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Abstract: The Carboniferous Yanghugou Formation in the western margin of the Ordos Basin exhibits
significant potential for oil and gas exploration. However, due to the influence of complex tectonic
activities, there are substantial variations in stratigraphic thickness and depositional environments
across the formation. The lack of a systematic source–sink comparative study has resulted in an
unclear understanding of sediment sources and paleogeographic patterns, impacting the exploration
for hydrocarbon accumulations. We conducted a comprehensive study of the source–sink system
characteristics and paleogeography in the research area through field outcrop observations and
drilling core sampling. By utilizing detrital zircon U–Pb geochronology and geochemistry, pale-
ocurrent directions, lithofacies types, and sedimentary features, we delve into the understanding of
the source–sink systems. Four major source–sink regions in the research area were identified: the
Alxa, Yinshan, Alxa–Yinshan mixed and Qilian source–sink regions. The Alxa source–sink region
formed a transitional delta-barrier-island sedimentary system. The northern part of the Yinshan
source–sink region developed a transitional tidal-controlled delta-tidal-flat sedimentary system, while
the southern deep-water area developed a shallow marine to semi-deep marine shelf sedimentary
systems. The sediments of Alxa–Yinshan mixed source–sink region were deposited in a transitional
tidal-controlled delta-tidal-flat barrier-island system. The Qilian source–sink region is characterized
by small tidal-controlled delta-barrier-island system. From the analysis of the source–sink systems,
it is inferred that the Alxa Block and the North China Craton had already merged before deposi-
tion of the late Carboniferous Yanghugou Formation. The delta sand bodies in the Alxa–Yinshan
mixed source–sink region have the highest compositional and structural maturity, the best reservoir
performance, and the great exploration potential.

Keywords: detrital zircon geochronology; paleogeography; source–sink system; Yanghugou Formation;
North China Craton

1. Introduction

The Ordos Basin is one of the most prolific hydrocarbon-generating basins in China,
containing abundant hydrocarbon resources [1,2]. In recent years, a series of important up-
per Palaeozoic oil and gas fields, such as Shenglijing, Liujiazhuang, Majiatan, Dashuikeng,
and Baiyanjing, have been discovered in the western margin of the basin, showing good
prospects for oil and gas exploration. The reservoir of the Upper Carboniferous Yanghugou
Formation in the western Ordos Basin has particularly large deposit thickness and good
exploration potential [3–5].
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The distribution of hydrocarbon is closely related to several factors, including organic
matter availability and related factors of paleobioproductivity, sea-level change, provenance
area, paleogeography and circulation patterns, rate of sedimentation, and paleoclimatic
variability [6–8]. The structural background of the Yanghugou Formation on the western
margin of the Ordos Basin is complex, and the sedimentary environments underwent
frequent changes. However, there is a relative scarcity of drilling and seismic data, leading
to conflicting interpretations of provenance supply and sedimentary characteristics in this
region. Previous studies indicated that the Yanghugou Formation primarily represents
tide-dominated-delta and barrier-coast depositional systems [9–11], while others argued
for the development of shallow marine shelves and fan-delta depositional systems [12].
Previous investigations of the sedimentary environments and facies of the Yanghugou For-
mation were largely confined to field geological outcrops [13,14], lacking data from drilled
cores. Additionally, the sedimentary facies thickness and types vary significantly across the
western margin of the basin. Different periods exhibit distinct sedimentary environments,
and a sole sedimentary system or model cannot adequately illustrate the depositional
characteristics and evolutionary processes of sedimentary facies in the Yanghugou Forma-
tion [15]. Previous studies indicated that the northern provenance of the Upper Paleozoic
in the western margin of the Ordos Basin is Alxa Block and Yinshan Ancient Land, and
the southern provenance is the North Qilian and North Qinling Orogenic Belts [16,17].
However, the contribution of these potential sources is not distinguished in detail, and there
are many disputes about the sedimentary pattern under different provenances [9,12,18].

In order to clarify the provenance, source–sink relationships, and paleogeographic
distribution of the Yanghugou Formation on the western margin of the Ordos Basin, this
study systematically analyzed a set of samples from drill cores and outcrops from the
western margin of the Ordos Basin. The specific objectives of the study are as follows:
(1) to elucidate the source–sink relationships related to the deposition of the Carboniferous
Yanghugou Formation on the western margin of the Ordos Basin; (2) to reconstruct the
distribution and evolution of paleogeography; and (3) to provide a geologic basis for oil
and gas exploration.

2. Geological Setting

The western margin of the Ordos Basin is located at the junction of the Ordos Block,
the Qilian Orogenic Belt, North Qinling Orogenic Belt, and the Alxa Block (Figure 1a,b) [19].
It is a hub connecting different tectonic units in the east and west of China [20]. The Ordos
Block is entirely covered by Mesozoic and Cenozoic sedimentary rocks in the Ordos Basin,
though available borehole and aeromagnetic data suggest the existence of a granulite facies
basement of the Archean and Lower Proterozoic beneath the overlying Ordos Basin [21].
The North Qinling Belt is bounded by the Luonan–Luanchuan Fault to the north and
the Shangdan Suture to the south (Figure 1a) and represents a composite orogenic belt
from the Middle Neoproterozoic to the Cenozoic. The North Qilian Orogenic Belt is an
elongate, NW–SE-trending belt (Figure 1a), which is a typical oceanic suture zone from
Neoproterozoic to Paleozoic [22]. The Alxa Block is triangular in shape (Figure 1a) and is a
composite ribbon continent from Neoarchean to Paleoproterozoic. There are multi-stage
magmatism and ductile deformation in the Alxa Block from the Ordovician to the Early
Permian [23]. Influenced by the joint effects of the passive continental margin of the Qilian-
Qinling Orogenic Belt and the active continental margin of the ancient Alxa Block, the thrust
belt on the western margin of the Ordos Basin belonged to the Qilian Sea during the Upper
Carboniferous. It represents a rift basin subjected to north–south compression and western
extension [24]. During the sedimentation period of the Yanghugou Formation, the Yinshan
Ancient Land in the northern part of the study area is in the stage of southward subduction
of the Paleo-Asian Ocean [25]; the Qinling Orogenic Belt in the southern part is in the
stage of continent–continent collision [26]; and the northwestern margin is in the stage of
reactivation of the Helan aulacogen [27], from which seawater enters the study area.
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nificant differences in sediment thickness [28]. The sediment thickness ranged from tens 
of meters to over a thousand meters, overall thickening westward. A north–south-trend-
ing central ancient uplift, extending across the western part of the basin in the vicinity of 
Etuokeqi, Dingbian, and Huanxian, caused a physical barrier between the Qilian Sea and 
the North China Sea. The western Qilian Sea acted as a rift basin, while the eastern North 
China Sea formed a continental shelf basin. During the Carboniferous, the extent of ma-
rine transgression gradually expanded, and seawater converged from both the east and 
west sides, overlaying the uplifted region in the central part of the Ordos Basin. Eventu-
ally, during the late stages of Yanghugou Formation deposition, it breached, forming a 
shallow sea basin along the northern edge of the North China Craton [29]. 

Carboniferous deposition within the Qilian Sea on the western margin of the Ordos 
Basin is older than that on the eastern margin of the basin [10,30]. The underlying strata 
of the Yanghugou Formation consist of the Carboniferous Jingyuan Formation, character-
ized mainly by black shale. Overlying these layers is the Permian Taiyuan Formation, com-
posed mainly of gray-white fine-grained sandstone, gray-black mudstone, and carbona-
ceous mudstone. The Yanghugou Formation is roughly equivalent to the eastern Benxi 
Formation in the central basin (Figure 2). The Yanghugou Formation is mostly composed 
of rhythmic interbedding of gray-white (with gravel) quartz sandstone, gray-black fine-

Figure 1. Study area of the western margin of the Ordos Basin. (a) Structural map with the location
of North China Craton and Ordos Basin [19]. (b) Satellite image of the western margin of the Ordos
Basin. (c) Geological map with location of the sampling sites in the Ordos Basin.

During the deposition of the Yanghugou Formation, the subsidence magnitude on the
western margin of the basin exhibited extreme variability in space, evidenced by significant
differences in sediment thickness [28]. The sediment thickness ranged from tens of meters
to over a thousand meters, overall thickening westward. A north–south-trending central
ancient uplift, extending across the western part of the basin in the vicinity of Etuokeqi,
Dingbian, and Huanxian, caused a physical barrier between the Qilian Sea and the North
China Sea. The western Qilian Sea acted as a rift basin, while the eastern North China
Sea formed a continental shelf basin. During the Carboniferous, the extent of marine
transgression gradually expanded, and seawater converged from both the east and west
sides, overlaying the uplifted region in the central part of the Ordos Basin. Eventually,
during the late stages of Yanghugou Formation deposition, it breached, forming a shallow
sea basin along the northern edge of the North China Craton [29].

Carboniferous deposition within the Qilian Sea on the western margin of the Ordos
Basin is older than that on the eastern margin of the basin [10,30]. The underlying strata of
the Yanghugou Formation consist of the Carboniferous Jingyuan Formation, characterized
mainly by black shale. Overlying these layers is the Permian Taiyuan Formation, composed
mainly of gray-white fine-grained sandstone, gray-black mudstone, and carbonaceous
mudstone. The Yanghugou Formation is roughly equivalent to the eastern Benxi For-
mation in the central basin (Figure 2). The Yanghugou Formation is mostly composed
of rhythmic interbedding of gray-white (with gravel) quartz sandstone, gray-black fine-
grained sandstone, and black shale, with few intercalations of gray limestone and thin coal
seams [29].
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formation exhibits a diverse range of fern spores, including Trilete spores, along with the 
presence of single-saccate pollen Florinites, Potonisporites, and bisaccate pollen. The 
upper section of the Yanghugou Formation is characterized by a significant presence of 
the spore–pollen assemblage Florinites junior—Laevigatosporites vulgaris (Figure 3). 
Additionally, there are distinct differences in Fusulina and Triticites in the middle section 
of the Yanghugou Formation compared to the overlying Taiyuan Formation, which is 
marked by the presence of Sphaeroschwagerina. 

Figure 2. Stratigraphic characteristics of the Yanghugou Formation. (a) Distribution of Carbonifer-
ous strata in the western margin and surrounding areas of the Ordos Basin. Chronostratigraphic
framework according to Shen et al. [31]; Sea-level change curve according to Haq and Schutter [32].
(b) Comprehensive lithological characteristics of the Yanghugou Formation in Well Z6 on the western
margin of the Ordos Basin. SP—spontaneous potential logging curve; MV—millivolt; GR—natural
gamma log curve; and API—American Petroleum Institue Standard.

The identification of different sections of the Yanghugou Formation is based on pa-
leontological characteristics [15]. The lower section of the Yanghugou Formation is char-
acterized by a notable increase in the abundance of Radiizonates and the simultaneous
appearance of Apiculatisporis for the first time. The middle section of this formation
exhibits a diverse range of fern spores, including Trilete spores, along with the presence of
single-saccate pollen Florinites, Potonisporites, and bisaccate pollen. The upper section of
the Yanghugou Formation is characterized by a significant presence of the spore–pollen
assemblage Florinites junior—Laevigatosporites vulgaris (Figure 3). Additionally, there
are distinct differences in Fusulina and Triticites in the middle section of the Yanghugou
Formation compared to the overlying Taiyuan Formation, which is marked by the presence
of Sphaeroschwagerina.
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Figure 3. Fossil spores of ferns of the Yanghugou Formation from Well Z6 in the western margin of
the Ordos Basin. (a) Laevigatosporites sp., 3342 m; (b) Laevigatosporites robustus, 3342 m; (c) Florinites sp.,
3356 m; (d) Florinites sp., 3400 m; (e) Potonieisporites elegans, 3460 m; (f) Leiotriletes levis, 3615 m;
(g) Apiculatisporis sp., 3640 m; and (h) Cyclogranisporites sp., 3700 m.

3. Materials and Methods

Sedimentological and detrital zircon geochronology methods were employed to con-
duct provenance and paleogeographic analyses of the Yanghugou Formation.

3.1. Sedimentology

The sedimentological analysis primarily focused on describing sedimentary facies
types and their evolutionary relationships through indicators such as color, lithology,
texture, sedimentary structures, and fossils from outcrops and drill cores. Thin sections for
sedimentary petrography were examined using a Leica polarizing microscope and SEM by
using Quanta250 FEG in the State Key Laboratory of Oil and Gas Reservoir Geology and
Exploitation (Chengdu University of Technology).

Cross-bedding measurements to determine paleocurrent directions [15,33] were re-
stored by stereographic projection and rose map.

3.2. Detrital Zircon Geochronology and Geochemistry

Zircons were separated from 3 kg hand specimens using conventional heavy-liquid
and magnetic techniques at the Langfang Regional Geological Survey, Hebei Province,
China. Handpicked zircon grains were mounted in epoxy resin and polished. All the
zircons were photographed in transmitted and reflected light to characterize external
morphology. Back-scattered electron (BSE) and cathodoluminescence (CL) images were
obtained on a JEOL JXA-8100 electron microprobe. The LA-ICP-MS U–Pb isotope and trace
element analyses were performed using a RESOlution 193 excimer laser ablation system
coupled to an Agilent 7700 quadrupole ICP-MS in the GeoHistory Facility, JdLC, Curtin Uni-
versity, Western Australia. For detailed steps and handling methods, see Barham et al. [34]
and Rong et al. [34]. For trace element determination, matrix-matched, well-characterised
zircon GJ-1 was used as the primary reference material for correction of instrument drift
and calculation of most elemental abundances. Stoichiometric values were taken from
webmineral.com (accessed on) [35]. The 206Pb/238U ages for younger zircons (<1500 Ma)
were calculated using 91,500 as the primary reference material, whereas OGC [36] was
the primary reference for older zircons (>1500 Ma) [37]. Detrital zircon data with concor-
dance values ((206Pb/238U) age/(207Pb/235U) age × 100%) of 70%–130% were used in the
discussion below.

webmineral.com
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4. Sedimentary Characteristics
4.1. Lithofacies Types

The sediment transport modes, hydraulic conditions, and sedimentary process mech-
anisms can be judged according to lithofacies [15]. Through the observation of samples
from 12 outcrops and 28 drill cores, 16 lithofacies types were identified in the Yanghugou
Formation on the western edge of the Ordos Basin (Table 1).

Table 1. Summary of lithofacies types of Yanghugou Formation in western margin of the Ordos
Basin.

Code Lithofacies Description Depositional Process

Gm Massive conglomerate facies Mainly poorly sorted conglomerate containing
coarse-grained sandstone.

High-energy channel lag
sedimentation

Gp Planar cross-bedding
conglomerate facies

Moderate to good sorting of pebbles, with a
moderate to good degree of rounding and

exhibiting imbricated structures.

High-energy channel aggradation
sedimentation

St Trough cross-bedding
sandstone facies

Moderate to good sorting of medium- to
coarse-grained sandstone with development of

trough cross-bedding

River cutting, migration, and
filling sedimentation

Sp Planar cross-bedding sandstone facies
Moderate to good sorting of medium-grained

sandstone, with the development of planar
cross-bedding.

Vertical and lateral aggradation of
river channels

Sm Massive sandstone facies Poorly sorted medium- to fine-grained sandstone. Rapid sediment accumulation

Sh Parallel-laminated sandstone facies Well-sorted medium- to fine-grained sandstone
with well-developed parallel bedding.

Transport of bed sediment with
high flow regime and flat surface

Sl Swash cross-bedding sandstone facies
Well-sorted, well-rounded medium- to

coarse-grained sandstone with development of
low-angle cross-bedding.

Reciprocating scouring of
bidirectional water flow

Sf Herringbone cross-bedding
sandstone facies

Moderately to well-sorted, medium- to
coarse-grained sandstone with development of
herringbone cross-bedding. Local presence of

clay layers.

Tidal environment, formed by
bidirectional water flow migration

Fr Ripple cross-bedding siltstone facies Well-sorted siltstone with developed ripple
cross-laminated.

Formed by current traction under
low hydrodynamic forces

Fcf Flaser bedding siltstone facies
Moderately sorted fine-grained sandstone to

siltstone. Sediments are mainly composed of sand,
with thin mud layers distributed discontinuously.

High-energy tidal environment

Fcw Wavy cross-bedding siltstone facies Moderately sorted fine-grained sandstone to
siltstone with thin layers of mud

Moderate energy tidal
environment

Fcl Lenticular bedding siltstone facies Argillaceous siltstone, which consists of isolated
lenses and ripples of sand set in a mud matrix Low-energy tidal environment

Mh Horizontal bedding mudstone facies Dark gray, gray-black mudstone
Suspended sediments under quiet

water, deep water in situ
deposition

Mc Carbonaceous mudstone facies Gray-black to black mudstone Swamp depositional environment

C Coal seam and coal line Coal seams, partially containing plant stems and
fragments

Swamp depositional
environment [38]

Lm Massive marl facies Limestone and marlstone, some of which contain
bioclasts

Lagoon- or carbonate-restricted
platform

4.2. Sedimentary Facies Characteristics

Based on the original sedimentological features, four sedimentary facies, namely delta,
estuarine bay tidal flat, barrier coast, and shelf, have been identified within the Yanghugou
Formation sedimentary system. These are further subdivided into various sub-facies
types, such as delta plain distributary channels, tide-influenced delta-front subaqueous
distributary channels, tidal channels, tidal sandbars, sand flats, mixed flat, barrier sandbars,
lagoons, and shelves (Figures 4 and 5).
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Figure 4. Sedimentary Microfacies, Depositional Sequences, Outcrops, and Core Characteristics of
the Yanghugou Formation in the western margin of the Ordos Basin. (a-1). Delta plain distributary
channel microfacies depositional sequence, BC 2 well; (a-2). Tabular cross-bedded sandstone, BC 2 well,
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2926.32 m; (a-3). Feldspathic litharenite sandstone with good sorting and moderate rounding, BC
2 well, 2925.5 m, cross-polarized light. (b-1). Tide-influenced delta-front subaqueous distributary
channel microfacies, AC 1 well; (b-2). Tabular cross-bedded medium to coarse sandstone, AC 1 well,
3340.92 m; (b-3). Lithic quartz sandstone with sub-angular to subrounded grains, AC 1 well, 3343.6 m,
cross-polarized light. (c-1). Tidal-channel microfacies depositional sequence, L1 well; (c-2). Gray-
white coarse-grained quartz sandstone with basal scour mud clasts, L1 well; (c-3). Medium-coarse
lithic quartz sandstone with moderate sorting and good rounding, L1 well, 1326.9 m, cross-polarized
light. (d-1). Tidal sandbar microfacies depositional sequence, E 33 well; (d-2). Gray-black medium-
coarse lithic quartz sandstone; (d-3). Lithic quartz sandstone with good sorting and moderate
rounding, E 33 well, 3954.9 m, cross-polarized light. (e-1). Sand flat microfacies depositional sequence,
TX 1 well; (e-2). Ripple cross-lamination, TX 1 well; (e-3). Lithic quartz sandstone with moderate
sorting and moderate to poor rounding, TX 1 well, 3104.2 m, cross-polarized light. (f-1). Mixed
flat and mudflat microfacies depositional sequence, AC 1 well; (f-2). Sand–mud interbeds with
lens-shaped bedding, AC 1 well, 3343.6 m; (f-3). Lithic quartz sandstone with pyrite bands, AC 1 well,
3260.1 m, cross-polarized light. (g-1). Barrier-island-lagoon microfacies depositional sequence, HT 1
well; (g-2). Low-angle cross-bedded quartz sandstone, AC 1 well, 3259.95 m; (g-3). Quartz sandstone
with well sorting, HT 1 well, 4116.7 m, cross-polarized light. (h-1). Shelf microfacies depositional
sequence, Z6 well; (h-2). Gray-black coarse-grained quartz sandstone with wavy bedding, Z6 well,
3453.8 m; (h-3). Lithic quartz sandstone with tight grain contacts and quartz overgrowths, Z6 well,
3455.5 m, cross-polarized light. Quartz (Q), feldspar (F), volcanic rock fragments (Lv), sedimentary
rock fragments (Ls), quartzite fragments (Ls), and metamorphic rock fragments (Lm).

4.2.1. Delta

The delta plain distributary channel sediments were primarily distributed in the
northern part of the study area, including the Wuda profile (Figure 5a) and the upper
section of the Yanghugou Formation in the BC 2 well in the northwest (Figure 4(a-1)). The
lithology is mainly composed of medium- to coarse-grained sandstone, with relatively
little mud content. Vertically, it exhibits a distinct fining-upward sequence. Typically, the
bottom of the stratigraphic sequence has scour surfaces, and the development of massive
conglomerate facies (Gm) indicate deposition in riverbeds with backflow. Above this,
trough cross-bedding sandstone facies (St), planar cross-bedding sandstone facies (Sp),
and parallel-laminated sandstone facies (Sh) successively develop. This sequence reflects
a unidirectional water flow, with a decrease in flow intensity from high- to low-flow
conditions, indicating sedimentary processes associated with river channel incision and
migration. The sandstone clastic components are primarily composed of quartz, quartz
rock fragments, and feldspar, exhibiting good sorting and medium roundness, which also
reflect the characteristics of strong water flow energy in deposition.

Tidal-influenced delta-front subaqueous distributary channel deposits are well de-
veloped in the northern part of the study area, including the upper part of the Hulusitai
profile (Figure 5b) in the Yanghugou Formation and the middle section of the Yanghugou
Formation in Well AC 1 (Figure 4(b-1)). The lithology is primarily composed of medium-
to coarse-grained sandstone, fine-grained sandstone, and siltstone. Vertically, it exhibits
an overall fining-upward structure. At the bottom of the stratigraphic sequence, there is a
matrix-supported massive conglomerate facies (Gm) or planar cross-bedding conglomerate
facies (Gp), where the gravel is sub-angular, and sorting ranges from moderate to poor.
The gravel layer has strong erosional contact with the underlying mudstone. Above the
gravel layer, there are successive developments of planar cross-bedding sandstone facies
(Sp), parallel-laminated sandstone facies (Sh), and wavy cross-bedding siltstone facies
(Fcw). At the top of the sedimentary sequence, tidal double-clay layers and tidal bundle
sequences are observed, with occasional small-scale tidal-channel incisions. These features
reflect that the lower section of this sedimentary sequence is primarily controlled by river
processes, while the upper part is influenced by tidal effects. The clastic components are
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predominantly composed of quartz and siliceous rock fragments, exhibiting moderate
sorting and sub-angular to sub-rounded shapes, indicating moderate to relatively strong
water flow energy.
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4.2.2. Estuarine Bay Tidal Flat

Coastal tidal effects are mostly developed on the leeward side of barrier islands or
sand dams, near the larger barrier-free walls, and the fringes of estuaries and lagoons [39].
Tidal-controlled estuaries are affected by the dual effects of rivers and tides, but tidal action
plays a major control role. The Shabatai profiles in the northern part of the study area, the
Xiaheyan profile in the south, and the drilling cores in the east all show important tidal
deposits. According to its sedimentary characteristics, the tidal channel, tidal sand bar,
sand flat and mixed flat are identified in the estuarine bay tidal flat.

Tidal-channel deposits are well developed in the northern Wuda profile (Figure 5c)
and the middle section of the Yanghugou Formation in well L1 (Figure 4(c-1)). It is mainly
composed of medium- to coarse-grained sandstone with minor interbedded mudstone. Ver-
tically, the sequence exhibits an overall normal grading structure. Irregular scour surfaces
are commonly found at the bottom of the stratigraphic sequence, where massive conglom-
erate facies (Gm) develop above the scour surfaces. In the middle section, there are trough
cross-bedding sandstone facies (St), massive sandstone facies (Sm), and flaser bedding
siltstone facies (Fcf) or herringbone cross-bedding sandstone facies (Sf). The lower section
consists of gravelly facies, trough cross-bedded sandstone, and blocky-bedded sandstone,
mainly representing fluvial deposits. The clastic components are predominantly quartz
and quartzose rock fragments, showing moderate sorting and good rounding, indicating
relatively strong water flow energy. In the upper section of the Yanghugou Formation, the
scale of bedding decreases, the thickness of the layers becomes thinner, and tidal lamina-
tions or feathered cross-bedded sandstone develops, indicating a transition from fluvial to
tidal deposits influenced by bidirectional tidal currents in a tidal environment.

Tidal sand bars develop in the offshore, subtidal high-energy zone, typically forming
under conditions of extensive marine transgression and a large tidal range background [40].
They are significantly modified by tidal currents, storm surges, and other factors. In the
central part of the study area, typical tidal sand bars are well developed in the Wuda profile
(Figure 5d) and the upper section of the Yanghugou Formation in well E33 (Figure 4(d-1))
in the Yanghugou Formation. It is mainly composed of medium sandstone with frequent
interbedded mudstone layers. In terms of grain size, there is a slight upward coarsening
trend. The lower section exhibits the development of flaser bedding siltstone facies (Fcf).
In the upper section, herringbone cross-bedding sandstone facies (Sf) and planar cross-
bedding sandstone facies (Sp) are developed. Fluid mud layers are observed within
the sandstone. The clastic components in the sandstone are predominantly quartz and
quartzose rock fragments, exhibiting good sorting and medium rounding and reflecting
strong hydraulic characteristics.

Sand flat deposits in the central part of the study area, as observed in the Tupo profile
(Figure 5e) and well TX 1 (Figure 4(e-1)) corresponding to the Yanghugou Formation,
are characterized by the predominance of fine-grained sandstone to siltstone, displaying
a vertically composite normal grading. The individual sand layers are relatively thin,
approximately 0.2 to 0.5 m thick. The lower section exhibits the development of planar
cross-bedding sandstone facies (Sp) and ripple cross-bedding siltstone facies (Fr), while the
upper section is represented by flaser bedding siltstone facies (Fcf). This suggests a gradual
decrease in tidal energy from the lower to upper portions of the sedimentary sequence. In
terms of clastic components, the sandstone exhibits a relatively high silica content, fine
grain size, moderate sorting, and medium to poor rounding, indicating a moderate to
strong hydraulic energy.

Mixed flat deposits are primarily developed in the central part of the northern study
area, where the Yanghugou Formation is intersected in well AC 1 (Figure 4(f-1)). It is domi-
nated by siltstone–mudstone, exhibiting rhythmic interbedding of variable thicknesses of
sand and mud. From the bottom to the top, the stratigraphic sequence changes from flaser
bedding siltstone facies (Fcf) and wavy cross-bedding siltstone facies (Fcw) to lenticular bed-
ding siltstone facies (Fcl). The upper section includes carbonaceous mudstone facies (Mc),
with occasional occurrences of thin coal seam and coal line (C). Irregular rhombic bands of
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pyrite are observed in sandstone, indicating a weakly reducing environment [41]. Clastic
components exhibit poor rounding and a high lithic content, reflecting the characteristics
of sedimentation under relatively weak hydraulic energy.

4.2.3. Barrier-Island Lagoon

Barrier-island-lagoon sedimentary systems belong to barrier-coast sedimentary sys-
tems. Barrier islands are elongated sand ridges distributed parallelly to the coast, created
by marine waves. They are characterized by a broad sea on the outer side and a lagoon on
the inner side, separated from the mainland [42].

In the central part of the northern study area, typical developments of the barrier-
island-lagoon sedimentary system are observed in the Xiaheyan profile (Figure 5g) and
around well HT 1 (Figure 4(g-1)) where the Yanghugou Formation is recognized. The
lithology of the barrier island is mainly composed of medium- to coarse-grained sandstone,
exhibiting an overall inverse grading sequence. At the bottom of the stratigraphic sequence,
there is ripple cross-bedding siltstone facies (Fr), transitioning upward to low-angle cross-
bedding fine sandstone, parallel-laminated sandstone facies (Sh), and swash cross-bedding
sandstone facies (Sl). At the top, fine conglomerates can be observed, with gravel particles
having a diameter of approximately 1–2 cm, showing good sorting, indicative of a high-
energy wave environment. The extensive sandstone abruptly changes upward to horizontal
bedding mudstone facies (Mh), where mudstone contains numerous pyrite nodules and
siderite nodules. Locally, massive marl facies (Lm) and thin coal seams (C) less than 1 m
thick can be seen, representing the sedimentary characteristics of the lagoon behind the
barrier island. The clastic components are predominantly quartz, showing good particle
sorting and rounding, indicating multiple episodes of seawater scouring. The lagoon
lithology is dominated by mudstone, containing fragments of aquatic and plant fossils.
Sedimentary structures are primarily characterized by horizontal laminations, reflecting
relatively weak hydraulic conditions.

4.2.4. Continental Shelf

Continental shelf sedimentation occurs in extensive shallow sea areas near the wave
base, generally extending from the low-tide line to approximately 70 m under water [6]. In
the central part of the study area, typical developments of continental shelf sedimentation
are observed in the Dashitoujingou profile (Figure 5h) and well Z6 (Figure 4(h-1)) where
the middle section of the Yanghugou Formation was recognized. Below the wave base,
the water energy is low, so lithology is mainly composed of black mudstone, fine gray
sandstone, and bioclastic mudstone. The sediment thickness of the section is greater than
50 m, with the development of horizontal bedding mudstone facies (Mh) at the bottom of
the stratigraphic sequence, transitioning upward to ripple cross-bedding siltstone facies (Fr)
indicative of wave influence, and the upper section is characterized by horizontal bedding
mudstone facies (Mh).

The clastic components are primarily composed of quartz particles, well cemented and
exhibiting good rounding. Clearly visible is the phenomenon of secondary enlargement of
quartz, indicating the characteristics of reworked quartz. It is speculated that the quartz
comes from sedimentary rock sources, and the transport distance is relatively long.

4.3. Paleocurrent Directions

The primary sedimentary structures reflecting palaeocurrent directions in the Yanghugou
Formation clastic rocks are foreset laminae, whose trend indicates the direction of traction
flow. Paleocurrent direction rose diagrams were marked on corresponding section points
(Figure 6).

During the Yanghugou Formation deposition, the paleocurrent direction in the north-
ern part of the study area was variable, primarily trending toward the northeast, northwest,
and southwest directions. This reflects the interaction between the northern source regions
such as the Alxa Block and Yanshan Ancient Land, as well as the influence of tidal action. In
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the southern part of the study area, the paleocurrent direction in the Dashitoujingou profile
indicates a southerly direction, suggesting a predominant influence from the northern
source regions. The paleocurrent direction in the Xiaheyan profile is primarily oriented
in the east–west direction, indicating that the sand bodies were subjected to repeated
disturbances due to wave action.
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5. U–Pb Geochronology of Detrital Zircon Grains

In total, 590 zircon U–Pb isotopic analyses were obtained from six sandstone samples
(Table S1). Sample WD was collected from the Wuda profile. Sample HLST came from the
Hulusitai profile. The samples DSTJG, SBT, SYK, and XHY were from the Dashitoujinggou,
the Shabatai, the Suyukou, and the Xiaheyan profiles. The CL images of representative
zircons and their U–Pb ages extracted from all samples are shown in Figure 5. The grain
lengths range from 100 to 200 µm. The CL images show that most zircons maintained
oscillatory or sector zonation (Figure 7). The Th/U ratio of the zircon grains ranges from
0.01 to 2.66. Most plot above the Th/U = 0.1 line (Figure 8), which usually reflects a
magmatic origin [44,45].

We randomly selected 116 zircons from the sample WD, of which 112 grains were
concordant. The concordant ages can be classified into four age groups: ca. 2534–2353 Ma,
2057–1707 Ma, 1380–742 Ma, and 528–301 Ma. In the probability density diagram (Figure 9),
these analyses yield four age peaks at ca. 2446, 1940, 1090, and 457 Ma, respectively.

The SBT sample predominantly includes one strong age peaks at ca. 1897 Ma and
three weak age peaks at ca. 443 Ma, 1335 Ma, and 2452 Ma. A total of 91 detrital zircons
from sample HLST were used to produce the probability plot. The three major age peaks
are at ca. 2413 Ma, 1846 Ma, and 317 Ma, respectively. In addition, there is a small number
of zircon grains dated from ca. 1600 Ma to 600 Ma. Detrital zircons from sample SYK
define only two dominant age peaks at ca. 2477 Ma and 2050 Ma. The DSTJG sample
predominantly includes two strong age peaks at ca. 2431 Ma and 1990 Ma, which is similar
to the relative probability diagrams of the SYK sample. The detrital zircons from sample
XHY yield two major peaks at ca. 948 Ma and 443 Ma and show subordinate age groups at
ca. 1876–1135 Ma and 813–649 Ma.
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6. Detrital Zircon Trace Elements

In the chondrite-normalized REE diagram, most of the zircon grains show similar REE
distribution patterns. The ∑HREE/∑LREE ratios of the samples are 10.76–442.04, with an
average of 71.68, thus demonstrating enrichment of HREEs (Table S2). Most of the zircon
grains show positive Ce anomalies (Ce/Ce* = 0.75–1741.60, with an average of 59.02) and
negative Eu anomalies (Eu/Eu* = 0.02–1.24, with an average of 0.38) (Figure 10), typical of
magmatic zircons [45].
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7. Discussion
7.1. Provenance of Detrital Zircon Grains

The zircon concordant U–Pb age spectra for 590 representative detrital zircon grains
from the Yanghugou Formation on the western margin of the Ordos Basin reveal five
distinct populations (Figure 9): (1) ca. 2600–2200 Ma; (2) ca. 2000–1800 Ma; (3) ca.
1600–1000 Ma; (4) ca. 1000–550 Ma; and (5) ca. 500–300 Ma.

The oldest age population at ca. 2600–2200 Ma corresponds to the tectonic thermal
events of the Yinshan Orogenic Block and Alxa Block in the North China Craton (NCC)
during the Neoarchean–Paleoproterozoic interval (Figure 11) [46,47]. The formation ages of
the original rocks in the Yinshan Oldland, including the greenstone belts, granitic intrusions,
and high-grade metamorphic complexes, are mainly ca. 2560 to 2510 Ma, at the end of the
Neoarchean period [48]. The Alxa Block contains a gneiss basement of ca. 2400–2200 Ma.
All samples in the study area except for XHY showed this age population.
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basement of North China are from Zhou et al. [49] and those for the North Qinling Orogenic Belt are
from Shi et al. [50] and the references therein. The gray in image represents the age at ca. 300–500 Ma.
The blue represents the age at ca. 800–1000 Ma. The yellow represents the age at ca. 1800–2000 Ma.
The pink represents the age at ca. 2200–2600 Ma

The second age population at ca. 2000–1800 Ma (with a peak of approximately ca.
1900 Ma) is found in five samples except for XHY. The discovery of two ancient Himalayan-
type collisional orogenic belts (ca. 1950 Ma Khondalite Belt in the western part of the
NCC and ca. 1850 Ma Trans-North China Orogen in the central part) confirmed that the
basement of the NCC resulted from the amalgamation of several microcontinental blocks at
ca. 1950 Ma and ca. 1850 Ma, recording assembly of the Columbia supercontinent [46,51–55].

The Middle Proterozoic ca. 1600–1000 Ma age population is visible in the WD, SBT,
and HLST. The zircon dating of the gneissic granite in the Yaoquan area of Ayou Banner in
the Alxa Block shows an age of ca. 1269 ± 90 Ma [56], and the U–Pb age of the zircon in the
Hongaobao plagioclase granite body is ca. 1256 Ma [57], which may reflect a significant
tectonic thermal event that occurred in the Alxa Block during this period [56]. The NCC
lacks this tectonic thermal event.

The age population in the range of the Neoproterozoic (ca. 1000 to 550 Ma) is found
in samples WD and HLST. This age population is absent in the NCC, but there is a large
number of magmatic records in the Alxa Block at that time (Figure 11) [33].

The age population at ca. 500–300 Ma is found in five samples except the DSTJG. This
population represents magmatic activity in the initial stage of the Caledonian Movement
(ca. 400–500 Ma) and is best explained as being related to the subduction of the Qilian Block
toward the Alxa Block [58,59]. The Carboniferous (ca. 350–320 Ma) magmatic rocks of the
Longshou Mountains, Beida Mountains, Bayanwula Mountains, and Honggueryulin and
Langshan areas in the Alxa Block mainly include intermediate acid adakitic intrusive rocks
and a few mafic rocks.

The trace element data of zircon can distinguish between I-type and S-type granite
protoliths [60]. The average phosphorus (P) content in S-type granite zircons is greater
than in I-types. In this study, the trace elements of zircons in the study area were grouped
according to the age and analyzed (Figure 12). The five samples in the study area, except for
XHY, contain a large amount of both I-type and S-type Archean Paleoproterozoic zircons,
which are speculated to be related to the late Archean I-type and S-type granites in the
northern part of the study area. For example, the late Archean granite diorite type in the
Langshan area in the northern part of the study area belongs to I-type granite [61]. The
Archean I-type granite type is distributed in the Qianhao area of the middle section of the
Daqingshan area [62]. The ca. 1.95 Ga S-type granite is exposed in the northern section of
the Helan Mountain in the northwest of the study area [63]. There are ca. 1.88–1.86 Ga S-
type granite intrusion events in the Helan and Qianlishan areas [52,64]. Sandstone samples
from Shabatai contain a significant amount of Middle Proterozoic zircons, predominantly of
S-type. It is speculated that these zircons may originate from the Red Aobao S-type diorite
in the Yabulai-Bayan Nurian public structural belt [56]. XHY samples exhibit distinct I-type
Early Paleozoic zircons, corresponding to the widespread Paleozoic I-type granites in the
North Qilian Orogenic Belt and North Qinling Orogenic Belt located in the southwestern
part of the study area [65,66].

Based on the characteristics of the zircon age spectrum and zircon classification results,
it is inferred that the materials of the Shabatai, Wuda, and Hulusitai sections are mainly
provided by the Alxa Block and the Yinshan Ancient Land, while the materials of the
Suyukou and Dashishiujinggou sections mainly come from the Yinshan Ancient Land, and
the materials of the Xiaheyan sections mainly come from the North Qilian or North Qinling
Orogenic Belts. However, considering the scarcity of zircons from the Neoproterozoic era
in the Xiaheyuan section and their difference from the zircon U–Pb age spectra of the North
Qinling Orogenic Belt, it is deduced that Xiaheyuan primarily receives materials from the
North Qilian Orogenic Belt.



Minerals 2024, 14, 78 17 of 25

Minerals 2024, 14, x  19 of 27 
 

 

zircons, which are speculated to be related to the late Archean I-type and S-type granites 
in the northern part of the study area. For example, the late Archean granite diorite type 
in the Langshan area in the northern part of the study area belongs to I-type granite [61]. 
The Archean I-type granite type is distributed in the Qianhao area of the middle section 
of the Daqingshan area [62]. The ca. 1.95 Ga S-type granite is exposed in the northern 
section of the Helan Mountain in the northwest of the study area [63]. There are ca. 1.88–
1.86 Ga S-type granite intrusion events in the Helan and Qianlishan areas [52,64]. Sand-
stone samples from Shabatai contain a significant amount of Middle Proterozoic zircons, 
predominantly of S-type. It is speculated that these zircons may originate from the Red 
Aobao S-type diorite in the Yabulai-Bayan Nurian public structural belt [56]. XHY samples 
exhibit distinct I-type Early Paleozoic zircons, corresponding to the widespread Paleozoic 
I-type granites in the North Qilian Orogenic Belt and North Qinling Orogenic Belt located 
in the southwestern part of the study area [65,66]. 

 
Figure 12. Scatter plot of the I- and S-type zircons in the diagrams of the P content versus Eu anom-
aly [67]. 

Based on the characteristics of the zircon age spectrum and zircon classification re-
sults, it is inferred that the materials of the Shabatai, Wuda, and Hulusitai sections are 
mainly provided by the Alxa Block and the Yinshan Ancient Land, while the materials of 
the Suyukou and Dashishiujinggou sections mainly come from the Yinshan Ancient Land, 
and the materials of the Xiaheyan sections mainly come from the North Qilian or North 
Qinling Orogenic Belts. However, considering the scarcity of zircons from the Neoprote-
rozoic era in the Xiaheyuan section and their difference from the zircon U–Pb age spectra 
of the North Qinling Orogenic Belt, it is deduced that Xiaheyuan primarily receives mate-
rials from the North Qilian Orogenic Belt. 

7.2. Characteristics of Source–Sink Regions 
For a better understanding of the source–sink system of the Yanghugou Formation in 

the western edge of the Ordos Basin, we synthetically presented the age populations of 14 
sandstone samples (combined with 8 samples from previous studies) in the study area 
(Figure 13). On the basis of the U–Pb age heterogeneity and sample localities, we divided 
the study area into four sub-regions. 

Figure 12. Scatter plot of the I- and S-type zircons in the diagrams of the P content versus Eu
anomaly [67].

7.2. Characteristics of Source–Sink Regions

For a better understanding of the source–sink system of the Yanghugou Formation
in the western edge of the Ordos Basin, we synthetically presented the age populations of
14 sandstone samples (combined with 8 samples from previous studies) in the study area
(Figure 13). On the basis of the U–Pb age heterogeneity and sample localities, we divided
the study area into four sub-regions.
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7.2.1. Alxa Source–Sink Region

This source–sink region encompasses the eastern part of the Alxa Block, extending
from the BC 2 well to the south, covering the areas of Hulustai to the west of Zhongwei
(Figure 14). The strata of the Yanghugou Formation in this region exhibit detrital zircon
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U–Pb age spectra with two predominant age groups: ca. 1000–800 Ma and 500–320 Ma,
along with two minor age groups: ca. 2600–2200 Ma and 2000–1800 Ma (Figure 13). The
results indicate that the region can be further subdivided into two sub-areas based on
age. One sub-area comprises four samples characterized by detrital zircons from the ca.
500–320 Ma age group. Another sub-area is dominated by detrital zircons from the ca.
1000–800 Ma age group, which is quite different from the age compositions of the other
four samples in this region.
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7.2.2. Yinshan Source–Sink Region

This source–sink area includes the Yinshan Ancient Land—Suyukou—Dashiujinggou
Line to the east (Figure 14). The strata of the Yanghugou Formation in this area show
detrital zircon U–Pb age spectra characterized by the typical presence of age populations at
ca. 2600–2200 Ma and 2000–1800 Ma (Figure 13). Zircons of other ages are almost absent,
indicating that this area is solely sourced from the Yinshan Ancient Land.

7.2.3. Alxa–Yinshan Mixed Source–Sink Region

Located in the Alxa–Yinshan–Wuda–Zhaobishan region (Figure 14), this source–
sink area exhibits detrital zircon U–Pb age spectra dominated by three age groups: ca.
2600–2200 Ma, 2000–1800 Ma, and 500–320 Ma (Figure 13). This suggests that the zircons
in this area originate from both the Yinshan Ancient Land and the Alxa Block.

7.2.4. Qilian Source–Sink Region

The term refers to the region extending southeastward from the Qilian Mountains
directly to the Xiaheyan section (Figure 14). In this area, the strata of the Yanghugou
Formation exhibit detrital zircon U–Pb age spectra characterized by a prominent age
population at ca. 500–400 Ma (Figure 13). Notably, zircons from the Paleoproterozoic to the
Archean are essentially absent, excluding contributions from the Yinshan Ancient Land
and the Alxa Block.
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Referring to previous studies on the sandstone mineralogy in the research area [18], it
is speculated that materials from the northern Qinling may be present near Shibangou in
the southeastern part of the study area. However, due to the limited data in this study, we
do not discuss this further.

7.3. Paleogeographic Patterns

Based on the characteristics of sedimentary facies, zircon geochronology, and palaeocur-
rent analysis in the study area, we reconstructed the filling process and paleogeographic
patterns of the Yanghugou Formation on the western margin of the Ordos Basin (Figure 14).
Overall, the deposition period of the Yanghugou Formation represents a transitional envi-
ronment between marine and continental settings, undergoing processes of water deepen-
ing and shallowing.

In the northwestern part of the study area, the clastic sediments are primarily sourced
from the stable Alxa Block. Exposed and eroded rocks include Paleoproterozoic to Mesopro-
terozoic schist, marble, crystalline schist [69–72], Granite Syenite formed by the subduction
of the early Paleozoic North Qilian oceanic crust beneath the Alxa Block [73], and Granite
Porphyry influenced by the tectonic evolution of the Late Paleozoic Central Asian Oro-
genic Belt [74]. Combining palaeocurrent data, the sedimentary sand bodies supplied by
the Alxa Ancient Land entered the northwestern part of the study area, originating as
an active continental margin and continental island arc. The Alxa source–sink system’s
sedimentary sand bodies mainly consist of light gray to white pebbly quartz sandstone and
lithic quartz sandstone, with high compositional maturity and moderate to good sorting
and rounding. The sedimentary sand bodies extend a considerable distance, forming
a fan-shaped progradation extending to the area south of Yinchuan. Features such as
erosional surfaces at the base of sandstone, channelized cross-stratification, tabular cross-
stratification, and occasional tidal laminations are common, indicating the sedimentary
characteristics of a delta-barrier-island system in a strong water dynamic environment
during the marine–continental transition.

In the northeastern part of the study area, clastic sediments primarily originate from
the Yinshan Ancient Land. During the Late Paleozoic, the continuous southward subduc-
tion and closure of the Paleo-Asian Ocean led to the uplift of the Yinshan Ancient Land,
serving as a source for sediments of the Yanghugou Formation [42]. Sediments supplied
by the erosion of the Yinshan Ancient Land are transported in a northeast to southwest
direction. The predominant lithologies include Proterozoic granite gneiss and Paleoprotero-
zoic granite intrusions [75]. The Yinshan source–sink system’s sedimentation is dominated
by medium- to fine-grained lithic quartz sandstone, with interbedded gray-black mud-
stone bands. The sandstone exhibits high compositional maturity, moderate sorting, and
the development of channelized cross-stratification and tabular cross-stratification. Some
feather-like cross-stratification and tidal laminae suggest the influence of both fluvial and
tidal processes, indicating a tidal-controlled delta-tidal-flat sedimentary system in a marine–
continental transitional environment. In the vicinity of Dashitoujingou, the sediment
thickness increases, and mudstone sediment increases, indicating a significant deepening
of the sedimentary water body. The northern part of the Yinshan source–sink region has
developed a tidal-controlled delta-tidal-flat sedimentary system in a marine–continental
transitional environment, while the southern deep-water area has developed a shallow
marine to semi-deep marine shelf sedimentary systems.

In the northern part of the study area, the clastic materials were mainly derived from
the Alxa Block and the Yinshan Ancient Land in a mixed source region, transported from
north to south. Due to active tectonics in the northern region, the Alxa Block and the
Yinshan Ancient Land continuously supplied terrigenous clasts southward. The clastic
sediments in this region are dominated by medium-grained lithic quartz sandstone and
quartz sandstone, displaying features such as channelized cross-stratification, tabular cross-
stratification, scouring surfaces, and feather-like cross-stratification. This suggests the
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development of a tidal-controlled delta-tidal-flat barrier-island sedimentary system in a
marine–continental transitional environment.

In the southern part of the study area, sediments were mainly sourced from the Qilian
Orogenic Belt, characterized by a tectonic setting dominated by a passive continental margin
and, and in some areas, a continental island arc. The materials primarily originated from the
Neoproterozoic crystalline basement of the Qilian Orogenic Belt [76] and Early Paleozoic
magmatic rocks related to the subduction of the Qilian Ocean during the early Caledonian
period and the collision between the Qilian and Alxa plates [22]. The clastic sediments
entered the study area from the southwest and are dominated by quartz sandstone and
feldspathic quartz sandstone. These sediments contain volcanic clastic deposits with altered
volcanic fragments, suggesting a source from the Qilian Orogenic Belt. In the southern
region, the sedimentary sand bodies are mainly composed of feldspathic quartz sandstone
with moderate to low compositional maturity. These sediments are short-transported,
reflecting a steep terrain slope and indicating near-source deposition. Nearshore sediment
bodies exhibit small-scale fan-shaped progradation. In the Xiaheyan profile of Zhongwei,
the sediments are characterized by coarse grain size, high quartz content, good sorting, and
visible ripple marks and scouring cross-stratification, indicating a predominantly shoreface
deposition with strong hydraulic conditions. The sedimentary characteristics indicate the
development of small-scale deltas and barrier-island systems (Figure 14).

In the southeastern part of the study area, the Central Paleouplift was relatively gentle
and low during the early deposition of the Yanghugou Formation but experienced gradual
submergence due to the connection between the North China Sea and the Qilian Sea later in
the depositional period. It became an underwater paleouplift, unable to completely block
the supply of source materials and the transport of sediments within the basin [77]. The
area above the underwater paleouplift is dominated by tidal flat deposits.

7.4. Relationship between the North China Craton and the Alxa Block

Previous studies have extensively discovered Middle Proterozoic gneissic granite [56],
Neoproterozoic granite [78–80], and a series of magmatic activity records in the early
Paleozoic extensional environment of the Alxa Block [58,59]. However, structurally adjacent
to the western part of the North China Craton, there are no contemporaneous magmatic
thermal events, nor are there sources from the Alxa Block [81]. Therefore, it is inferred that
before the Early Paleozoic, the NCC, and the Alxa Block were separated.

Through the exploration of the provenance and paleogeography of the Yanghugou
Formation in the western margin of the Ordos Basin, it is concluded that there were materi-
als sourced from the Alxa Block in both the Alxa source–sink region in the northwestern
part and the Alxa–Yinshan mixed source–sink region in the northern part. Therefore, we
infer that the amalgamation of the Alxa Block and the NCC should have been completed
before the late Carboniferous.

7.5. Exploration Potential Analysis

The parent rock type, transport distance, sand body thickness, and sedimentary facies
in different source–sink regions will affect the reservoir’s physical properties and then
affect the exploration potential. The parent rock provides the material basis of sandstone
reservoir components. The parent rocks of the Alxa source–sink region are mainly alkaline
basalt and granite; the parent rocks of the Yinshan source–sink region are mainly calcareous
argillaceous sedimentary rocks and granite, and the parent rocks of the Qilian source–sink
region are mainly calcareous argillaceous sedimentary rocks [18]. The sand body in the
northwest has a high quartz content [18], so it has a strong anti-compaction effect. The
genetic mechanism of sand bodies in different source–sink regions is different, and the
physical properties are also different. The delta-front sand bodies in the study area show the
best reservoir properties, followed by barrier sand bars, while the tidal flat and shelf sand
bodies have poor reservoir properties [82]. In terms of sand body thickness, the sand body
thickness in the Alxa source–sink region is 10–60 m, the sand body thickness in the Yinshan
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source–sink region is 30–90 m, the sand body thickness in the Alxa–Yinshan mixed source–
sink region is 30–150 m, and the sand body thickness in the Qilian source–sink region is
20–80 m. In summary, the delta sand bodies in the Alxa–Yinshan mixed source–sink region
have the best reservoir performance and have great exploration potential.

8. Conclusions

1. Based on the comprehensive analysis of detrital zircon U–Pb geochronology and geo-
chemistry, palaeocurrent direction, lithofacies types, and sedimentary characteristics
of the Upper Carboniferous Yanghugou siliciclastic sequences, four main source–sink
regions are recognized: the Alxa, Yinshan, Alxa–Yinshan, and Qilian.

2. In the Alxa source–sink region, transitional delta-barrier-island sediments are devel-
oped, with quartz sandstone and lithic quartz sandstone as the main sandstones with
high compositional maturity. The northern part of the Yinshan source sink region
develops a coastal-transitional tidal-controlled delta-tidal-flat sedimentary system,
with a deepwater area characterized by shallow marine to semi-deep marine shelf
sedimentary systems. The sandstone in the Yinshan source–sink region has a long
transportation distance and the highest compositional maturity, mainly composed of
quartz sandstone. The Alxa–Yinshan mixed source–sink region has developed a tidal-
controlled delta-tidal-flat barrier-island sedimentary system, with high compositional
and structural maturity of sandstone. The Qilian source–sink region has developed
small-delta and barrier-island sedimentary systems, with low compositional maturity
of sandstone.

3. The Alxa source–sink region and the Alxa–Yinshan mixed source–sink region both
contain materials from the Alxa Block. Therefore, from the perspective of a source–
sink system analysis, it is inferred that the Alxa Block had already merged with the
North China Craton before the Late Carboniferous Yanghugou Formation.

4. The delta sand bodies in the Alxa–Yinshan mixed source–sink region have the best
reservoir performance and have great exploration potential.
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