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Abstract: The mineralization within the North China Craton (NCC) is intricately linked to Mesozoic
large-scale extension in eastern China and is a consequence of a unified geodynamic tectonic back-
ground. Despite previous attempts to elucidate the relationship between large-scale mineralization
and magmatic activity in the NCC, a lack of systematic research has hindered the identification
of connections among deposits with inconsistent metallogenic ages. This study focuses on the
coal measures of the Huanghebei Coalfield (HHBC) in western Shandong, presenting a regional
magmatic-hydrothermal metallogenic system with a genetic connection. It delves into the intricate
interplay between the multi-mineral enrichment mechanism, metallogenic regularity, and the NCC’s
destruction. The findings reveal that: (1) Various stages of magmatic intrusion during the Yanshanian
period significantly influenced the Late Paleozoic coal measures in the HHBC. The coal measures
exhibit distinct ranks, ranging from medium-rank bituminous C to A and high-rank anthracite C,
resulting in noticeable differences in gas generation among different coal ranks. The shale between the
coal seams C5 and C7 emerges as excellent with a good hydrocarbon-generating capacity during the
middle-maturity stage. (2) The “Intrusion along the rock layer type” proves most conducive to shale
gas enrichment, while the “laccolith type” is more favorable for shale gas enrichment compared to
“dike type” intrusions, which have a limited impact on shale gas enrichment. (3) The mineralization
process of CBM, shale gas, and iron ore is influenced by Yanshanian-period magma. The enrichment
degree of CBM and shale gas exhibits an inverse correlation with the distance from the magmatic
intrusion. Iron deposits demonstrate a close association with the magmatic intrusion, with enhanced
enrichment along the rock layer. The results indicate that the destruction of the NCC triggered
intense metasomatism in the deep cratonic fluids, serving as the primary driving mechanism for
large-scale mineralization during the Yanshanian period. Magmatic intrusions bring hydrothermal
fluids conducive to mineralization, and the heat release from these intrusions promotes thermal
evolution, hydrocarbon generation, and the enrichment of organic-rich strata.

Keywords: Yanshanian period; skarn-type iron ore; CBM; shale gas; magmatic-hydrothermal
metallogenic system; NCC

1. Introduction

The North China Craton (NCC for short) is the main tectonic unit of the Chinese
mainland, covering an expansive area of approximately 1.3 x 10° km? and boasting an
ancient history of 3.8 billion years [1]. During the Mesozoic, significant craton destruction
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and lithospheric thinning unfolded within the NCC [2]. The focal point of craton destruction
was primarily in the eastern part, reaching its zenith around 125 Ma, while the western
part underwent a notable transformation of the craton [3]. The primary external factor
and driving force behind the NCC’s destruction during the Early Cretaceous was the
subduction of the western Pacific plate beneath the Eurasian plate [4]. The retention and
dehydration of the subducted plate in the mantle transition zone induced melting and
unsteady flow in the overlying mantle. Additionally, the retreat of the subduction zone
triggered robust lithospheric extension, ultimately leading to the NCC’s destruction [2,3,5].
This process played a pivotal role in the formation of oil and gas-bearing basins, as well as
the development of large-scale metal mineral resources in eastern China [6].

Against the tectonic backdrop of the NCC’s destruction, the western Shandong
Province (Luxi) area witnessed the emergence of large-scale magmatic activity, exten-
sive basin depression, and rapid crustal uplift. Concurrent with the craton’s destruction,
significant mineralization unfolded along the eastern margin of the NCC [6]. This miner-
alization encompasses various resources such as CBM, shale gas, tight gas, and iron ore.
Notably, skarn iron ore stands out as a vital source of high-grade iron ore in China [7]. The
eastern regions of Daye, Linfen, and Laiwu are particularly rich in skarn iron deposits,
boasting the highest concentration in China. Dominated by magnetite, skarn iron ore results
from hydrothermal metasomatism between magma-hydrothermal fluid and Paleozoic or
early Mesozoic marine carbonate rocks [8-10]. The primary resources within the oil and
gas-bearing basin consist mainly of CBM and shale gas, both of which are found in the
Carboniferous-Permian coal measures. Recent research data on multi-mineral resources in-
dicate a correlation between their formation and Early Cretaceous magmatic intrusion [11].
While current studies focus on the geochemistry and chronology of skarn-type iron ore [12]
and the magmatic intrusion and Paleozoic multi-mineral metallogenic mechanism [11],
there has been limited exploration into the genetic relationship and enrichment mechanism
between these deposits. The question of whether these deposits of varying ages collectively
form a magma-hydrothermal metallogenic system with a regional genetic connection is a
topic worthy of further discussion [13].

This study delved into the HHBC in the eastern margin of the NCC and provided
a comprehensive analysis of the relationship between geochemical changes caused by
the magmatic intrusion on coal measures strata and hydrocarbon generation potential of
source rocks, as well as the influence of the ore body mineralization mechanism. This study
proposed a regional magma-hydrothermal metallogenic system with genetic links and
investigated the connection between the multi-mineral enrichment mechanism, mineraliza-
tion regularity, and the destruction of the NCC.

2. Geological Background
2.1. Tectonic Setting

The NCC is located in the northeastern margin of the Paleo-Tethys Ocean (Figure 1a),
spanning a latitude of approximately 10-20° N [14,15]. It is surrounded by the Central
Asian Orogenic Belt to the north and the Central China Orogenic Belt to the south. The
western boundary is the Qilian Orogenic Belt, and the eastern boundary is the Sulu Orogenic
Belt [16]. The NCC is divided into three parts from west to east: the Western Block, the
Central Zone, and the Eastern Block. The HHBC is located in the Eastern Block, east
of the NCC, exhibiting similar phased evolution characteristics as the NCC (Figure 1c).
It extends from the Woniushan Fault in the east to the Liuji Fault in the west, with the
coal measure bottom outcrop in the south and the Qiguang Fault in the north [17]. The
strata in the area, from old to new, include the NeoArchean Taishan Group, Cambrian,
Ordovician, Carboniferous, Permian, Triassic, Paleogene, Neogene, and Quaternary. The
Carboniferous Permian is an important coal measure that successively consists of the Benxi
Formation, Taiyuan Formation, Shanxi Formation, Lower Shihezi Formation, and Upper
Shihezi Formation. Due to the long-term block uplift in the middle Shandong Province,
the regional strata in the HHBC generally display a noticeable gentle monoclinal structure.
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The strata strike N 50° E, with a dip direction of N 40° W and a dip angle ranging from 5°
to 8° [18] (Figure 1d).

2.2. Characteristics and Spatial Distribution of Magmatic Intrusions

Against the tectonic backdrop of the North China Craton’s (NCC) destruction, exten-
sive magmatic activity unfolded in the western Shandong area. This activity primarily
comprised the Middle Jurassic and Early Cretaceous magmatic events. The Middle Jurassic
magmatic activity had a limited distribution range, while the Early Cretaceous magmatic
activity was more intense and widely distributed. Throughout its intrusion process, it
underwent varying degrees of separation crystallization, magma mixing, and crustal con-
tamination, resulting in the formation of various intermediate-acidic intrusive rocks in
the shallow crust [19-22]. Common magmatic intrusions occurred in the Carboniferous—
Permian coal measures and Ordovician limestone. During this period, the intrusions
mainly developed in three layers, with acidic granite in the upper and lower layers and
intermediate-basic diorite in the middle layer [23] (Figure 1d).

In the study area, acidic rocks are mainly distributed in the Qihe—Yucheng area,
existing within the Carboniferous-Permian coal measures in the form of rock beds. They
exhibit a widespread distribution in the western and southeastern parts of the study area.
The coal measures of the Carboniferous—Permian Shanxi and Taiyuan Formations generally
experience magma intrusion. The magma permeates along the rock formations or coal
seams, running parallel to the surrounding rock and forming tabular intrusion bodies, rock
beds, and rock loccoliths. The thickness of the upper and lower layers of acidic intrusions
varies significantly. The upper intrusion layers are primarily associated with strata above
the roof of No. 3 and No. 4 coal seams (C3 and C4) in the lower member of the Shanxi
Formation. The magmatic rocks gradually thin and pinch in the southwest and northeast
directions. The middle layer basic intrusion exhibits minimal thickness variation, with the
intrusion layer affecting the No. 5 to No. 9 coal seams (C5 to C9) of the middle and upper
members of the Taiyuan Formation. This intrusion layer significantly impacts the No. 7
coal seam and connects with the Ji'nan gabbro rock mass to the east. The lower intrusion
beds are mainly associated with the No. 11 and No. 13 coal seams (C11 and C13) of the
Taiyuan Formation, gradually pinching out to the southwest.

The intermediate-basic rock mass mainly lies beneath the surface in the Litun, Pandian,
and Dazhang areas, primarily consisting of diorite in terms of lithology (Figure 1d). Its
diagenetic age closely aligns with the rocks of the Ji'nan sequence, and it is considered to be
a component of the Ji'nan sequence. Magma intrusion predominantly occurs in the form of
a batholith, with instances of rock veins or rock wall intrusions along the structural fracture.
Within this sequence, the basic magmatic rocks demonstrate a significant association with
the magnetite mineralization in the Qihe-Yucheng region. The intermediate-basic magmas
intruded into the Mesozoic coal measures during the Late Yanshanian period. The boundary
of the rock mass and the contact zone between the Ordovician and Carboniferous-Permian
formations represents favorable locations for iron ore mineralization.



Minerals 2024, 14, 332

40f18

Early Cretaceous
~132Ma @

-Deep sea|

|:]Shallow sea 1000km

- Palaeocontinent — C?

F35°N

110°N

1 N Central Asian Orogenci Belt

Qingip 9

obie Orogep,
Yangtze Craton

120°N S 1307 0 20km

Yucheng

Eichengaist =
. o o e
Yellow sea dhel = o
P Sae Ordovician
o Sau A 3
' Cambrian

0 500km Taishan uplift

-

:l Gabbro

|:| Diorite |:| Granite

~’| Research area |I| Well IZl City Z Fault

Figure 1. Location and geological context for the HHBC. (a) Paleogeographic map of Early Cretaceous
NCC [24]. (b) Map of China showing the boundary of NCC (http:/ /bzdt.ch.mnr.gov.cn/, accessed
on 11 February 2023, No. GS (2016)1569). (c) A simplified map showing the tectonic divisions of the
NCC and adjacent regions [25,26]. (d) Tectonic geological setting for the HHBC [23].

2.3. Characteristics and Spatial Distribution of Skarn-Type Iron Ores

Skarn-type iron ore deposits are an important type of deposit in the HHBC. They are
formed by hydrothermal metasomatism in or near the contact zone between medium acid
and medium basic intrusive rocks and carbonate rocks. Among them, skarn mainly refers to
calcsilicate rock and skarn iron ore as containing iron oxide, such as magnetite or hematite.
The primary source of ore-forming materials of skarn-type iron ore deposits in the HHBC
is the intrusion of the magmatic rock, specifically diorite. Within the diorite body, various
dyke intrusions such as gabbro, diorite porphyry, monzonite porphyry, and diabase exist,
broadly categorized into basic and intermediate-acidic dykes. The distribution of iron ore
bodies is diverse and intricately linked to the contact relationship between diorite bodies
and carbonate strata. The ore-forming geological body of the HHBC is dominated by diorite
and gabbro, and there are diorite porphyrite, monzonite porphyry, diabase, and other dike
intrusions. Diorite is gray and has a granular and massive structure. Its main minerals
include plagioclase, hornblende, biotite, potassium feldspar, quartz, and so on. Local rock
alterations and metasomatism are more obvious. Gabbro is often located between the
diorite and skarn belt or in the diorite rock mass. Its fresh surface is grain-green, and it has
a massive, medium-fine grain granular structure. Its main minerals include plagioclase,
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pyroxene, a small amount of potassium feldspar, and biotite, while its secondary minerals
include sphalerite, apatite, ilmenite, magnetite, and so on.

Based on the contact relationship between the iron ore body and surrounding rock,
three types of metallogenic structural plane styles are identified as follows: (1) Contact
zone structure: This structure predominates in the contact zone between the ore-forming
geological body and limestone, representing a crucial structural plane in the contact meta-
somatic iron ore within the study area. (2) Interlayer structure: Ore bodies are primarily
formed in layers along veins. (3) Fault zone structure: The ore body is generated within
the fault structure. These structural styles provide insights into the diverse modes of iron
ore formation within the HHBC, emphasizing the importance of the contact relationship
between geological bodies and surrounding strata.

3. Thermal Evolution and Gas Enrichment Mechanism of Source Rocks
3.1. Metamorphism of Coal Seam and Enrichment Mechanism CBM

The superimposed position of the three-layer magmatic intrusion in the HHBC is
located in the Changging Wellfield in the southeast of the study area. The thickness, area,
and intrusion horizon of the magmatic rock intrusions surpass those in the adjacent area.
The three-layer intrusive rock bed is predominantly formed in the coal measures of the
Shanxi Formation and the Taiyuan Formation, exhibiting strong activity. The intensity and
extent of magmatic rock intrusion into each coal seam in the Changqing Wellfield varies,
resulting in differences in coal metamorphism degrees. The coalification of organic matter
in coal in geological history, that is, coal rank or thermal maturity, is usually measured by
vitrinite reflectance, based on the “Data Measurement Method of Vitrinite Reflectance of
Sedimentary Rocks” (SY/T 5124-1995) [23]. The maximum vitrinite reflectance (R%max, %)
of coal and rock in the Changqing Wellfield ranges from 0.81% to 3.20% (Figure 2). The
variation in R®nax, % within each coal seam reflects the difference in coal rank and change in
gas generation capacity, with coal rank classified according to ISO 11760-2005 “International
Standard for Coal Classification” [27]. It is divided into low-rank (R°max, % < 0.5%, lignite,
sub-bituminous), mid-rank (0.5% < R°mnax, % < 2.0%, bituminous), and high-rank coal
(R°max, % > 2.0%, anthracite).

Among them, the metamorphic degree of C5 is relatively low in each exploration
area, with R°max, % ranging from 0.59% to 2.26% (average 1.53%). It primarily consists of
medium-rank bituminous C to bituminous A, and high-rank anthracite C (Figure 2a). The
gas content of C5 is notably higher at 6.32 m?/t compared to other coal seams, making
it a favorable layer for gas generation (Table 1). For C7, R°max, % ranges from 0.75% to
0.96% (average 0.82%) and is mainly composed of medium-rank bituminous C (Figure 2b).
The gas content of C7 is 4.66 m3/t (Table 1). C10 exhibits R°pyay, % ranging from 0.74%
to 0.97% (average 0.81%), primarily composed of medium-rank bituminous C (Figure 2c).
The gas content of C10 is 5.01 m>/t (Table 1). C11 displays R°may, % ranging from 0.72%
to 6.35% (average 3.20%), consisting mainly of medium-rank bituminous C to bituminous
A and high-rank anthracite C to anthracite A, (Figure 2d). The gas content of C11 is
3.28 m3/t (Table 1). C13 has R°max, % ranging from 0.70% to 2.38% (average 0.92%),
mainly comprising medium-rank bituminous C to bituminous A and high-rank anthracite
C (Figure 2e). The gas content of C13 is 2.43 m>/t (Table 1).

The planar distribution of coal in C5, C7, and C10 (upper coal group) in the Changqing
Wellfield indicates that coal in the high metamorphic stage is mainly distributed in the
middle and deep sections of the mine, aligning closely with the distribution range of
three layers of magmatic rocks (Figures 1d and 2a—c). The planar distribution of coal types
in C11 and C13 (lower coal group) in the Changqing Wellfield reveals that the range of
magmatic rock essentially corresponds to the variations in coal metamorphism degree
(Figures 1d and 2d,e). Originating from the magmatic rock intrusion site, it transitions
from natural coke to bituminous towards the surrounding coal metamorphism stages. This
demonstrates that the magmatic intrusion has a direct impact on coal, showcasing changes
in coal types [28]. Additionally, it illustrates that the coal seam in high coal-rank areas is
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often regarded as a better gas target horizon. Based on the measured data of Changging
Wellfield’s gas content, there is a notable disparity in CBM content between the upper
and the lower coal groups. The gas content of the upper coal group is high, while the gas
content of the lower coal group is generally low.

Table 1. The R°max, %, coal thickness, gas content, and metamorphism stage of a coal seam in HHBC
(data from the Geological Planning and Exploration Institute of Shandong Coalfield, 2020).

C&Zﬁgﬁ‘g‘;g C5 c7 C10 C11 C13
RO, % 0.79~2.26 0.75~0.96 0.74~0.97 0.72~6.35 0.70~2.38
’ X=1.53 X=0.82 X =081 X =3.20 X =092
coal rank bituminogs C-A, bituminous C bituminous C bitumingus C-A, bituminoulls C-A,
anthracite C anthracite C-A anthracite C

metamorphism stage  high maturity stage = maturity stage  maturity stage = over maturity stage = high maturity stage

| thickness (m) 0.34~1.01 0.35~1.35 0~4.10 0.75~3.30
coal thickness (m ~ X = — — — —
0~0.90X = 0.69 X =0.82 X =0.80 X=1.58 X=1.92
0.05~15.28 0.01~7.31 4.51~5.51 1.20~5.37 0.04~5.44
gas content (m3/1) — — — — —
X=6.32 X =4.66 X =5.01 X =328 X =243
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Figure 2. Characteristics of coal types in the southeast of the HHBC of Carboniferous-Permian.
(a—e) is the C5, C7, C10, C11, C13 coal-type characteristics of Zhaoguan and Changqing Wellfield.
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Under normal circumstances, it is generally observed that the greater the burial depth
of the coal seam, the higher the gas content [29]. However, the opposite holds true for
CBM content in the Changging Wellfield. Previous studies suggest that reservoir structure
serves as the most crucial and direct factor influencing gas content [30,31]. On the one
hand, it directly or indirectly governs the distribution, migration, accumulation, and
formation of coal seams and CBM. On the other hand, it induces constructive or destructive
changes in the existing CBM formation [32]. Coal reservoirs with different tectonic types
exhibit distinct methane adsorption characteristics, potentially leading to variations in
CBM enrichment conditions [33-36]. Examining the sedimentary evolution and regional
tectonic evolution characteristics of coal seams in the HHBC, both the upper and lower coal
seams belong to the Taiyuan Formation, sharing similar evolution traits. Furthermore, prior
research has demonstrated that the sealing conditions of surrounding rock and regional
hydrogeological characteristics influence the generation, migration, and enrichment of
CBM [30,37,38]. However, these factors are not the primary controlling factors for the
abnormal characteristics of CBM content in the study area.

Based on the aforementioned studies, it is asserted that the manner and extent of
magma intrusion into coal seams, coupled with the adsorption characteristics of coal at
different metamorphic degrees, are the primary factors contributing to the generally lower
CBM content in the lower coal group is generally lower compared to the upper coal group.
Magmatic intrusions are predominantly concentrated in the western and southeastern parts
of the HHBC, leading to the thermal metamorphism and contact metamorphism of coal
measures, resulting in an increased degree of coal metamorphism [39]. In the study area,
coal metamorphism is chiefly manifested as magmatic thermal contact metamorphism.
This metamorphism occurs due to the intrusion of magma passing through or near the coal
seam. The thermal energy from these intrusions induces metamorphism in the coal seam
at temperatures exceeding 1000 °C, playing a pivotal role in the thermal maturation of
organic matter [40,41]. Under the influence of high temperatures, the coal seam generates
secondary gas, leading to a sharp increase in CBM content, elevating coal reservoir pressure,
and forming abnormal high pressure. This abnormally high pressure facilitates the creation
of numerous micro-cracks in coal seams, roofs, and floors, forming effective migration
channels. Simultaneously, it prompts the diffusion and migration of CBM to low-pressure
areas [42,43]. Furthermore, magmatic intrusion often disrupts the integrity of surrounding
rock and coal seams, resulting in the formation of fracture channels. A significant volume
of gases generated within the coal seams, along with a considerable amount of volatiles
carried by the magma itself, escapes through these fracture channels.

3.2. Shale Thermal Evolution Degree and Shale Gas Enrichment Mechanism

The maturity of source rocks refers to the degree of thermal evolution experienced by
source rocks in the geological history, and is an important index to evaluate whether source
rocks have hydrocarbon generation ability. The maturity of organic matter of source rocks
can be measured by means of petrology, geochemistry, geophysics, R°max, palynology, and
other indicators [44]. This study mainly focuses on R°nax and rock-eval, which is used to
reflect the gas generation degree of carbonaceous mudstone in HHBC, and according to
the People’s Republic of China Coal Industry Standard Catalog (2010), the classification
of coal grades is made. At the same time, according to the “Regulation of shale gas
resources/reserves estimation” (DZ/T 0254-2014), the degree of thermal evolution of shale
gas layers is classified.

The test results of shale samples from well CQ16 in the study area indicate that the
pyrolysis peak temperature (Tmax, °C) of dark shale ranges from 471.9 °C to 476.4 °C
(Table 2), and the Tax begins to rise in the S5 layer, but the shale mostly remains in the
middle mature stage during the entire period. The values of S; and S, exhibit significant
variations in different shale formations, leading to considerable heterogeneity in hydrocar-
bon generation potential. The highest value of S; + S, can reach 17 mg/g, with the peak
value occurring in the S11 layer between C5 and C7, representing a promising hydrocarbon
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source rock (Figure 3). In the study area, R°max ranges from 0.72% to 1.25%, and its thermal
evolution degree distribution aligns closely with the range of the three-layer magmatic
rocks (Figure 4). The upper magma is primarily distributed in the southwest region of
the study area, with R%yax mostly falling between 0.7% and 0.9%. The thermal evolution
degree gradually increases to the north around the rock mass. The middle constitutes a
basic intrusion rock with a wide range of magmatic intrusion and a high thermal evolution
degree. R°max is predominantly between 1.0% and 1.2%, reaching more than 1.2% in local
areas. Around the invasion site, the thermal evolution degree of shale is noticeably reduced,
indicating a discernible pattern. The lower layer magmatic rocks are less distributed, and
the thermal evolution around the intrusions is higher.

Table 2. Shale thermal evolution degree in HHBC of Permian—Carboniferous.

Sample. No. Depth(m) Tmax (°C) Maturity S1 (mg/g) S2 (mg/g) S1 + S2 (mg/g) Source Rock Rank
S1 526.84 471.9 moderate 0.05 0.73 0.78 poor
S2 545.03 471.9 moderate 0.01 0.18 0.19 no
S3 555.32 471.9 moderate 0.01 0.08 0.09 no
S4 657.2 471.9 moderate 0.01 0.10 0.12 no
S5 660.51 476.4 moderate 0.04 0.09 0.13 no
S6 668 476.4 moderate 0.02 0.09 0.10 no
S7 682.39 476.4 moderate 0.12 0.33 0.45 no
S8 692.25 476.4 moderate 0.27 0.93 1.20 poor
S9 699.83 476.4 moderate 0.25 0.84 1.09 poor
S10 702.07 476.4 moderate 0.12 0.58 0.70 poor
511 707.37 476.4 moderate 2.95 14.50 17.45 good
S12 709.6 476.4 moderate 0.38 1.73 2.10 medium
S13 711.25 476.4 moderate 0.76 12.53 13.29 good
514 721.71 476.4 moderate 0.08 0.67 0.75 poor
515 725.53 476.4 moderate 0.09 0.83 0.93 poor
S16 740.33 476.4 moderate 0.11 141 1.52 poor
517 742.79 476.4 moderate 0.09 1.11 1.20 poor
518 752.22 476.4 moderate 0.13 1.39 1.51 poor
S19 755.8 476.4 moderate 0.17 1.54 1.71 poor
520 757.5 476.4 moderate 0.08 0.24 0.32 no
S21 766 476.4 moderate 0.10 0.20 0.30 no
S22 790.94 476.4 moderate 0.13 1.59 1.72 poor
523 793.14 476.4 moderate 0.07 0.92 0.99 poor
524 798.5 476.4 moderate 0.10 0.60 0.70 poor
S25 807.88 476.4 moderate 0.13 1.36 1.50 poor
526 812.06 476.4 moderate 0.10 091 1.01 poor
S27 821.55 476.4 moderate 0.35 3.88 4.23 medium
528 823.55 476.4 moderate 0.12 0.92 1.03 poor
529 824 476.4 moderate 0.16 1.20 1.36 poor
S30 830.55 476.4 moderate 0.21 2.49 2.70 medium
531 842.44 476.4 moderate 0.06 0.88 0.93 poor
532 851.72 476.4 moderate 0.07 0.70 0.77 poor
S33 769.96 476.4 moderate 0.12 4.24 4.36 medium
S34 817.6 476.4 moderate 0.15 0.28 0.43 no
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Figure 3. The analysis result of Well CQ16 Carboniferous-Permian coal measures, Tmax, S1, S2,
Source rock rank, gas content, CH4, and magma type. (a—c) Tmax, S1, S2 vertical data evolution
trend; (d) There are three types of Source rock rank; (e) The gas content and vertical characteristics of
coal seam; (f) CH4 and vertical characteristics of shale; (g) Miearal type, include shale gas, coalbed
methane, iron ore [23]; (h) The study area is a Basic intrusive magma, 130 Ma [23] 164 Ma, Acid
intrusive magma, 86 Ma [7]. Abbreviations: Ordo = Ordovician, Sta. = Stage, Fm. = Formation,
Dep. = Depth, Basin i. m. = Basin intrusion magma, C5 = No. 5 coal seam, L1 = No. 1 lime-
stone, Lx = xujiazhuang limestone, Lc = caobugou limestone, LL = lower layer, ML = middle layer,
UL = upper layer.

When magma infiltrates the shale layer, influenced by high temperature [45], high
pressure (Das et al., 2014) [46], and hydrothermal fluid [47], it induces profound changes
in the organic geochemical characteristics and physical properties of the shale reservoir.
These alterations deviate significantly from those observed in the natural evolutionary con-
text [48]. Such transformations have a direct impact on rock formation, pore evolution, and
the enrichment of shale gas in the neighboring area of the intrusion. The high temperature
brought about by magma plays a crucial role in the formation of solid bitumen [49,50] and
contributes to the maturation of organic matter near the vicinity of the intrusion [49-53].
The R°nax of shale in the magmatic rock development area in the middle of the study
area significantly exceeds that in the surrounding areas, providing additional evidence of
the magmatic intrusion’s influence on the maturity of shale organic matter. The magma
intrusion also triggers an escalation in tectonic stress, fostering hydrocarbon generation,
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increasing fracture density, enhancing reservoir performance, and augmenting shale ad-
sorption capacity. In summary, the intrusion of magma instigates a complex interplay
of geological and geochemical factors, reshaping the composition of shale and creating
conditions conducive to the accumulation of shale gas in the adjacent area [54,55].

At the basin scale, shale can expedite hydrocarbon generation during magmatism,
yielding a substantial amount of methane [56-58]. The impact of different magma occur-
rences varies in their effects on shale gas enrichment. In the study area, three models of
magma intrusion into shale are identified. When magma intrudes along the rock layer, it
induces extensive thermal metamorphism in the upper shale reservoir, leading to the rapid
generation of methane from organic matter. Due to the shale reservoir’s significant gas
storage capacity and the intrusion layer preventing the escape of shale gas, this scenario
proves beneficial to shale gas enrichment (Figure 5b). In cases where intrusive magma
follows a “laccolith type” intrusion into the shale layer, it results in a subdued thermal effect
on the lower shale reservoir. The influence range of magmatic activity is limited, rendering
the enrichment of shale gas neutral (Figure 5c). Contrarily, when intrusive magma follows
a “dike type” intrusion into the shale layer, it creates a fracture channel at the contact area
between the dikes and the reservoir. This channel facilitates the escape of shale gas and
proves unfavorable to the enrichment of shale gas (Figure 5d).

(©)
Yucheng
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\ Fault Vitrinite reflectance(Ro)
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Figure 4. The distribution of R°mnax, % in HHBC of Carboniferous—-Permian.
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Figure 5. Mineralization and enrichment mechanism of multi-minerals. (a) Thermal evolution degree,
metamorphism degree, gas generation degree, and magma intrude into Paleozoic strata and iron ore
enrichment areas. (b) The magma invades the shale layer along the rock layer. (c) The laccolith type
invades the stratum. (d) The dike type invades the stratum.

4. Mineralization Regularity of Skarn-Type Iron Ore

The genesis of skarn-type iron ore involves an intricate and protracted geological
process, typically characterized by complexity and multiple stages of formation [59]. Varied
metallogenic environments and mechanisms suggest differences in mineral sources and
enrichment methods. The spatial distribution of rock mass in the HHBC is inferred from
geophysical data and a limited number of boreholes. The intrusion predominantly occurs
in the lower part of the Ordovician and Carboniferous, with the uppermost intrusion
layer situated in the upper part of the Permian. The Taiyuan and Shanxi Formations of
the Carboniferous-Permian are commonly invaded, and contact metasomatic iron bodies
are predominantly located in the contact zone between the Carboniferous—Permian coal
measures and magmatic rocks (Figure 5b). Considering the published ages of the skarn-
type deposits and ore-forming rocks in the eastern part of the NCC, the U-Pb ages of diorite
in ore-forming geologic bodies are (131.6 & 1.7) Ma and (130.0 = 2.3) Ma [34,60-62]. This
period coincided with the peak of the lithosphere thinning of the NCC [63], signifying that
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the extensive skarn-type iron mineralization in North China is a response to and product
of the lithosphere thinning and destruction of the NCC.

Previous research has established that the HHBC iron deposit originates from hy-
drothermal metasomatism, involving the infiltration and filling of the ore-forming fluid
within suitable iron-enriched sites in the rock mass and carbonate strata after the magma
intrusion rock forming [64]. From the rock mass to the stratum direction, the structural
planes exhibit distinct metallogenic belt and alteration characteristics, broadly classified
into three lithofacies belts based on the magmatic rock-ore body-surrounding rock [65]. The
primary zoning includes fresh diorite, altered diorite, internal skarn, mineralized skarn, ore
body, external skarn, marble, and limestone. Notably, the iron ore in the study area predom-
inantly formed during the degradation and alteration stage of skarn. Examining alteration
characteristics, unaltered rocks in the study area typically display the characteristics of dark
mineral enrichment and high magnetic susceptibility. In the intrusive rocks near sodium
metasomatic alteration, the dark mineral content is minimal, with the metallogenic material
primarily derived from Fe-rich magmatic fluid [66]. This suggests that during the albite
alteration process of the diorite body within the carbonate formation, high-temperature
hydrothermal fluid disintegrates and eliminates dark minerals and magnetite in the rock
mass, converting iron into iron-bearing hydrothermal fluid. Throughout the mineralization
process, carbonate strata and gypsum strata contribute a significant number of Na*, C1~,
F~, H*, +CO,2~, and SO42~ ions as mineralizers [16,67,68] and form iron deposits [59].
The intricate interplay of alteration processes and mineralization conditions in the study
area underscores the multifaceted nature of skarn-type iron ore formation.

5. The Relationship between NCC Destruction and the Mineralization of Skarn-Type
Iron Ore, CBM, and Shale Gas

The North China Craton is an important skarn-type iron ore metallogenic province
and one of the significant iron ore-rich areas in China. From east to west, the metallogenic
area can be roughly divided into two metallogenic belts: the East iron metallogenic belt,
located on the west side of the Tanlu fault zone, represented by iron ore deposits in the
Jinan-Laiwu area; and the West iron metallogenic belt, located in the middle of the NCC,
represented by the Handan—Xingtai iron ore deposit. A large number of high-precision
isotopic chronology data show that skarn-type iron ores in eastern China were mostly
formed at ~130 Ma and have concentrated explosive metallogenic characteristics [65,66,68].

The iron ore in the HHBC is mainly produced in the Dazhang-Litun-Pandian area,
and it belongs to a typical skarn-type iron ore deposit that is part of the Ji'nan-Laiwu
iron ore deposit. The age of ore formation is consistent with the emplacement time of
the diorite body. Zircon U-Pb chronology indicates that the geological body responsible
for ore formation in the Dazhang-Litun-Pandian area corresponds to mid-basic intrusive
rock formed during the late Mesozoic (130-131 Ma), which aligns with the peak period of
lithosphere thinning and destruction in the NCC. This reflects the close genetic relationship
between large-scale mineralization and NCC destruction, and plays a crucial role in the
extensive mineralization of the HHBC [69,70]. CBM and shale gas are primarily concen-
trated in the Zhaoguan and Changqing areas, which are important regions known for
their abundant gas resources within this research area. The ore-forming geological bodies
are Carboniferous—Permian coal measures (coal seams and shale). It can be seen that the
characteristics of mineral output and distribution are closely related to the distribution
of magma intrusion. The main production of iron ore occurs in the contact zone between
the rock mass and surrounding carbonate rocks, with varying distances from the ore body,
resulting in a variety of mineralization modes for iron ore (Figure 5b—d). The iron ore
belt is closely associated with intrusive bodies and is enriched along the rock strata. The
gas enrichment zone is influenced by the location and mode of magma intrusion, with
enrichment intensity inversely proportional to the distance from the intrusion (Figure 6).
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Figure 6. Distribution characteristics of iron ore belt, CBM, and shale gas belt in Paleozoic coal
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Lx = xujiazhuang limestone, Lc = caobugou limestone.

In the Early Cretaceous, subduction, rotation, retreat, and retreat of the Paleo-Pacific
plate, as well as its retention in the mantle transition zone, caused the unsteady flow
beneath the East Asian continent. This resulted in strong metasomatism from deep melts
and fluids in the eastern part of the NCC. The content of lithospheric mantle melts increased
while the viscosity of the lithosphere decreased, forming a highly enriched lithospheric
mantle [68] (Figure 7a). The interaction between the melts and fluids produced by partial
melting of both the mantle and the lower crust may generate mineralization-friendly
magma [69]. During the coupling period of the Paleo—Pacific subduction plate and the
overlying lithospheric mantle, dehydration of the subduction plate weakened NCC’s
mantle leading to rollback initiation for the Paleo—Pacific plate. The metasomatized cratonic
lithospheric mantle was exposed to the laterally flowing asthenosphere mantle and was
heated and melted, forming a magma rich in iron [71]. During this period, the addition
of subducted oceanic crust materials led to the water-rich and oxidized characteristics of
the lithospheric mantle [71-75]. Subsequently, crystallization and cooling occurred during
the re-emplacement of mixed magma, resulting in the dissolution of iron-rich magmatic—
hydrothermal fluid. The fluid interacted with marine carbonate rocks in the Paleozoic
Ordovician Majiagou Formation contact zone [76], leading to the formation of skarn-type
iron deposits in the NCC [12,23,69,77].
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Figure 7. The relationship between NCC destruction and the mineralization of skarn-type iron ore,
CBM, and shale gas. (a) Early Cretaceous deep magmatic intrusion process of the NCC and the
relationship between destruction of the NCC and the mineralization mechanism of multi-minerals
(modifies from [68]). (b) Magmatic intrusion and CBM-shale gas-iron ore metallogenic model.

The intrusion of magma brings a large number of heat sources, which significantly
influences the thermal evolution process of organic matter in Paleozoic coal measures
(Figure 7b). Due to the heat release from magma intrusion, the R%max (up to more than 5%)
of organic matter in the surrounding rock of the study area increased sharply, surpassing
the thermal evolution maturity level observed in sedimentary basins. This indicates that
magma intrusion can accelerate the maturity of organic matter in the surrounding rock
and promote hydrocarbon generation [78]. Various coal types with different degrees of
metamorphism, and even abnormally high degrees, are formed, contributing to the varying
production of coalbed methane (CBM) in coal. The thermal evolution degree of dispersed
organic matter in shale has significantly increased, resulting in the formation of shale gas
to varying extents [23]. As the distance between the magma and the contact surface (the
contact part between the intrusion and the surrounding rock) decreases, there is a rapid
decrease in the organic carbon content in the surrounding rock, a sharp decrease in R°max,
and a gradual increase in hydrocarbon content in the surrounding rock. This suggests that
the magma intrusion can effectively promote hydrocarbon generation [79-82].

In summary, the primary genesis mechanism for skarn-type iron deposits in the
study area during the Yanshanian period is contact metasomatism of large-scale magmatic—
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hydrothermal fluids. Simultaneously, this process serves as the predominant driving
force behind the extensive enrichment of oil and gas, as well as mineralization in the
Paleozoic coal measures. Despite variations in ore-forming parent materials, mineral types,
and metallogenic mechanisms, the presence of age-inconsistent minerals establishes a
regionally interconnected magmatic-hydrothermal metallogenic system. Building upon
this research, the author contends that the multi-mineral metallogenic model proposed in
this paper offers a fresh perspective for future investigations into hydrothermal deposits,
presenting a novel direction for prospecting “coexistence in the same basin” minerals.

6. Conclusions

1. Various stages of magmatic intrusion during the Yanshanian period significantly
influenced the Late Paleozoic coal measures in the HHBC. The coal measures exhibit
distinct ranks, ranging from medium-rank bituminous C to A and high-rank anthracite
C, resulting in noticeable differences in gas generation among different coal ranks.
The shale between the coal seams C5 and C7 emerges as excellent, with a good
hydrocarbon-generating capacity during the middle-maturity stage.

2. The “Intrusion along the rock layer type” proves most conducive to shale gas enrich-
ment, while the “laccolith type” is more favorable for shale gas enrichment compared
to “dike type” intrusions, which have a limited impact on shale gas enrichment.

3. The mineralization process of CBM, shale gas, and iron ore is influenced by Yanshanian-
period magma. The enrichment degree of CBM and shale gas exhibits an inverse
correlation with the distance from the magmatic intrusion. Iron deposits demonstrate
a close association with the magmatic intrusion, with enhanced enrichment along the
rock layer.
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