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Abstract
Although volcanism is an important process in the evolution of rift basins, cur-
rent tectono- sedimentary models largely neglect its impact on sediment supply, 
transport pathways, and depositional systems. In this paper, we integrate core, 
well logs, and 3D seismic data from the Palaeogene- Neogene Shaleitian (SLT) 
uplift and surrounding sub- basins, Bohai Bay Basin, China, to investigate the 
sedimentology and geomorphology of a volcanic rift basin. Results of this study 
show that the spatial distribution of extrusive centres was strongly controlled by 
basement- involved intra- basin normal faults. During the early part of the syn- 
rift stage, the SLT uplift supplied sediments to transverse fan deltas and braided- 
river deltas that fringed the adjacent syn- rift depocentres. Volcanic deposits 
mainly occurred as relatively thin lava flow and pyroclastic facies that partially 
filled fault- controlled topographic lows, reducing topographic rugosity, and en-
hanced breaching of basement highs between syn- rift depocentres. Integration 
of drainage to the syn- rift depocentres and development of through- flowing axial 
depositional systems was enhanced. During the later part of syn- rift and in early 
post- rift stages, the SLT uplift was progressively inundated, reducing sediment 
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1  |  INTRODUCTION

Most tectono- sedimentary models for rift basins focus on 
the interplay of tectonics, sea- level and climate controls on 
syn- rift sedimentation and stratigraphy (e.g. Gawthorpe 
& Leeder, 2000; Leeder & Gawthorpe, 1987; Leeder et al., 
1996; Ravnas & Steel, 1998). These studies largely con-
cern non- volcanic rifts, yet igneous activity, including 
lava eruption and intrusive magmatism, is known to be 
an important aspect in the evolution of many rift basins 
(e.g. Ebinger & Scholz, 2012; Magee et al., 2014; Menzies 
et al., 2002; White & McKenzie, 1989). Previous studies on 
volcanic influence in rifts have examined tectonic controls 
on volcanism (e.g. Acocella, 2014; Ferguson et al., 2010; 
Wolfenden et al., 2005), the volcanic- stratigraphic records 
(e.g. D’Elia & Martí, 2013; Hutchison et al., 2016), and the 
interplay between volcanism and sedimentary systems 
(Ebinghaus et al., 2020; Famelli et al., 2021; Hardman 
et al., 2019; Hole et al., 2013; Williamson & Bell, 2012). 
Even though the sedimentation in rifts associated with 
large igneous provinces has been extensively studied (i.e. 
the North Atlantic; Duncan et al., 2020; Ebinghaus et al., 
2014; Hardman et al., 2019; Jolley et al., 2009; Millett et al., 
2021; Schofield & Jolley, 2013), due to the complexity of 
volcanism and magmatism in basin evolution, under-
standing the spatial and temporal interactions between 
normal faulting, volcanism, and clastic depositional sys-
tems in volcanic rift basins remains challenging.

Volcanism and dynamic topography associated mantle 
plumes have been proven to significantly influence the 
landscape and its drainage networks (e.g. D’Elia et al., 
2018; Hartley et al., 2011; Magee et al., 2013; Miles & 
Cartwright, 2010; Muravchik et al., 2011). Sediment yields 
in volcanic- active areas are several orders of magnitude 

higher than non- volcanic areas, approaching 107 Mg/km2/
yr (Abdelmalak et al., 2019; Hayes et al., 2002; Millett et al., 
2020; Planke et al., 2000). Large- volume volcanic eruptions 
can cause major reorganisation of drainage patterns by cre-
ating or destroying lake bodies, shifting watersheds, and 
diverting major rivers (e.g. Ebinghaus et al., 2014, 2020; 
Hardman et al., 2019; Manville et al., 2007). Furthermore, 
emplacement of subterranean intrusive bodies can cause 
major changes in surface topography (e.g. Hartley et al., 
2011; Magee et al., 2013, 2014, 2017; Miles & Cartwright, 
2010; Reynolds et al., 2018). Fieldwork allows for detailed 
examination of volcanic products and observations on 
the local spatial and stratigraphic relationships associ-
ated with rift structure and sediments. However, limited 
or widely separated exposures often result in a relatively 

supply to the fringing transverse depositional systems. In contrast, axial braided- 
river deltas became the main depositional systems, sourced by large hinterland 
drainage from the Yanshan fold- belt to the northwest. Volcanism in the late syn- 
rift and early post- rift occurs as thick lava flow and pyroclastic facies that infill rift 
topographic lows and locally blocked axial fluvial systems creating isolated lakes. 
Within hanging wall depocentres, volcanic topographic highs split and diverted 
axial fluvial and deltaic systems. Furthermore, volcanism supplied large volumes 
of volcanic sediment to the rift resulting in increased sedimentation rates, and 
the development of unstable subaerial and subaqueous slopes and deposits, in-
creasing the occurrence of landslides. Based on the observations of this study we 
update tectono- sedimentary models for rift basins to include volcanism.

K E Y W O R D S

Bohai Bay Basin, depositional systems, landscape, rift basin, sediment supply, volcanism

Highlights
• Well and seismic data from the Bohai Bay 

Basin, China provide insight into tectono- 
sedimentology in volcanic rifts.

• Distribution of surficial and sub- surface vol-
canic elements with respect to rift structure.

• Volcanism significantly modifies local rift to-
pography and has a range of interactions with 
sediment routings.

• Volcanism supply large volumes of volcanic de-
tritus, affecting the scale and stability of deposi-
tional systems.

• Updated tectono- sedimentary models for rifts 
that include interactions of volcanism and dep-
ositional systems.
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limited or complex view of the volcanic records (e.g. Martí 
et al., 2018; Muravchik et al., 2011; Zanchetta et al., 2004). 
High- resolution seismic reflection data- based analyses, 
calibrated by well logs and core, can provide full 3D views 
of volcanic bodies and allow the relationships between 
volcanic elements and the surrounding stratigraphy and 
structure to be investigated (e.g. Magee et al., 2013, 2016; 
Magee et al., 2014a; Planke et al., 2017; Walker et al., 2021).

This study uses seismic geomorphological analysis, inte-
grated with borehole data, to investigate the relationships be-
tween volcanism and clastic depositional systems during the 
Palaeogene rift stage in the Shaleitian sub- basin of the Bohai 
Bay Basin, China (Figure 1). The specific objectives of this 
basin- scale study are to (1) identify the various depositional 
systems and volcanic elements in the rift; (2) explore the 
role of rift volcanism on rift landscape evolution and deltaic- 
lacustrine depositional systems; and (3) establish a tectono- 
sedimentary model for volcanic rift basins focusing on the 
interactions of volcanism and deltaic- lacustrine systems. The 
results of the study develop our understanding of the influ-
ence of volcanism on the development and distribution of 
clastic depositional systems in rift basins and enlighten hydro-
carbon explorations on volcanic- rifted margins worldwide.

2  |  GEOLOGICAL SETTING AND 
STRATIGRAPHY

The Shaleitian (SLT) sub- basin is an NW- SE- trending 
Palaeogene rift basin in the Bohai Bay Basin, northeast 

China that is approximately 150 km long and 100 km wide 
(Allen et al., 1997; Hou et al., 2001; Lu & Dai, 1989; Figure 
1). Extension of the region began in the Early Palaeogene 
and continued to the Early Neogene, with the syn- rift stage 
occurring in the Palaeogene, represented by the Shahejie 
and Dongying formations (Zhang, 2000; Zhu et al., 2015; 
Figures 2 and 3).

The SLT uplift is a major intra- basin horst, ca. 60 km 
long and 40 km wide, and is subdivided into the west- SLT 
(WSLT) and east- SLT (ESLT) by the N- S- striking 1- fault 
(Liu et al., 2017; Shi et al., 2013; Zhu et al., 2015; Figure 1). 
This study focuses on two sub- basins around the western 
side of the SLT uplift; the NNW- SSE- striking Qikou sub- 
basin to the west, and the E- W- striking Nanpu sub- basin to 
the north (Figure 1). The Xinanzhuang and Baigezhuang 
uplifts lie to the north of the Nanpu sub- basin and are 
separated from it by major south- dipping normal faults 
(Figure 1). To the south of the Qikou sub- basin is the fault- 
bounded Chengzikou uplift (Figure 1).

Previous work has subdivided the basin fill into four 
stages: (i) early syn- rift (older than 42.0 Ma), (ii) main 
syn- rift (42.0 Ma– 32.8 Ma), (iii) late syn- rift (32.8 Ma– 
24.6 Ma), and (iv) post- rift (younger than 24.6 Ma) (Hou 
et al., 2001; Zhu et al., 2015; Figure 3). The early syn- 
rift stage is only locally developed in the Nanpu and 
Bozhong sub- basins (Hou et al., 2001; Zhu et al., 2015; 
Figure 3). The main syn- rift and late syn- rift stages are 
characterised as a series of fault- controlled lake de-
pocentres rimmed by deltaic shorelines, with a tran-
sition to meandering fluvial systems in the post- rift 

F I G U R E  1  The Paleogene structural elements of the Shaleitian (SLT) Uplift and surrounding sub- basins, Bohai- Bay Basin. The base- 
map is an oblique view to the north of the T8 time- structure map, flattened on the T0 post- rift horizon, showing the local structural elements 
of the SLT Uplift and surrounding sub- basins (Modified after Liu, 2016). The inserted map shows the tectonic elements of the Bohai 
Bay Basin. The dotted red line marks this study area. SLT uplift, Shaleitian uplift; WSLT uplift, West Shaleitian uplift; ESLT uplift, East 
Shaleitian uplift 
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F I G U R E  2  Seismic cross- sections and corresponding schematic interpretations along the rift axis and rift transverse direction of the 
study area. Note a few volcanic systems were identified in the main syn- rift stage and the late syn- rift stage, as the seismic resolution limits 
such interpretation (Schofield et al., 2017). Arrows are used to indicate truncations and onlaps. Drill cuttings and logs are used to calibrate 
the lithology on seismic sections. The location of these seismic sections is shown in Figure 1. PR, post- rift; LSR- 1, late syn- rift stage 1; LSR- 2, 
late syn- rift stage 2; MSR, main syn- rift 
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stage (Hou et al., 2001; Liu et al., 2017; Zhu et al., 2015; 
Figure 3). During the main syn- rift stage, the SLT up-
lift, Chengzikou uplift and Xingang uplift were eroding 
fault- bounded highs that supplied sediment to adjacent 
rift basins denuded from Proterozoic and Archaean 
metamorphic rocks, Palaeozoic carbonates, and minor 
Mesozoic volcanics (e.g. Liu et al., 2017; Xu et al., 2008; 
Zhang, 2000; Figure 1). During the late syn- rift stage 
(late Oligocene), these highs were gradually submerged 
and buried by lacustrine sediments, and sediment to the 
basin was mainly sourced from outside the basin by the 
Yanshan fold- belt to the northwest of the study area (Liu 
et al., 2017; Xu et al., 2008; Zhang, 2000; Figure 1).

Volcanism in the Bohai Bay Basin produced thick succes-
sions of basalt, andesite, and trachyte interpreted to be in-
trusive sills and dykes and extrusive lava flows and tuffs (Liu 
et al., 2017; Zou et al., 2008). The interaction between volca-
nism and clastic depositional systems results in widespread 

deposition of volcanoclastic lithologies (Du et al., 2014; Xu 
et al., 2008; Figure 2). Within the study area, multiple phases 
of volcanic eruptions have been documented through zircon 
dating of subsurface igneous rock samples, indicating three 
main phases of volcanism developed during the rift evo-
lution: (i) Late Eocene, (ii) Late Oligocene, and (iii) Early 
Miocene (Du et al., 2014; Xu et al., 2008; Figure 3).

3  |  DATASETS AND METHODS

The dataset for this study consists of five partly over-
lapping 3D seismic surveys that together cover an area 
of about 3500  km2 (Figure 4 and Table 1). The seismic 
data are presented in reverse polarity (SEG Convention), 
where a stratigraphic downward increase in acoustic im-
pedance is represented by a trough (red reflection). The 
vertical sampling interval is 2 ms in two- way travel time 

F I G U R E  3  A generalized 
stratigraphic column of the SLT Uplift 
and surrounding sub- basins in the Bohai- 
Bay Basin (Modified after Liu, 2016). The 
depositional environments interpreted 
seismic horizons, and rift stages are 
shown along with the geological ages of 
volcanic eruptions based on zircon dating 
from Du et al. (2014). W21 well is tied 
on the seismic section for well- seismic 
ties. Note that the volcanic elements and 
depositional systems in the sedimentary 
sequence column are not to scale 
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(TWT) with a record length of 6000 ms TWT (Figure 4 and 
Table1). Within the stratigraphic interval of interest, the 
dominant frequency is ca. 25 Hz and the average interval 
velocity of clastic strata is ca. 2000 m/s, giving a vertical 
resolution of ca. 20 m. As the velocity of volcanic intru-
sive and extrusive rocks differs significantly (e.g. Planke, 
1994; Planke et al., 2005), the thickness of igneous rocks is 
mainly calculated from drill cuttings.

Twenty- nine exploration wells across the study area are 
used, each containing a suite of well logs, stratigraphic picks, 
and drill cuttings (Figure 4). Most of the wells penetrate the 
Neogene- age Guantao Formation and the Palaeogene- age 
Dongying Formation but terminate in the Palaeogene- age 
Shahejie Formation (Figure 3). Cored intervals are mostly 
in sandstone- rich sections. Core is used together with drill 
cuttings to identify lithology and to calibrate well logs, as 
well as support interpretation of seismic facies, and seismic 
geomorphology. Drill cuttings are used to identify igneous 
rocks and to calculate their thickness in different rift stages. 
The thickness of igneous and clastic rocks described in this 
paper all refers to the thickness as shown on drill cuttings. 
Thin sections of 72 sandstone samples are point counted 
(300 points/thin- section) and the results are used in the 
analysis of petrographic and sediment provenance.

Synthetic seismograms generated from sonic logs and 
density logs assist with tying stratigraphic horizons in key 
wells (W21, W7, W14, and W18) to seismic data (Figure 3). 
Six seismic horizons (T0, Tv, T2, T3m, T3, and T8) are mapped 

based on changes in seismic facies and reflector termination, 
or by their stratigraphic occurrence as indicated by strata 
documented in well data (Figure 3 and Table 2). Horizons are 
mapped at a general line spacing of 125 m, but mapped line 
spacing is closer in structurally and stratigraphically complex 
areas. Faults are interpreted in seismic sections with care 
taken to ‘snap’ fault- horizon cut- offs. Time- thickness maps 
between mapped seismic horizons are used as a proxy for 
subsidence to analyse the spatial and temporal variations in 
fault activity. The onlap terminations of the T2, T3m, T3, and 
T8 horizons along the SLT uplift are broadly used to define 
the margins of the erosional area of the uplift.

Seismic- based sedimentological and geomorphological 
analysis of the clastic depositional systems and volcanic 
elements is based on the interpretation of a combination 
of Root Mean Square (RMS) amplitude and variance attri-
bute maps, calibrated by seismic facies analysis in seismic 
cross sections. Drill cuttings are used to calibrate RMS at-
tribute maps and to document the presence or absence of 
volcanic rocks in the study area.

4  |  STRUCTURAL FRAMEWORK 
OF THE NORTHWEST SLT UPLIFT 
AND SURROUNDING SUB - BASINS

The structural framework of the SLT uplift and sur-
rounding sub- basins is best illustrated with the 

F I G U R E  4  Map showing the location 
of 3D seismic surveys and exploration 
wells. The site of this map is displayed 
in Figure 1. The pink line indicates 
the position of a well- correlation panel 
illustrated in Figure 6. The red lines 
indicate the position of seismic sections 
in Figure 7. The blue lines indicate the 
position of a well- correlation panel 
illustrated in Figure 10. Note the seismic 
section in Figure 7b corresponds to 
the well- correlation panel in Figure 
10b 
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time- structure map of the basal surface of the Shahejie 
Formation (T8  horizon). This surface, the base of the 
syn- rift, records the syn- rift deformation and shows the 
configurations of the main tectonic elements (Figure 1). 
In general, the SLT uplift is broadly E- W- striking, with 
a length of 80 km and a width of about 25 km (Figures 1 
and 2). The geometry of the SLT uplift and adjacent half 
grabens is defined by the NW- SE- striking SW- Fault, and 
an array of NE- SW- striking faults which include a basin 
bounding fault, the XG- Fault, and a series of intra- rift 
faults; 1- Fault, 2- Fault, 3- Fault, and NW- Fault (Figures 
1 and 2). The SLT uplift is subdivided by the 1- Fault into 
the ESLT uplift and WSLT uplift, and the study area 
mainly focuses on the WSLT uplift and two adjacent 
half- graben sub- basins; the Nanpu sub- basin and the 
Qikou sub- basin (Figures 1 and 2).

The Qikou sub- basin is ca. 40 km long and ca. 20 km 
wide (Figure 1). The deepest part of the Qikou sub- basin 
is in the immediate hanging wall of the CZK- Fault which 
has an average displacement of ca. 2400  ms TWT (ca. 
2400 m) (Figures 1 and 2). The northeast boundary of the 
Qikou sub- basin is the 20  km long SW- Fault which has 
an average displacement of ca. 2000 ms TWT (ca. 2000 m) 
(Figures 1 and 2). The north western boundary of the 
Qikou sub- basin is the XG- Fault which has an average 
displacement of ca. 1200 ms TWT (ca. 1200 m) (Figures 
1 and 2). To the north of the SLT uplift, the Nanpu sub- 
basin is ca. 60 km long and ca. 35 km wide (Figure 1). The 
north boundary of the Nanpu sub- basin is the ca. 50 km 
long XNZ- Fault which has an average displacement of ca. 
3000 ms TWT (ca. 3000 m), with the deepest part of the 
Nanpu sub- basin developed in its hanging wall (Figures 
1 and 2).

The NE- SW- striking intra- basin faults that dissect 
the WSLT uplift range in length from ca. 12  km to ca. 
45  km and have average displacements of ca. 300  ms 
TWT (ca. 300 m) (Figure 1). They create a series of ca. 
10 km wide and ca. 20 km long, NE- SW- striking tilted 

fault terraces that downstep the WSLT uplift to the NW 
(Figures 1 and 2).

5  |  SEDIMENTOLOGICAL AND 
GEOMORPHOLOGICAL ANALYSIS 
OF DEPOSITIONAL SYSTEMS AND 
VOLCANIC ELEMENTS

5.1 | Petrographic analysis

Petrographic analysis indicates that rift interval sand-
stones are lithic arkoses and feldspathic litharenites with 
an average composition of 50.2% quartz grains, 28.6% feld-
spars, and 17.3% rock fragments (Figure 5a). Igneous rock 
fragments comprise an average of 68% of all rock frag-
ments (Figures 5a and 6). Provenance analysis suggests 
the sediments were derived from recycled orogenic and 
dissected arc, magmatic arcs, and continental rift margin 
(e.g. Dickinson et al., 1983; Figure 5a,b).

The amount of igneous rock debris varies between 
the different rift stages (Figure 6), being slightly higher 
in the main syn- rift, late syn- rift stage 2, and post- rift 
stages compared to the late syn- rift stage 1. For exam-
ple, the amount of igneous rock fragments in the late 
syn- rift stage 1 averages ca. 46% in well W19 and ca. 51% 
in well W20 compared to >60% in the other rift stages 
(Figure 6).

5.2 | Sedimentological and geomorphic 
analysis of clastic depositional systems

Based on wireline, seismic, drill cuttings, and core data-
sets analyses, three primary depositional systems were 
identified: fan deltas, braided- river deltas, and sub- 
lacustrine systems, and are described in the following 
section.

Survey Polarity
Area 
(km2) Line orientation

Line 
spacing (m)

3D survey I Reverse c. 1300 Inline = W- E 25

Crossline = S- N 12.5

3D survey II Reverse c. 1000 Inline = W- E 25

Crossline = S- N 12.5

3D survey III Reverse c. 200 Crossline = W- E 25

Crossline = S- N 25

3D survey IV Reverse c. 800 Inline = W- E 25

Crossline = S- N 25

3D survey V Reverse c. 200 Inline = W- E 25

Crossline = S- N 25

T A B L E  1  Summary of seismic surveys 
utilised in this study
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5.2.1 | Fan deltas

Description
This depositional system is composed of large sets of 
medium- low amplitude clinoforms forming wedge- 
shaped bodies commonly located in the immediate hang-
ing wall of basin boundary faults (Figure 7 and Table 3a). 
Individual clinoform foresets are up to ca. 250  ms TWT 
(ca. 250  m) in height with an overall oblique prograda-
tional pattern and radii that range between ca. 0.5– 4 km 
(Figure 7 and Table 3a). Gamma- ray logs show segregated 
box- shaped, and bell- shaped motifs, with a calculated sand 
content >50%. Core through these intervals is dominated 
by sandstones and matrix- supported conglomerates that 
are composed of sub- angular to sub- rounded red granite 
and mud clasts (Table 3a). Some cored intervals are pre-
sent as interbedded sandstones and mudstones (Table 3a).

Interpretation
The internal clinoform reflector geometry, coarse sandstone 
with conglomerate lithology, and location in the immedi-
ate hanging wall of normal faults suggest that these wedge- 
shaped bodies are fan deltas (e.g. Leeder, 2009). The locations 
of these fan deltas are controlled by boundary faults and they 
are widely developed within the main syn- rift stage and the 
lowermost portions of the late syn- rift stage (Figure 7 and 
Table 3a). The slope of the clinoform foresets ranges between 
ca. 15° and 25°, typical of fault- bounded Gilbert- type deltas 
(e.g. Corinth rift, Greece; Gawthorpe et al., 2018; Hemelsdaël 
et al., 2017). Based on the foreset height, water depths in the 
rift margin were at least ca. 250 m. Bell- shaped well- log mo-
tifs in the upper portions of these clinoform intervals are in-
terpreted to indicate the presence of subaqueous distributary 
channel complexes (Table 3a). The distal parts of wedge- 
shaped bodies, which are calibrated by well penetrations as 
sandstones interbedded with mudstones are interpreted to 
have been deposited by turbidite and debris flows and are 
interpreted as fan delta- front deposits (Table 3a).

5.2.2 | Braided- river deltas

Description
This depositional system is represented on seismic data by 
medium- low amplitude, low- angle oblique clinoforms and 
shingled clinoforms, along titled hanging wall dipslopes 
(Figure 7 and Table 3b). The clinoforms are top- truncated, 
primarily composed of gently dipping foresets (ca. 4°), with 
individual clinoform foreset units, typically ca. 150 ms TWT 
(ca. 150 m) thick, and with a radius of ca. 1.5 km (Table 
3b). These clinoform units prograde within the late syn- rift 
stage and widely developed on the fault- terraced WSLT 
uplift (Table 3b). Gamma- ray logs show vertically stacked, T
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funnel-  and box- shaped motifs ranging from ca. 8 m to ca. 
25 m in thicknesss, and core from these intervals are com-
posed of pebbly sandstones (ca. 10%– 15% in total thickness) 
and grey- coloured medium-  to fine- grained sandstones 
with an abundance of grading and cross- bedding (Table 
3b). Scour surfaces widely occur at the base of graded beds 
(Table 3b). Core from the “toe” regions of these clinoforms 
comprise interbedded siltstones and mudstones (Table 3b).

Interpretation
The oblique clinoform and shingled clinoform reflector 
geometries indicate progradation into relatively shallow 
water depth (ca. <150  m). The funnel-  and box- shaped 
well- log motifs, and widely developed scour surfaces, 
cross-  and graded- bedding indicate the development of 

multi- phase distributary channels (e.g. Li et al., 2010; 
Table 3b), suggesting that they represent braided- river 
deltas (e.g. Blair & McPherson, 1994; Lunt et al., 2004). 
The bottomsets of the clinoform, which in core are in-
terbedded siltstones and mudstones, are interpreted as 
braided- river delta- front deposits (Table 3b).

5.2.3 | Sub- lacustrine

Description
This depositional system is composed of medium-  to high 
amplitude, parallel or weakly divergent seismic reflec-
tions, located basinward of clinoform bottomsets (Figure 7 
and Table 3c). Spontaneous- potential well logs show a flat 

F I G U R E  5  (a and b) The sediment 
provenance discriminating fields. Most of 
the sediments in this study area originated 
from recycled orogenic, magmatic arcs 
and continental rift margins. The template 
of the QFL plot is cited by Dickinson et al. 
(1983) 

F I G U R E  6  Well- correlation panel showing the content of different rock debris. The 0.63/2 means the average content of igneous 
rock fragments and sampled number. Note the content of igneous rock fragments increased during volcanism than inter- eruption stages. 
Abbreviations for the grain size scale: C, clay; Si, siltstone; S, sandstone 
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motif and gamma- ray logs show relatively high gamma- 
ray values (average 95 API) and serrated motifs (Table 
3c). Core intervals comprise black, thick- bedded to mas-
sive mudstones, ranging from ca. 1 to ca. 8 m, and lami-
nated mudstones (ca. 2 m), interbedded with thin- bedded 
siltstones and sandstones, ranging from ca. 0.1 to ca. 1 m 
(Table 3c). Bioturbation is rare and where present occurs 
as horizontal burrows within thick- bedded mudstones 
(Table 3c). In addition, some low amplitude and low con-
tinuity reflection intervals, averaging ca. 100 ms TWT (ca. 
100 m) thicknesses are composed of ca. 2 to ca. 5 m thick 
box-  and funnel- shaped gamma- ray log responses within 
a background of high gamma mudstone (Table 3d). Cored 
intervals comprise matrix- supported mudclasts over-
lain by centimetre- scale graded fine sandstone showing 
Bouma Ta and Td divisions (Table 3d). This depositional 
system is widespread in the main syn- rift stage and late 
syn- rift stage 1 and gradually narrows in its distribution in 
the late syn- rift stage 2 and post- rift stage (Table 3d).

Interpretation
The nature of seismic reflectors in this stage and their loca-
tion, basinward of deltaic clinoform bottomsets, indicate a rel-
atively stable subaqueous environment in water depths > ca. 
100 m. The high gamma- ray log response, thick- bedded to 
massive mudstones interbedded with siltstones suggests a 
low energy sub- lacustrine, basinal environment (Table 3c). 
The matrix- supported mudclast conglomerates and Bouma 
division sandstones are interpreted as debris flow and turbid-
ite deposits, that along with their low amplitude and low con-
tinuity seismic facies, suggest the development of delta- front 
slumps or turbidite fans (e.g. Liu et al., 2017; Table 3d).

5.3 | Description and spatial analysis of 
volcanic elements

Both surficial and subsurface volcanic elements occur in 
the basin. Surficial elements include crater, lava flow, and 

F I G U R E  7  Uninterpreted and 
interpreted arbitrary seismic lines across 
the study area showing extrusive lava 
flows, volcanic conduit, and associated 
sills interplayed with clastic depositional 
systems. Keys for drill cuttings and 
horizons can find in Figure 2 and line 
locations are shown in Figure 4 
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T A B L E  3  Logging- core- seismic facies table of clastic depositional systems in the Shaleitian sub- basin (modified after Liu, 2016)

Note: The W19 (MSR) means the well name and the depth interval locates in main syn- rift stage. Drill cuttings in some wells recorded with colour but some 
wells only recorded lithology, but we prefer to keep this colour information.
Abbreviations: GR, natural gamma- ray log; IL, investigate induction log; LSR- 1, late syn- rift stage 1; LSR- 2, late syn- rift stage 2; MSR, main syn- rift; RILD, deep 
induction logging resistivity; RILM, medium induction logging resistivity; RS, shallow investigate double lateral resistivity log; RT, true formation resistivity; 
SP, spontaneous potential log.
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pyroclastic facies, and subsurface elements include sill fa-
cies and conduit facies.

5.3.1 | Surficial elements

Crater facies
Description. This volcanic element appears as medium- 
to- high amplitude chaotic reflections in funnel-  and bowl- 
shaped geometries that are ca. 2000 m in diameter and ca. 
200 ms TWT (ca. 200 m) deep (Figures 7 and 8, and Table 
4a). Drill cuttings comprise brown basaltic breccias (Figure 
8 and Table 4a). Mound- shaped reflections surround these 
funnel- shaped areas, and drill cuttings from the mounded 
bodies are comprised of interbedded, medium-  to thick- 
layered basalts (up to ca. 20  m thick), thin- layered tuffs 
(up to ca. 5 m thick), and rare thin- bedded volcaniclastic 
mudstones (ca. 5 m thick) (Figures 7 and 8, and Table 4b). 
On RMS amplitude maps, the funnel- shaped features are 
high- amplitude ovoid to circular geometries that are a few 
kilometres in diameter (Table 4a).

Interpretation. The funnel-  and bowl- shaped geometry, 
brown colour basaltic breccia, and basalt lithology, 
together with the adjacent mounded reflections suggest 
this volcanic element represents strombolian explosive 
volcanic processes forming a crater (e.g. Kirkham et al., 
2018). Volcanic explosion could result in collapse of the 
volcanic vent and development of craters, which are 
subsequently filled with basaltic breccias, giving rise to the 
funnel-  and bowl- shaped seismic responses (e.g. Reynolds 
et al., 2018; Thomson, 2005; Table 4a). The funnel-  and 
bowl- shape features could also be entirely constructional 
craters (e.g. Ebinghaus et al., 2014; Walker et al., 2021). 
These volcanic rocks show a high acoustic impedance 
contrast with the surrounding sedimentary rocks, resulting 
in the ovoid to circular RMS amplitude map geometries 
(Table 4a). The volcanic craters occur centrally in mounded 
bodies which consists of interbedded thick- layered basalts, 
thin- layered tuffs and mudstones, all of which gradually 
thinning outward from the crater centres (Table 4b).

Lava- flow facies
Description. This volcanic element is composed of low- 
frequency, high- amplitude chaotic wedge-  or mound- 
shaped bodies, with a thickness of up to ca. 180 m and lateral 
extents of several kilometres (Figures 7 and 8, and Table 
4b). They occur adjacent to, and thin rapidly away from the 
crater facies and, with distance away from the craters this 
volcanic element changes to more parallel to subparallel 
with surrounding reflections (Figures 7 and 8, and Table 
4b). On RMS amplitude maps, this volcanic element 
shows medium- amplitude lobe- shaped morphologies that 

may become elongated away from craters (Table 4b). Drill 
cuttings are composed of interbedded basalt, tuff, and 
thick- bedded sandstones (Figures 7 and 8, and Table 4b). 
The gamma- ray logs of basaltic layers show box motifs, 
with values slightly higher (average 65 API) at the top 
and basal parts than the middle part (average 47 API), 
and resistivity logs show segmented- box shapes with high 
resistivity values (Table 4b).

Interpretation. The proximal wedge and mound 
geometries with distal lobes and sheets, interbedded basalt 
and tuff lithology, and elongation away from craters suggest 
that these volcanic elements are lava flows (e.g. Muravchik 
et al., 2011; Reynolds et al., 2018). During volcanic 
eruptions, lava flows away from craters, decreasing in 
thickness with distance from the eruption point, resulting 
in a wedge- shape or mound- shape geometry ringing 
craters (e.g. Manville et al., 2007). Simple lava flows are 
represented by high- amplitude sheet- like tabular seismic 
reflections, whereas compound lava flows build stacked, 
lobate- shaped seismic reflections that are interbedded with 
tuffs (e.g. Hardman et al., 2019; Jerram et al., 2009; Planke et 
al., 2017). The variation of gamma- ray values between top/
basal and middle parts of basaltic layers probably reflects 
the incorporation of clastic deposits between successive 
eruptions, or indicates the alteration of the flow tops by 
weathering or interaction with subsequent eruptions (e.g. 
Millett et al., 2016; Planke, 1994; Table 4b).

Pyroclastic facies
Description. This volcanic element is composed of 
medium-  to low- amplitude chaotic seismic reflections 
with low continuity, that mostly are stratal bounded (i.e. 
they conform with the overlying and underlying strata). 
Intervals of this volcanic element thin away from craters 
and typically extend over kilometres to tens of kilometres 
(Figures 7 and 8, and Table 4c). On RMS attribute maps, 
this volcanic element shows a lower amplitude and a 
more irregular morphology than surrounding lava- flow 
facies and occurs surrounding the distal parts of the lava- 
flow facies. Well logs display low gamma, serrated log 
motifs and high resistivity (Table 4c). In wells proximal 
to craters, drill cuttings and well logs show thick layers 
of tuff, with individual bed thickness ranging from ca. 
3 to ca. 5  m, occasionally interbedded with thin- bedded 
brown- coloured volcanic breccia (ca. 5  m thick) (Table 
4c). Distal to craters, well penetrations show thin- bedded 
tuffaceous mudstone and sandstone (ca. 0.5– 2  m thick), 
interbedded with thick- layered mudstone and sandstone 
(ca. 5– 10 m thick) (Table 4c).

Interpretation. The low continuity seismic reflections 
and interbedded breccia and tuff lithology suggest deposits 
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resulting from explosive or passive hydro- volcanic events 
(e.g. Kirkham et al., 2018). The wide distribution suggests 
atmospheric dispersion, and the interstratification with 
distal lava- flow facies suggests that lava flows overlap 

pyroclastic facies, and are subsequently buried by post- 
flow emplacement pyroclastic facies (e.g. Hall et al., 2013; 
Sulpizio et al., 2007; Table 4c). The rapid fall of erupted 
volcanic breccia and tuff results in a highly heterogeneous 

T A B L E  4  Logging-  seismic facies- attribute features table of volcanic elements in the Shaleitian sub- basin

Note: Well loggings calibrate the seismic sections, and the location of seismic sections shows in seismic slices. Dotted yellow line in seismic sections marks the 
depth of seismic slices, and green dotted arrow marks the onlaps. Keys for drill cuttings can find in Figure 2.
Abbreviations: G, natural gamma- ray log; S, spontaneous potential log.
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deposit that shows in seismic data as chaotic reflections 
with poor- continuity (e.g. Millett et al., 2021; Planke et al., 
2017; Table 4c). The stratigraphic occurrence of pyroclastic 
facies underlying lava- flow facies suggests they mark the 
initiation of a volcanic eruption and may potentially be 
altered by subsequent lava flows (Table 4c).

5.3.2 | Subsurface elements

Conduit system
Description. This volcanic element comprises steeply 
dipping to sub- vertical pipe- shaped zones of medium- 
to- high amplitude reflectivity that cross- cut surrounding 
strata and extend vertically over distances of ca. 1000 ms 
TWT (ca. 1000  m) (Figures 7 and 8, and Table 4a). The 
“pipes” connect to and occur below the crater facies 
(Figures 7 and 8, and Table 4a). Velocity pull- up in the 
seismic data is also associated with these “pipe” seismic 
elements (Figures 7 and 8). In plan- view, they typically have 
irregular sub- circular geometries, 1– 2 km in diameter, and 
with medium seismic reflectivity (Table 4a). Drill cuttings 
suggest lithologies comprising massive basalts.

Interpretation. The vertical connection of this volcanic 
element with interpreted craters and, its irregular circular 

geometries in plan- view and basalt lithology suggest that 
these pipe- like shapes are part of the sub- volcanic conduit 
system (e.g. Miles & Cartwright, 2010; Walker et al., 2021; 
Zou et al., 2008). The vertically oriented, pipe- like geometry 
could result from the migration of hydrothermal fluids or 
the migration of hydrothermal fluid- transported sediments 
(e.g. Grove, 2013; Reynolds et al., 2018; Svensen et al., 2006), 
or intrusive plugs/conduits (e.g. Jackson, 2012; Reynolds 
et al., 2018; Walker et al., 2021). However, the medium- to- 
high seismic reflectivity of these features is similar to that 
of the lava- flow facies and the velocity pull- up seen beneath 
these features indicates the pipes are seismically faster than 
the surrounding host rocks. These characteristics of these 
pipes, and their basalt lithology lead us to interpret these 
features as the intrusive conduits of the volcanic system 
(e.g. Reynolds et al., 2018; Figures 7 and 8, and Table 4a).

Sill facies
Description. This volcanic element typically consists 
of high continuity, high- amplitude seismic reflectors, 
showing a plate-  and saucer- shaped cross- section, either 
conforming or obliquely cross- cutting surrounding strata 
(Figures 7 and 8, and Table 4a). In plan- view, the plate-  and 
saucer- shapes have lengths ranging from ca. 2 km to 20 km 
(Figures 7 and 8, and Table 4a). Drill cuttings indicate 
the plate-  and saucer- shaped reflections represent basalt 

F I G U R E  8  The perspective view of volcanic elements in the late syn- rift and post- rift stage. The semi- transparent yellow- green surface 
is the Tv surface (top of lava- flow facies). The top- right insert shows the crater features. The bottom- right insert is an isochore map between 
T2 and Tv horizon, showing the distribution of lava- flow facies in the post- rift stage. Note the ‘L’ shaped black line marks the location of the 
perspective view of the seismic cube. Drill cuttings and well logs of W10 and W13 indicate the volcanic topographic highs mainly consist 
of interbedded thick- layers basalt and thin- layers tuff. Legends for drill cuttings are shown in Figure 2 
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ranging from ca. 20 m to 100 m thick, that is overlain and 
underlain by mudstones (Figures 7 and 8, and Table 4a).

Interpretation. The plate-  and saucer- shaped geometries, 
conformation with or cross- cutting of surrounding strata 
and basalt lithology suggest that these bodies are igneous 
sills. The high amplitude and high continuity of these 
features indicate a significant difference in lithology 
between these sills and their surrounding strata (e.g. 
Jackson et al., 2013; Magee et al., 2017; Planke et al., 
2005; Walker et al., 2021). These horizontally developed, 
thick basaltic sills mostly encased within thick layers of 
mudstone, suggest that these bodies prefer to intrude 
relatively weak strata (e.g. Magee et al., 2014b; Magee et al., 
2017; Muirhead et al., 2016; Figures 7 and 8, and Table 4a).

6  |  RELATIONSHIP OF VOLCANIC 
ELEMENTS TO DEPOSITIONAL 
SYSTEMS AND BASIN STRUCTURE

6.1 | Distribution of volcanic elements in 
the SLT uplift and surrounding sub- basins

The overall distribution of the volcanic elements is 
best illustrated by the occurrence of the crater and 
conduit system both of which are clearly imaged as 

high- amplitude circular or sub- circular geometries on 
RMS attribute maps (Figure 9). They are well- developed 
on the northwestern WSLT uplift and have a close rela-
tionship to the main faults, such as the 2- Fault, 3- Fault, 
and NW- Fault (Figures 8– 10). During the main syn- 
rift stage, stratigraphic records show the development 
of interbedded thin- layers of basalt and tuff, with the 
crater and conduit system accompanied by lava- flow 
facies mainly distributed along the 2- Fault and 3- Fault 
(Figures 9 and 10). In the late syn- rift stage, crater facies, 
conduit system, and sill facies occur further northwest-
ward, developing along the 3- Fault and the NW- Fault. 
Lava- flow facies occur surrounding the crater and 
conduit system and fill the northern part of the Qikou 
sub- basin (Figures 9 and 10). Well penetrations of the 
late syn- rift stage 1 show it is dominantly composed of 
thick- layered sandstones and mudstones, while the late 
syn- rift stage 2 is dominated by thick layers of basalt in-
terbedded with thin- layers of tuff, indicating volcanism 
mainly occurred in the late syn- rift stage 2 (Figures 9 
and 10). However, the most significant volcanism oc-
curred in the post- rift stage, with the crater and conduit 
system developed along the 2- Fault, 3- Fault, NW- Fault, 
XG- Fault, and SW- Fault, and with thick accumulations 
of basaltic lava- flow facies widely developed on the 
northwestern WSLT uplift and in the northern part of 
the Qikou sub- basin (Figures 9 and 10).

F I G U R E  9  Distribution of volcanic 
craters and conduit systems, and fault 
systems in the Shaleitian sub- basin. The 
volcanic craters and conduit systems 
are drawn from 100 seismic slices (RMS 
attribute) that cover the main syn- rift, late 
syn- rift (stage 1 and stage 2), and post- rift 
with 25 seismic slices in each rift stage. 
The base map is the variance attribute 
slice near the T2 seismic horizon, which 
is used to feature the distribution of fault 
systems 
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6.2 | Interaction of volcanic 
elements and rift depositional systems

In this section, we describe the relationship between vol-
canic elements and rift depositional systems among the 
established stratigraphy for the basin. We focus on the 
main syn- rift stage (bounding by T8 and T3  horizons), 
late syn- rift stage 1 (bounding by T3 and T3m horizons), 
late syn- rift stage 2 (bounding by T3m and T2 horizons), 

and post- rift stage (bounding by T2 and T0  horizons) 
(Figure 3).

6.2.1 | Main syn- rift stage

Description
The time- thickness map of the main syn- rift stage has 
thicks developed in the Nanpu and Qikou sub- basin that 

F I G U R E  1 0  Multi- well panels showing the lateral interactions of volcanic rocks and clastic rocks in rift axis (a) and rift transverse (b) 
direction. Note the interactions of volcanism and depositional systems vary in different rift stages. The sections are flattened on the top of 
the post- rift stage (T0 horizon), and the locations of the sections are shown in Figure 4. Most of the wells did not penetrate the main syn- rift 
stage. FM, formation; G, natural gamma- ray log; S, spontaneous- potential log. Abbreviations for the grain size scale: C, clay; Si, siltstone; S, 
sandstone 
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range from ca. 700 ms to 2000 ms with areas ranging from 
ca. 60 km2 to 100 km2. Thin areas on the SLT uplift, XG 
uplift, and CZK uplift that range is <200 ms and similar 
thinning extend along specific boundary faults (Figure 
11a). Erosional areas on the SLT uplift show up as me-
dium amplitude, medium- high continuity RMS reflection 
areas, and occur where seismic units range from 0 ms to 
ca. 100 ms thick, with an area of about 900 km2 (Figures 
11a and 12a). The immediate hanging walls of faults are 
filled with medium amplitude wedge- shaped bodies of 

fan deltas comprising low amplitude, chaotic reflections 
on the RMS amplitude map (Figure 12a and Table 3a). 
Medium- low amplitude low- angle sigmoidal and shin-
gled clinoforms, ca. 200 ms to 500 ms thick, of braided- 
river deltas occur on RMS amplitude maps as regions of 
elongate, low- amplitude, low- continuity reflector regions 
along the hanging wall dip slope of the Nanpu sub- basin 
(Figures 11a and 12a, and Table 3a). Within the thick 
areas in the Nanpu and Qikou sub- basin, distal further 
to fan deltas, low amplitude, low continuity, irregular 

F I G U R E  1 1  Time- domain isopach maps of different rift stages in the SLT sub- basin. Each map is shown together with fault systems. 
Note the SLT uplift supplied sediments into surrounding sub- basins since the main syn- rift stage and gradually decreased since the post- rift 
stage 
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geometry bodies of gravity flow deposits occur on the 
RMS amplitude maps (Figures 11a and 12a). The excep-
tion being the low- medium amplitude, medium conti-
nuity potato- shaped geometries in the Qikou sub- basin 
(Figures 11a and 12a).

Drill cuttings suggest that this rift stage contains thin- 
layered basalt (mostly ca. <10 m) interbedded with sand-
stones (Figure 10). Thin- layered basalts occur on RMS 
amplitude maps as medium- high amplitude, medium- 
high continuity reflectors that are spatially restricted 

F I G U R E  1 2  Root mean square 
(RMS) amplitude of seismic stratal slices 
and geological interpretations in different 
rift stages, illustrating the relationship 
of volcanism to basin structure and 
depositional systems. (a) Main syn- rift, (b) 
late syn- rift stage 1, (c) late syn- rift stage 
2, (d) post- rift. White- colour numbers are 
the thickness of volcanic rocks from drill 
cuttings. The location of seismic slices 
could be found in Figure 2a 
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to the fault zones of the 2- Fault, 3- Fault, and NW- Fault 
(Figure 12a). Volcanic elements show significant thick-
ness variations, such as occurs in well W9, on a topo-
graphic high on the footwall of the 3- Fault which contains 
up to 121 m of basalt (Figures 10, 11a, and 12a). However, 
the limited number of wells penetrating this rift stage cre-
ates uncertainty in the assessment of their thicknesses 
and distribution.

Interpretation
The variety of isolated thicks and thins on the stage 
time- thickness map is interpreted to reflect differential 
fault- control subsidence and uplift and the geometry 
of depositional systems. The SLT uplift is the largest 
emergent intra- basin high, supplying sediments into 
surrounding sub- basins (Figure 11a). The XG and CZK 
uplifts developed as small emergent areas in the foot-
wall of the XG- Fault and the CZK- Fault, respectively 
(Figure 12a). Portions of the sediment derived from the 
SLT uplift were transported northward and deposited as 
braided- river deltas on the dip slope and the other part 
of SLT uplift sourced sediments were transported south-
westward and deposited as fan deltas in the immediate 
hanging wall of the SW- Fault (Figure 12a). Sediments 
from the smaller eroded uplifts are deposited in the im-
mediate hanging wall of faults as fan deltas, with sub- 
lacustrine turbidite fans developing basinward of these 
fan deltas in the deepest parts of the Qikou sub- basin 
(Figure 12a).

Volcanic elements in this rift stage are interpreted 
as lava- flow facies and pyroclastic facies based on their 
incisive tendencies and the character of their seismic 
reflections. The volcanic deposits generated positive to-
pographies that confine the dispersal of the northeast-
ward migrating braided- river deltas off the SLT uplift (cf. 
Ebinghaus et al., 2014; Hardman et al., 2019; Figure 12a). 
Thin- layer basaltic lava flows (ca. <8 m) also occur in the 
hanging wall of the NW- Fault (e.g. well W9, Figure 10b). 
These lava flows fill the accommodation space in the im-
mediate hanging wall of the NW- Fault and smooth out 
the rift- floor topography (cf. Ebinghaus et al., 2014, 2020; 
Figures 11a and 12a).

6.2.2 | Late syn- rift stage 1

Description
The time- thickness map of the late syn- rift stage 1 shows 
dramatically less variability in thicknesses than the main 
syn- rift stage, with thickness up to ca. 600  ms, mainly 
developing in the Nanpu and Qikou sub- basin (Figure 
11b). Exposed erosional areas of the SLT uplift (indi-
cated by the onlap limit of the T3 horizons) are smaller 

than those of the previous main syn- rift stage (Figures 2, 
11b, and 12b). The most widespread area of absent and 
thin strata (up to ca. 30 ms thick) occurs on the SLT up-
lift with an area of about 500 km2, and minor thins (ca. 
100 ms) also are developed on the XG and CZK uplifts 
with areas up to ca. 150 km2 (Figure 11b). In addition, 
local stratigraphic thins developed in the northeast of the 
Nanpu sub- basin and the footwall of the NW- Fault and 
2- Fault (Figure 11b).

Wedge- shaped bodies in the immediate hanging wall 
of faults (i.e. SW- Fault and CZK- Fault) show low ampli-
tude, medium- high continuity fan- shaped geometries on 
the RMS amplitude map (Figure 12b). Along the northern 
dip slope of the SLT uplift, medium amplitude, medium 
continuity, relatively straight channel- shaped geometries 
develop in a zone of ca. 30 km wide, fringing the SLT up-
lift, with low amplitude, low continuity elongate geom-
etries further basinward (Figure 12b). Similar elongate 
amplitude geometries are also developed to the northeast 
of the XG uplift and extend southward into the Nanpu 
sub- basin (Figure 12b).

Wells penetrating this stage show thick mudstone in-
tervals (up to ca. 150 m) in the mapped thicks of the Nanpu 
and Qikou sub- basins (Figure 12b). Drill cuttings suggest 
very few penetrations of igneous rock, except for 5 m of 
interbedded basalt and tuff in well W14 on the footwall 
of the 2- Fault that generates the medium- high amplitude 
and medium continuity anomalies on RMS amplitude 
maps (Figures 10 and 12b). The RMS amplitude map of 
this stage shows similar high amplitude, high continuity, 
ellipse- shaped and irregular- shaped geometries developed 
in the Nanpu sub- basin and on the northern dip slope of 
the SLT uplift (Figure 12b).

Interpretation
The time- thickness map of this stage indicates the SLT 
uplift was still a prominent structural high at this time 
and continued to supply sediments into the surrounding 
depocentres (Figure 12b). Wedge- shaped bodies in the 
immediate hanging walls of faults are interpreted as fan 
deltas, and clinoforms on the northern dip slope of the 
SLT uplift indicate the development of braided- river del-
tas in this region (Figure 12b). The thick mudstones de-
posited in sub- basins represent low energy sub- lacustrine 
environments (Xu et al., 2008; Zhu et al., 2015; Figure 
10b). Drill cuttings and seismic geomorphologies sug-
gest sparse development of surficial volcanic elements, 
however small- scale lava- flow facies found around well 
W14, prove the exception (Figures 10 and 12b). Seismic 
geomorphological features suggest an intrusive origin 
(conduit system and sill facies) for volcanic rocks in this 
rifted stage (cf. Planke et al., 2005; Walker et al., 2021; 
Figure 12b).
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6.2.3 | Late syn- rift stage 2

Description
The SLT uplift continued to be the main thin area of 
strata; about 40  ms in thickness, with minor thins <ca. 
100 ms, occurring on the XG and CZK uplifts (Figure 11c). 
Erosional areas (ca. 300 km2) on the SLT uplift correspond 
to areas of low amplitude, medium- high continuity reflec-
tion, and within this rift stage have become isolated; with 
separate areas on the WSLT and ESLT uplift (Figure 12c).

Medium amplitude, medium continuity, chaotic re-
flections fringing the SLT uplift and pass basinward to low 
amplitude, low continuity reflections with elongate low 
amplitude anomalies in map view (Figure 12c). Similar 
transition features also develop in the hanging wall of the 
XNZ- Fault, XG- Fault, and CZK- Fault, and into the Nanpu 
and Qikou sub- basin (Figures 1 and 12c). Well penetra-
tions show interbedded thin- layered basalt and tuff (av-
erage ca. 10 m thick) throughout this rift stage, with the 
thickest development of 239 m in well W7, in the footwall 
of the NW- Fault (Figures 9, 10 and 12c). In distal parts 
of the dip slope of the SLT uplift, thin- layer interbedded 
basalts and tuffs, appearing in RMS amplitude maps as 
medium- to- high amplitude, high continuity reflector 
packages with sub- circular and irregular- shaped plan-
form, interfringe with clastic sediments (e.g. in wells W2 
and W7; Figures 10 and 12c).

Interpretation
Even though the total exposed area of the SLT uplift is 
reduced in this rift stage, it still represents the largest 
intra- basin high in the study area, and continues to sup-
ply sediment to surrounding sub- basins (Figure 12c). 
Braided- river deltas are developed around the SLT uplift 
and extend northward off the dip slope of the SLT uplift 
into the Nanpu sub- basin (Figure 12c). During this time, 
the Yanshan fold- belt sediment source supplied sediment 
to axial braided- river deltas that prograded to the south-
east into the Nanpu and Qikou sub- basins (Liu, 2016; Liu 
et al., 2017; Figures 1 and 12c). Drill cuttings and seismic 
geomorphology suggest volcanic topography in the basins 
constructed from the crater, lava flow, and pyroclastic fa-
cies. These constructive volcanic highs cause bifurcation 
and deflection of the distal parts of the NNW- prograding 
braided- river deltas on the dip slope of the SLT uplift 
(Figures 9 and 12c). The close lateral association of lava 
flows and pyroclastic facies with braided- river deposits 
emphasises the importance of volcanic elements in the 
geomorphology of these landscapes (Figure 10). Similar 
examples of diversion of depositional systems by volcanic 
landform occur in the Miocene Columbia River Basalt 
Province (Ebinghaus et al., 2014, 2020; Hardman et al., 
2019).

6.2.4 | Post- rift stage

Description
The post- rift stage time- thickness varies from ca. 50 ms to 
ca. 450 ms, with thicks (ca. 350– 450 ms) developed in the 
Qikou and Nanpu sub- basins and thins (ca. 50– 100  ms) 
locally occurring on the SLT, XG, and CZK uplifts (Figure 
11d). The exposed areas on the SLT uplift were onlapped 
and overstepped and post- rift stage sediments were de-
posited conformably on the basal- boundary T2  horizon 
(Figure 2). Medium- low amplitude low- angle sigmoidal 
and shingled clinoforms, with individual clinoform fore-
sets typically ca. 150 ms in height, are widely developed 
in the northern Nanpu and southwestern Qikou sub- 
basins and prograde southeastward (Figures 2 and 12d). 
Clinoforms sourced from the CZK uplift, are also devel-
oped in the southwestern Qikou sub- basin and prograde 
northeastward (Figures 2 and 12d). These clinoform units 
occur as low amplitude, medium- low continuity elongate 
geometries in map view. Basinward of these elongate ge-
ometries low amplitude, medium- high continuity, low 
amplitude reflections correspond to thick successions of 
mudstone in wells that penetrate this stage (Figures 10 
and 12d).

Drill cuttings through these intervals show thick- 
layered basalt interbedded with thin- layered tuff, with 
individual layer thicknesses ranging between ca. 5  m to 
ca. 35  m and cumulative thickness ranging from 187  m 
in well W3 to 383  m in well W9 (Figures 10 and 12d). 
Medium- high amplitude, medium continuity irregular 
shapes on the RMS amplitude map represent lava- flow 
facies. The extensive occurrence of craters and lava flows 
results in volcanic topographic highs of ca. 20  km long 
and ca. 15 km wide sitting in the northwest of the study 
area (Figures 2b, 8, 10, and 12d), and the top surface of 
these thick- layered basalts; the Tv horizon, is onlapped by 
younger clastic strata (Figures 2b, 8, and 10).

Interpretation
The deposition of post- rift strata upon regional and local-
ised uplifts and the lower variability of the time- thickness 
map of this rift stage suggests reduced fault activity and 
the likely submergence of the SLT, XG, and CZK up-
lifts. As a result, no intra- basin highs supplied sediment 
into adjacent depocentres during the post- rift stage. The 
propagation directions of clinoforms indicate sediments 
mostly originated from extrabasinal sediment sources to 
the northwest and southwest (Figures 2 and 11d), suggest-
ing sediment was derived from the Yanshan fold- belt (Xu 
et al., 2008; Zhang, 2000; Figure 1). Sediments from these 
sources fed large- scale braided- river deltas that prograded 
southeastward; parallel to the rift axis, and northeastward; 
oblique to the rift axis (Figures 11d and 12d). Lava flows 
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and pyroclastic facies occur widely throughout this stage, 
resulting in isolated volcanic highs, which caused the 
separation of the southeastward prograding axial braided- 
river deltas (Figure 12d).

7  |  DISCUSSION

In this section, we discuss some of the implications of 
the volcanism and clastic depositional records in the 
SLT uplift and surrounding sub- basins, focusing on 
the volcanism occurrence and influences in rift basin 
tectono- sedimentation. In addition, we present a volcano- 
sedimentary model that highlights the interactions of vol-
canism and clastic sedimentation that can be used more 
generally in volcanic rift basins.

7.1 | Structural controls on the spatial 
distribution of extrusive centres

The geometry and evolution of rift basins are mainly con-
trolled by the activity of basin boundary and intra- basin 
faults which in turn is controlled by the lithology and 
structure of the crust and lithosphere (e.g. Gawthorpe & 
Leeder, 2000; Huismans & Beaumont, 2011, 2014; Ravnas 
& Steel, 1998). However, in volcanic rifts, the controls on 
the location and intensity of volcanism remain unclear. 
Schofield et al. (2017), based on a 3D seismic reflection 
data- based study of the Palaeogene Faroe- Shetland Sill 
Complex in the Faroe- Shetland Basin, suggested the main 
magma input zones into the basin were controlled pri-
marily by the NE- SW basin structure. Jolley et al. (2021) 
also suggested volcanic activity was initially concentrated 
on basin flank structures. Similar to the Faroe- Shetland 
Basin, the NE- striking basement- involved faults in this 
study, such as the 2- Fault, 3- Fault, NW- Fault, and XG- 
Fault, appear to control the location of most volcanic con-
duit systems and craters (Figures 2b, 8, and 9). Thus we 
suggest major normal faults have a control on location of 
eruptive centres.

7.2 | Volcanic modification of rift 
topography and its influence on clastic 
depositional systems

Several studies shown that sudden input of lava flows or 
pyroclastic material may significantly change local rift 
drainage networks and depositional systems (e.g. Grove, 
2013; Hardman et al., 2019; Hole et al., 2013; Sulpizio 
et al., 2007). Flowing lava will naturally seek out exist-
ing topographical lows, which in these settings are often 

the hanging walls of rift bounding normal faults (e.g. 
Millett et al., 2021; Schofield & Jolley, 2013; Zanchetta 
et al., 2004). D’Elia and Martí (2013), working in the 
Lower and Upper members of the Sañicó Formation of 
the Jurassic Neuquén basin, Argentina, suggested that 
thick lava units deposited in the immediate hanging 
wall of the basin's boundary faults reduced topography 
within rift depocentres. In the Kamasia region of the 
Kenya Rift, a large volume of volcanic extrusives (ca. 
220,000  km3) infilled hanging wall depocentres, creat-
ing shallow ephemeral lacustrine basins (Baker, 1986; 
King & Chapman, 1972). This tectonic geomorphology 
differs fundamentally from many of the other rift ba-
sins in the East African Rift which are typically deep, 
long- lived lakes with thick sedimentary successions, 
such as those of Malawi and Turkana Rifts (Baker, 1986; 
Schofield et al., 2021). Such topographic “healing” is 
not limited to the margins of the rifts. In the Reykjanes 
Peninsula, Iceland in February 2021, the continuous 
eruption of the Fagradalsfjall volcano resulted in the 
filling of the Geldingadalir valley by lava flows. Results 
from the SLT uplift and surrounding basins indicate vol-
canic processes occurring in the Neogene early post- rift 
stage of the SLT and surrounding basins infilled pre- 
existing topography in the northern Qikou sub- basin, to 
an average thickness of ca. 250 m (Figures 8, 11d, and 
12d). In the Palaeogene syn- rift stage in sub- basins that 
surround the SLT uplift, seismic facies suggest that vol-
canic elements preferably infill rift accommodation, re-
ducing intra- rift basin topography.

Volcanism can also build significant topographic 
highs, modifying regional drainage patterns and alter-
ing depositional system dynamics and distributions 
(e.g. Hardman et al., 2019; Hole et al., 2013; Magee 
et al., 2013; Magee et al., 2017; Schofield & Jolley, 2013). 
Focusing on the Old Red Sandstone Basin, NE Scotland, 
Hole et al. (2013) documented the construction of a lava 
field which led to the development of a local topogra-
phy of sufficient height to divert the fluvial drainage 
system away from the lava field. Results from this study 
indicate lava flows formed a NE- SW elongate mounded 
topography, ca. 16 km long and ca. 8 km wide, and up 
to ca. 320 m high on the relatively flat T2 horizon par-
allel to the NW- Fault (Figures 8, 10, and 11d). These 
topographic highs split and divert these southeastward 
prograding axial braided- river deltas (Figure 11d). In 
addition to various volcanic flows affecting depositional 
topography, the incremental emplacement of subsurface 
sill intrusions is also known to influence the subaerial 
topography (e.g. Hartley et al., 2011; Magee et al., 2013, 
2017; Walker et al., 2021). However, no clear examples 
of sill emplacement influencing depositional topography 
are recognised in this study.
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Finally, the interaction between episodic volcanism 
and clastic depositional systems is a symbiotic process. 
In the rifted Jangki basin of SE Korea, Bahk and Chough 
(1996) noted that during volcanic eruptions, dacitic and 
basaltic volcanoclastic aprons spread downslope imping-
ing on the rift's axial fluvial system, while during inter- 
eruptions periods, fluvial systems recovered and eroded 
the distal toes of these volcanoclastic aprons (Bahk & 
Chough, 1996). Schofield and Jolley (2013) suggested that 
sustained periods of volcanic hiatus provide sufficient 
time for establishing new drainage networks or for the re-
covery of previous drainage networks. Meanwhile, high 
eruption rate periods may quickly establish more localised 
drainage and deposit sedimentary interbeds within volca-
nic records (e.g. Ebinghaus et al., 2014, 2020; Schofield & 
Jolley, 2013). The relative timescales of eruption and inter- 
eruption periods need to be unwoven to fully understand 
complex interplays of volcanic and sedimentary processes 
in volcanic rifts.

7.3 | Influences of volcanic sediment 
input on clastic depositional systems

Volcanically active basins experience sediment sup-
ply rates orders of magnitude greater than those of 
non- volcanic active basins (e.g. Fisher & Smith, 1991; 
Houghton & Landis, 1989; Manville et al., 2009; Vessell & 
Davies, 1981). Volcanic processes supply a large volume 
of volcanic- denued sediment, ranging from gravel to clay 
grade, into syn-  and post- eruptive clastic depositional sys-
tems (e.g. D’Elia & Martí, 2013; Millett et al., 2021; Planke 
et al., 2000; Schofield & Jolley, 2013). In this study petro-
graphic analysis indicates that igneous rock debris com-
prises between 46% and 97% (average of 68%) of all the 
rock fragments in preserved sediments of the main syn- 
rift (Eocene) and late syn- rift (Oligocene) stages (Figure 
6). This dominance of volcanic- derived clasts occurs de-
spite the largest intra- basin sediment source area, the 
SLT uplift, being mainly composed of metamorphic and 
carbonate rocks (e.g. Liu et al., 2017; Zhang, 2000). Such 
contributions have been noted in other basins as well, 
for example, D’Elia and Martí (2013) indicated that the 
Jurassic Sañicó Formation in the Neuquén Basin contains 
up to 72% volcanic clasts.

High rates of sedimentation and the coarse nature 
of the debris, coupled with the tectonic activity in these 
basins inevitably generates unstable landscapes and in-
crease the probability of landslides (e.g. Planke et al., 
2017; Schofield & Jolley, 2013). These landslides not 
only contribute sediment to the system but also create 
landscapes that are “out of grade” (e.g. Prather, 1998), 
driving rivers to shift their courses, shorelines to alter, 

and slopes to persist in long periods of re- grading to 
more stable geometries. Miyabuchi (1999) documented 
the occurrence of a subaerial debris avalanche along 
the volcanic Mayuyama Massif, Japan, that shifted a 
3 km long stretch of coastline seaward by 600 m. Planke 
et al. (2017) imaged the occurrence of volcanogenic de-
bris flows and large slump blocks along the prominent 
Vøring rift escarpment in the NE Atlantic which formed 
when lava flows reached the coastline. In the Palaeogene 
SLT uplift and surrounding sub- basins, turbidite fans are 
more developed in the late syn- rift stage 2, which is asso-
ciated with more volcanism compared to the late syn- rift 
stage 1 (Figure 12b,c). It is possible that the frequency 
and magnitude of eruptions resulted in a high rate of 
volcanic sediment supply during the late syn- rift stage 
2, although a variety of factors can influence the devel-
opment of such fans (e.g. Hardman et al., 2019; Millett 
et al., 2021). Besides, volcaniclastic materials often exist 
as unstable mineral phases that will diagenetically alter, 
degrading porosity and permeability. Such changes 
have a dramatic effect on exploration reservoir risk of 
any intra- basaltic prospects (e.g. Helland- Hansen et al., 
2009; Schofield & Jolley, 2013).

7.4 | Interactions of rift volcanism and 
clastic depositional systems in rifts: a 
generic model

By integrating a variety of models of volcanism (e.g. 
Bahk & Chough, 1996; Cole & Ridgway, 1993; D’Elia & 
Marti, 2013; Planke et al., 2000, 2017; Riggs et al., 1997) 
with tectono- sedimentary models of rift basins (e.g. 
Gawthorpe & Leeder, 2000; Ravnas & Steel, 1998), and 
infusing the observations presented in this paper, we pro-
pose a generic volcano- sedimentary model of rift basin 
evolution focusing on the interactions of volcanism and 
clastic sedimentation during the syn- rift and early post- 
rift (Figure 13).

In the early part of the syn- rift stage, depocentres ini-
tially develop in the hanging wall of isolated fault seg-
ments (Gawthorpe & Leeder, 2000). Volcanic eruptions 
may provide a high amount of volcanic debris to iso-
lated syn- rift depocentres that enhances filling of hang-
ing wall topographic lows by lava and pyroclastic flows 
(e.g. Baker, 1986; D’Elia et al., 2018; Hole et al., 2013; 
Figure 13a). As a result, basement highs between syn- 
rift depocentres (e.g. segment boundaries between half 
grabens) may be more easily breached, enabling drain-
age integration and enhancing axial sediment transport 
(Figure 13a). In contrast, local volcanic topographic 
highs, within isolated depocentres, may cause diversion 
and splitting of transverse fan and deltaic systems (e.g. 
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Hardman et al., 2019; Millett et al., 2021; Planke et al., 
2017; Figure 13a). During periods of volcanism hia-
tus, new drainage networks may establish or previous 

drainage networks may recover (e.g. Ebinghaus et al., 
2020; Schofield & Jolley, 2013; Figure 13a). Volcanic- 
induced earthquakes may also trigger sediment failure, 

F I G U R E  1 3  A generic model showing the interactions of volcanism and clastic depositional systems in the syn- rift stage (a) and post- 
rift stage (b). The original basin structures and depositional systems were cited from Gawthorpe and Leeder (2000) and not to scale 
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increasing the frequency of slumps and slides into 
the immediate hanging wall depocentres (e.g. Fisher 
& Smith, 1991; Hayes et al., 2002; Planke et al., 2017; 
Umazano et al., 2014; Figure 13a).

In the later part of the syn- rift stage and early post- rift 
stage, depocentres enlarge and coalescence following fault 
segment growth and linkage (Gawthorpe & Leeder, 2000). 
During this rift stage, rift topographic rugosity will grad-
ually decrease, resulting in increased drainage coalesence 
and increased axial flow of fluvial systems in the basin. 
In the immediate hanging wall of normal faults, footwall- 
sourced lava flows and pyroclastic flows infill the topo-
graphic lows, pushing axial fluvial systems away from the 
immediate hanging wall (Figure 13b). Lava and pyroclas-
tic flows may also dam axial drainages and result in local, 
small- scale lakes (e.g. Hardman et al., 2019; Williamson & 
Bell, 2012; Figure 13a). Also, in hanging wall depocentres, 
the building of volcanic topographic highs during erup-
tions may split and divert axial fluvial and deltaic systems 
and transverse fan and deltaic systems (Figure 13b). In 
contrast, during inter- eruption phases, axial fluvial sys-
tems may breach these volcanic topographic highs (Bahk 
& Chough, 1996; Figure 13b).

In general, volcanism in rift basins results a wide 
range of impacts on sediment routing systems. Such 
impacts include: (1) enhancing sediment dispersal by 
smoothing out fault induced topographic rugosity, and 
(2) creating topographic barriers, resulting in damming 
depocentres which may block routing system and cre-
ate local lakes, or creating local barriers that divert sed-
iment routing systems. In addition, volcanism increases 
sediment supply compared to non- volcanic rift settings 
resulting in increased sediment accumulation, possible 
increases in gravity failures (slumps, slides, and debris 
flows). Even though volcanism can significantly modify 
basin topography and depositional systems in rift ba-
sins, we should note the interaction between episodic 
volcanism and clastic depositional systems is a mutual 
process and tectonics still dominate the overall tectono- 
sedimentary evolution in rift basins.

8  |  CONCLUSION

This study of the Palaeogene- Neogene Shaleitian Uplift 
and surrounding sub- basins of the Bohai Bay Basin, China 
offers a well- documented subsurface (seismic, logs and 
core) example of a volcanic rift basin, that allows the in-
teractions between volcanism and clastic sedimentation 
in rift basins to be investigated. Our results reveal that:

1. Steeply dipping basement- involved intra- basin faults 
control the spatial distribution of the volcanic conduit 

system during the syn-  and post- rift stages. The faults 
continue to act as magma conduits once displacement 
accrual has stopped along the faults.
2. During the syn- rift stage the SLT uplift supplied 
basement- derived sediment to surrounding sub- basins 
developing transverse fan deltas and braided- river del-
tas. Volcanism mainly occurred as small- scale crater 
facies, thin lava flows, and intrusive sills. During the 
post- rift stage, the SLT uplift was progressively inun-
dated, reducing the area being eroded and the associ-
ated transverse depositional systems gradually shrink 
in size. Large- scale axial braided- river deltas are fed 
by sediments originating from the Yanshan fold- belt 
to the northwest. Volcanism in the post- rift stage was 
mostly recorded as large- scale craters and thick lava- 
flow facies.
3. Volcanism significantly modifies the rift topography 
in the sub- basins surrounding the SLT uplift. During 
the early part of the syn- rift stage, volcanic deposits par-
tially infill rift topographic lows, reducing topographic 
rugosity and increasing the along- strike connectivity 
of syn- rift depocentres. This volcanic- sedimentary in-
teraction enhances the breaching of basement highs 
between isolated syn- rift depocentres and increasing 
the integration of through- flowing axial depositional 
systems. During the later part of the syn- rift stage and 
the early part of the post- rift stage, lava and pyroclastic 
flows partially infill the remaining topographic lows 
in the immediate hanging wall and locally dam axial 
fluvial systems and form localised lakes. Volcanic topo-
graphic highs associated with NE- striking intra- basin 
faults split and divert axial and transverse depositional 
systems.
4. Volcanic eruptions supply significant volumes of 
volcanic sediment to clastic depositional systems. 
Enhanced sediment supply increases the progradation 
of clastic depositional systems and increases sedimen-
tation rates compared to non- volcanic rift settings. In 
contrast, clastic depositional systems developed during 
inter- eruptions phases contain relatively lower vol-
umes of volcanic sediment and have relatively lower 
sedimentation rates. Volcanic activity results in unsta-
ble subaerial and subaqueous slopes and deposits, in-
creasing the occurrence of landslides.

This study highlights the importance of volcanism 
and volcanic landforms on sediment routing systems, 
depositional systems, and sedimentation rates in rift 
basins. The generic volcanic- tectono- sedimentary 
model developed in this study also emphasises the in-
teractions of volcanism and clastic depositional sys-
tems, advancing current tectono- sedimentary models 
of rift basins.
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