, JX2, and KC1 ex-
hibit systematic morphological trends. Specifically, mean grain 
size decreases progressively from JX1 to JX2 to KC1, with statis-
tically significant differences observed. Concurrently, JX2 dis-
plays elevated aspect ratios and reduced circularity compared to 
both JX1 and KC1, although these differences in aspect ratio and 
circularity did not reach statistical significance (Figures 5 and 
7). In contrast, Chuanlinggou Formation samples JX8 and KC2 
exhibit statistically comparable grain sizes, aspect ratios, and 
circularity (Figures 5 and 7). Within the Dahongyu Formation, 
JX3 zircons are angular and poorly sorted, contrasting sharply 
with KC4 zircons, which exhibit high roundness (Figure  5). 
Similarly, in the Xiamaling Formation, JX11 and XHY6 zircons 
display angular to subangular morphologies, whereas XHY4 
zircons are larger and rounded, with highly variable sorting 
(Figures 5 and 6). For the Qingbaikou System, JX13 (Longshan) 
zircons are moderately sorted and rounded, while JX10 and KC5 
(Jingeryu) grains are smaller but similarly rounded; a progres-
sive size reduction is noted from JX13 to JX10 to KC5 (Figure 6). 
Regarding zircon characteristics, Th/U ratios were greater than 
0.4 for 87% of the 2442 grains analyzed (Figure 8), and cathodo-
luminescence (CL) images revealed zoning patterns including 
euhedral crystals and oscillatory zoning. However, 1% of grains 
exhibited anomalously low Th/U values (< 0.1).

5   |   Discussion

5.1   |   Detrital Zircon Ages and Their Implications 
for Estimating Maximum Depositional Ages

Applying the MDA estimation methodology outlined in 
Section 3.2 to our detrital zircon dataset reveals both the utility 
and limitations of these approaches within the evolving tectonic 
context of the Yan-Liao rift. For the Changzhougou Formation, 

TABLE 2    |    Analytical parameters of LA-ICP-MS.

Laboratory and Sample Preparation

Laboratory name Thermochronology 
Laboratory, China University 

of Petroleum (Beijing)

Sample type Detrital zircons

Sample preparation Conventional mineral 
separation, 1 inch resin 

mount, 1 μm polish to finish

Laser Paremeters

Instrument New wave research 
193 Ultra Compact

Laser wavelength 193 nm

Washout 15 s

Background 15 s

Ablation duration 45 s

Laster repetition rate 5 Hz

Sampling mode Static spot ablation

Spot size 30 μm diameter spot

Energy 2.5 J/cm2

Carrier gas1 900 mL/min He

Carrier gas2 3 m L/min N2

Mass spectrometer parameters

Instrument Agilent 7900 ICP-MS

Sample introduction Ablation aerosol

Detection system Quadrupole mass analyzer

Forward power 1500 W

Reflect power < 3 W

Dwell time 75 s

Plasma gas Argon

Plasma gas flow 15 L/min

Carrier gas flow 0.7 L/min

Isotopes measured 91Zr, 204Pb, 206Pb, 207Pb, 
208Pb, 232Th, 238U
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8 of 19 Basin Research, 2025

the MLA age of 1653.3 Ma aligns well with recent volcanic inter-
layer dates (~1650 Ma; Li et al. 2013; Miao et al. 2019), validat-
ing the reliability of MLA in this relatively stable depositional 
setting. However, the anomalously older MDAs (> 1800 Ma) 
derived from cluster methods (Table  3), coupled with strati-
graphic inversions observed in the overlying Chuanlinggou 
Formation MDA estimates, highlight significant methodologi-
cal challenges. These occur when tectonic disruptions abruptly 
alter sediment sources, rendering the MLA ages ineffective for 

accurately constraining depositional timing. Volcaniclastic-rich 
units like the Dahongyu and Xiamaling formations exemplify 
proximity-driven biases. The short transport distances of syn-
volcanic zircons (Figure 2) can cause YSG or MLA to underesti-
mate the true MDA due to uncertainties in eruption duration and 
incorporation timing. In these cases, the YSP method yielded 
more robust estimates (1611.3 Ma and 1449.2 Ma, respectively), 
consistent with prior studies (Gao, Zhang, Shi, Zhou, Wang, 
et al. 2007; Zhang et al. 2015). Conversely, younger strata within 

FIGURE 5    |    Cathodoluminescence images of detrital zircons and their U–Pb ages. The photos of all grains were taken with the same scale, reveal-
ing significant differences in the morphology of zircon grains from older to younger strata.
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9 of 19Basin Research, 2025

FIGURE 6    |    Cumulative age distributions and kernel density estimates (KDE) of detrital zircons in the Yan-Liao rift zone: 250 Ma colour-coded 
intervals with grain proportion pie chart (right) and peak ages labelled (Ma).
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10 of 19 Basin Research, 2025

FIGURE 7    |    Multiparametric particle morphology distributions across geological samples. The area, aspect ratio, and circularity comparative 
analysis via kernel density estimation.
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the Qingbaikou System exhibit inherited age reversals similar to 
the Chuanlinggou Formation, underscoring the pervasive reor-
ganization of source areas during late-stage rift evolution. These 
cases collectively emphasize the critical dependence of MDA 
fidelity on basin-to-source dynamics. While volcanic interlay-
ers and biostratigraphy remain the most reliable chronostrati-
graphic tools where preserved (Sharman and Malkowski 2020), 
their scarcity in these rift basins necessitates the careful applica-
tion and contextual interpretation of detrital zircon MDA meth-
ods, guided by integrated sedimentary facies analysis to identify 
potential recycled populations, especially where fault activity 
disrupts provenance signals.

5.2   |   Provenance Analysis 
of Meso-Neoproterozoic Strata

Detrital zircon U–Pb age spectra (3.0–1.3 Ga) from the Yan-Liao 
rift zone's Meso-Neoproterozoic strata reveal a tectonic evolu-
tion marked by episodic magmatism and sediment confinement 
(Figure 6) (Cawood et al. 2012; Gehrels 2014). Histograms of zir-
con ages highlight dominant peaks at ~1.6, 1.85, 2.5, and 2.7 Ga 
(Figure  9). Cumulative distribution functions (CDFs) further 
delineate four principal age clusters (1.6, 1.85, 2.5, and 2.7 Ga; 
Figure 6), which correlate with major North China Craton (NCC) 
orogenic cycles: crustal growth (~2.9–2.7 Ga; Zhai et  al.  2010), 
cratonization (~2.5 Ga; Santosh 2010), and Paleoproterozoic rift-
ing (~1.8–1.6 Ga; Yang et al. 2005) (Figure 9). The origin of these 
zircons is supported by Th/U ratios and cathodoluminescence 
(CL) zoning patterns; specifically, Th/U ratios > 0.4 for 87% of 
grains and CL features like euhedral crystals and oscillatory 
zoning confirm dominantly magmatic origins for the majority 
of grains (Hoskin and Schaltegger 2003). However, anomalously 
low Th/U values (< 0.1) in 1% of grains likely reflect post-
depositional metamorphic overprints or sedimentary recycling 
processes (Rubatto  2017), potentially linked to regional meta-
morphic events or reactivation of ancient basement of the North 
China Craton. The absence of 1.3–0.9 Ga zircons—a hallmark of 
the Xiong'er and Zhaertai-Bayan Obo-Huade rifts (Figure 1b)—
reflects the Yan-Liao rift's unique provenance isolation, con-
trolled by peripheral Archean uplifts and syn-rift magmatic 
architecture (Figure 11).

Multidimensional scaling (MDS; Figure  10) delineates three 
distinct provenance regimes in the Yan-Liao rift zone, each 
corresponding to specific magmatic-tectonic phases. During 
the Statherian Changcheng System, the dominance of ~2.5 Ga 
zircons reflects recycling of Paleoproterozoic granites and met-
amorphic basement exposed along the rift margins (Figure 12), 
consistent with early rift-phase uplift and localized sediment 
derivation from ancient crustal blocks (Lu et al. 2017). In con-
trast, the Ectasian Dajian System records a pronounced shift to 
1.8–1.4 Ga zircon populations, which align spatially and tem-
porally with rift-axis magmatism (Figure  12). These younger 
zircons derive primarily from syn-sedimentary intrusions, in-
cluding diorites (1.78–1.62 Ga; Ren et al. 2006) and syenogran-
ites (1.68–1.55 Ga; Tapani Rämö et  al.  1995), with proximal 
volcaniclastic inputs (Figure  11) minimizing sediment mixing 
and enhancing magmatic provenance signals. Subsequently, 
the Tonian Qingbaikou System exhibits a mixed zircon age 
spectrum combining ~2.5 Ga recycled basement components 
and 1.8–1.6 Ga intra-rift magmatic contributions (Figure  12). 
This dual sourcing reflects basement reactivation and spatially 
restricted sediment transport, as tectonic uplift partitioned the 
rift into isolated sub-basins with limited connectivity (Du and 
Tian 1985). The progressive transition from margin-dominated 
to rift-axis-centered provenances underscores the dynamic 
interplay between magmatic emplacement and basement 
exhumation.

5.3   |   Paleogeographic Evolution of the Yan-Liao 
Rift Zone

The paleogeographic evolution of the Yan-Liao rift zone reflects 
dynamic interactions between tectonic regimes and sediment 
routing systems, as evidenced by provenance shifts, lithostrati-
graphic architecture, and unconformity patterns. During the 
late Statherian (~1.68 Ga), initial extension triggered rift basin 
development. Provenance data from the Changcheng System 
(dominant ~2.5 Ga zircons; Figure  6) indicate proximal sedi-
mentation dominated by erosion of Archean-Paleoproterozoic 
(~2.5 Ga) basement uplifted along rift margins (Figure  12; Lu 
et al. 2017). This proximal sourcing is directly recorded by the 
lithology of the Changzhougou Formation (samples JX1, JX2, 
KC1), which comprises coarse-grained, poorly sorted conglom-
erates and feldspathic sandstones deposited in high-energy allu-
vial to braided fluvial systems. This is corroborated by detrital 
zircon morphological trends in the fluvial to shallow marine 
Changzhougou Formation (Figures  5 and 7): the statistically 
significant progressive decrease in mean grain size from JX1 to 
JX2 to KC1 aligns with increasing transport distance, indicat-
ing a transition from high-energy channel environments into 
lower-energy, shallow marine shoreline settings. This pattern 
is consistent with deposition in low-energy distal environments 
where prolonged sedimentary reworking enhanced hydraulic 
sorting and grain abrasion (Garzanti  2017), although the lim-
ited hydrodynamic energy resulted in abrasion dominated by 
mass loss rather than substantial geometric transformation 
(Sneed and Folk 1958), explaining the lack of significant differ-
ences in aspect ratio and circularity. Zircons from the overlying 
Chuanlinggou Formation (samples JX8, KC2) show statistically 
comparable grain sizes, aspect ratios, and circularity (Figures 5 
and 7), reflecting persistently stable hydrodynamic conditions. 

FIGURE 8    |    Detrital zircon U–Pb ages and Th/U ratio distribution of 
Meso-Neoproterozoic samples.
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Synchronous volcanic activity in the central Jixian area intro-
duced localized 1.62 Ga zircons in the Dahongyu Formation 
(sample JX3), while peripheral Kuancheng regions remained 
reliant on ancient uplift erosion, as evidenced by the rounded 
zircon morphology of Dahongyu Formation sample KC4 con-
trasting with JX3's angular grains (Figure 5).

Transition to the Calymmian (1.6–1.4 Ga) was marked by a 
major marine transgression, leading to deepened water con-
ditions and the development of an extensive shallow marine 
environment (Pan et  al.  2013). This facilitated widespread 
carbonate platform deposition (Jixian System), with uniform 
lithology and thickness reflecting stable thermal subsidence 
(Figure 12).

Renewed extension during the Ectasian (1.4–1.2 Ga) is marked 
by sedimentation of the Unnamed System. Organic-rich black 
shales of the Xiamaling Formation (samples XHY6, JX11) were 
deposited in deep-water anoxic basins—potentially linked 
to global Large Igneous Province events (Zhang et  al.  2022). 

Similar 1.7–1.6 Ga zircon populations in XHY6 and JX11 
(Figure  8) suggest intra-rift magmatic sourcing, coinciding 
with active margin subduction along the northern NCC (Qu 
et al. 2010). The angular to subangular morphologies of zircons 
in these samples (Figures  5 and 6) signal relatively rapid ero-
sion and short-distance transport from these newly active mag-
matic sources. In contrast, the overlying Xiamaling Formation 
sample XHY4 exhibits larger, rounded zircons with older ages 
(2.5–1.8 Ga) and highly variable sorting (Figures 5 and 6), sug-
gesting a pronounced shift to a distal, lower-energy depositional 
setting involving reworking of older basement material (Spencer 
et al. 2018).

Neoproterozoic Tonian uplift (Qingbaikou System, 1.2–0.9 Ga) 
reorganized sediment dynamics and caused regional shallow-
ing. Mixed ~2.5 Ga and 1.8–1.6 Ga zircons in the Longshan 
Formation (samples JX13, JX10) and Jingeryu Formation (sam-
ple KC5) (Figure  6) record both basement re-exhumation and 
localized magmatism (Figure  12). Detrital zircon morphology 
shows JX13 (Longshan Formation) zircons are moderately 
sorted and rounded, while JX10 (Longshan Formation) and KC5 
(Jingeryu Formation) grains are smaller but similarly rounded; 
a progressive size reduction is noted from JX13 to JX10 to KC5 
(Figure 6). Despite comparable roundness, this progressive size 
reduction implies waning sediment flux energy during late rift 
evolution. The depositional environment evolved from near-
shore (Longshan Formation) to a tidally influenced shallow ma-
rine carbonate platform (Jingeryu Formation), forming a classic 
transgressive succession from shoreline sandstones to lami-
nated limestones (Li, Wei, et al. 2020). The absence of 1.3–0.9 Ga 
zircons—ubiquitous in adjacent NCC rifts—confirms the Yan-
Liao basin's isolation by sustained peripheral uplifts, restrict-
ing Grenvillian-age inputs (Figure  12). This closure contrasts 
with the Xiong'er and Zhaertai-Bayan Obo-Huade rifts, where 
broader sediment mixing persisted.

FIGURE 9    |    Aggregated detrital zircon age histograms (40 Ma bin 
width) combining data from the Yan-Liao rift zone (this study) and the 
North China Craton (after Zhai et al. 2014).

FIGURE 10    |    Multi-dimensional scaling (MDS) plots, with pie chart 
colours referencing the age ranges defined in Figure 6. Inter-point dis-
tances reflect dissimilarity in age distributions between samples.
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5.4   |   Geological Insights Into the Supercontinent 
Cycle Through Continental Rift Evolution

The Yan-Liao rift zone preserves a critical record of continental 
rifting and supercontinent interaction, as demonstrated by our 
new detrital zircon U–Pb datasets (1.8–1.4 Ga) and stratigraphic 
correlations. During the Statherian to Calymmian (1.8–1.6 Ga), 
peak magmatic activity—evidenced by dominant zircon age 
components at 1.8–1.6 Ga (Figure  12)—coincides with the ter-
minal breakup of the Columbia supercontinent, consistent with 
global patterns of lithospheric extension and mantle upwelling 
(Zhai and Santosh 2013). This phase is marked by widespread 
volcaniclastic sedimentation and rift-related anorogenic mag-
matism, mirroring coeval rift systems in Laurentia and Baltica 
(Li et al. 2019; Pourteau et al. 2018).

The transition to passive margin sedimentation (~1600–
1400 Ma) is characterized by carbonate-dominated sequences 
and a pronounced decline in juvenile zircon contributions 
(Figure 12), reflecting tectonic stabilization and enhanced sed-
iment recycling from cratonic interiors. This shift parallels the 
NCC's integration into a broader passive margin regime, as in-
ferred from regional stratigraphic correlations (Hofmann and 
Chen 1981; Tan et al. 2021). However, the absence of 1.3–1.0 Ga 
zircons in the Yan-Liao rift contrasts sharply with their preser-
vation in the western Zhaertai rift and eastern Jiaoliao region 
(Zhang et al. 2021), suggesting differential uplift during Rodinia 
assembly. This hiatus, correlative with Grenvillian orogenesis 
(Liu, Zhao, et  al.  2020), implies compressive stresses propa-
gated into the NCC's interior, despite limited direct magmatic 

evidence—a pattern consistent with peripheral foreland basin 
dynamics during supercontinent amalgamation (Huang, Yuan, 
et al. 2019).

Spatial heterogeneity in Ectasian sediment provenance fur-
ther underscores tectonic reorganization. While early Ectasian 
samples (JX13, XHY4) exhibit uniform age distributions in-
dicative of stable cratonic sourcing, later stages (e.g., XHY6) 
show provenance shifts toward reactivated ancient uplifts 
(Dong et  al.  2012). This trend, coupled with westward migra-
tion of the sedimentary depocenter (Guo et  al.  2019), high-
lights intensified marginal tectonic activity during Rodinia's 
assembly. Crucially, the limited influx of distal sediments—
contrasted by Fennoscandian-derived Mesoproterozoic zircons 
in the Langshan-Zha'ertai-Bayan Obo-Huade rift (Liu, Zhang, 
et al. 2020)—emphasizes the Yan-Liao rift's isolation under per-
sistent flanking uplifts (Pan et al. 2013). These findings recon-
cile previous discrepancies: the Yan-Liao rift's episodic rifting 
and uplift reflect dual supercontinent cycles, with Columbia's 
fragmentation driving early extension and Rodinia's assembly 
inducing compression. The scarcity of 1300–1000 Ma zircons 
does not negate NCC's involvement in Rodinia but rather signals 
erosional stripping during uplift, as evidenced by fragmented 
Xiamaling Formation remnants (Qu et al. 2010).

6   |   Conclusions

This integrated study of Meso-Neoproterozoic clastic successions 
in the Yan-Liao rift zone, North China Craton (NCC), combines 

FIGURE 11    |    Distribution and age of Meso-Neoproterozoic strata and magmatic rocks in the northern margin of the North China Craton. 
Reference for chronology: (a) Wang et al. (2015); (b) Peng et al. (2012); (c) Tapani Rämö et al. (1995); (d) Yang et al. (2005); (e) Gao et al. (2008); 
(f) Lu et al. (2008); (g) Gao et al. (2008); (h) Zhang et al. (2016); (i) Zhang et al. (2012); (j) Zhang et al. (2017); (k) Wang et al. (2014); (l) Hu et al. (2012); 
(m) Wang et al. (2013); (n) Liu et al. (2011); (o) Zhao et al. (2004); (p) Zhang, Zhang, et al. (2007); (q) Ren et al. (2006); (r) Zhang, Liu, et al. (2007); 
(s) Mo et al. (1997); (t) Zhang et al. (2012); (u) Wang et al. (2016); (v) Han et al. (2007); (w) Li et al. (2001); (x) Peng (2015).
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FIGURE 12    |    (a) Paleogeographic reconstruction showing the locations of continental blocks during the breakup of Columbia and the assembly 
of Rodinia, with the position of the Yan-Liao rift zone within the North China Craton; (b) Integrated tectonic-sedimentary evolution model of the 
Yan-Liao rift zone along the northern margin of the North China Craton during the Meso-Neoproterozoic (1.8–1.0 Ga), illustrating the influence of 
supercontinent cycles: Extension (1.8–1.4 Ga), compression (1.4–1.0 Ga), sea-level fluctuations, migration of depocenters, and major provenance areas 
(paleo-uplifts, ancient metamorphic rocks, and overlying Paleoproterozoic strata). (Modified after Li, Wei, et al. 2020; Meng et al. 2011; Liu, Zhang, 
et al. 2020; Huang, Yuan, et al. 2019).
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detrital zircon U–Pb geochronology (n = 2442), stratigraphic 
analysis, and paleogeographic reconstructions to elucidate tec-
tonic and sedimentary responses to supercontinent cycles. The 
detrital zircon record reveals four dominant age peaks (2.75, 2.5, 
1.85, and 1.6 Ga), with pre-1.8 Ga populations sourced from re-
worked Archean to Paleoproterozoic basement, while younger 
zircons (1.8–1.4 Ga) reflect syn-rift Mesoproterozoic magma-
tism. Provenance contrasts between distal and proximal settings 
demonstrate that maximum depositional ages (MDAs) are best 
constrained by the MLA ages in distal deposits but require the YSP 
ages in proximal volcaniclastic units, where rapid sedimentation 
and localized magmatism distort statistical population inter-
pretations. Four distinct paleogeographic stages—initial rifting 
(1.8–1.6 Ga), passive margin development (1.6–1.4 Ga), intracon-
tinental subsidence (1.4–1.2 Ga), and Tonian uplift (1.0–0.9 Ga)—
highlight the rift's dynamic evolution from Columbia breakup 
to Rodinia assembly. The absence of 1.3–0.9 Ga zircons, ubiq-
uitous in adjacent NCC rift systems, underscores the Yan-Liao 
basin's isolation by sustained peripheral uplifts during Rodinia 
amalgamation, which restricted sediment influx and preserved 
a fragmented stratigraphic record. These findings position the 
Yan-Liao rift as a critical archive of NCC's dual supercontinent 
interactions: Columbia's fragmentation drove early extensional 
magmatism and rift-basin formation, while Rodinia's assembly 
induced compressional uplift and provenance reorganization, 
erasing Grenvillian-age sedimentary records.
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