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ABSTRACT: The Huanghua depression located in the hinterland of the Bohai Bay Basin in eastern
China is a typical area for the research of multistage magmatic activities with hydrocarbon enrichment,
many high-yield wells related to igneous rocks were discovered within the Cretaceous strata in recent
years. However, the spatial and temporal distribution of Cretaceous igneous rocks remains unclear, and
the relationships among magmatic sequence, lithology, and hydrocarbon enrichment have been poorly
studied. In order to solve these problems, core observation, logging analysis, major element analysis,
zircon U-Pb chronology, oil-bearing grade statistics and reservoir spaces analysis were used to subdi-
vide the magmatism cycles and to investigate the characteristics of igneous reservoirs. Our results show
that the Mesozoic magmatism in Huanghua depression started in 140.1+1.4 Ma and could be divided
into two stages including the Early Cretaceous stage and Late Cretaceous stage. The Early Cretaceous
magmatism principally developed basic-intermediate rocks in the north zone, and could be subdivided
into 3 cycles with their forming ages of 140, 125-119, and 118-111 Ma, respectively. By contrast, the late
stage mainly developed intermediate-acid rocks centralized in the south zone and formed at 75-70 Ma.
The GR and SP curves are good indicators for the contrast of different lithologies, lithofacies and for
magmatic sequences division. Intensive magmatism may have an advantage to form reservoirs, since
basalt in cycle III in the Early Cretaceous and dacite porphyrite in the Late Cretaceous have great ex-
ploration potential. Lithology and tectonic fractures have an important influence on the formation of
reservoir spaces and hydrocarbon enrichment. The characteristics of Cretaceous magmatism and ig-
neous reservoirs in Huanghua depression and adjacent areas are summarized, providing important in-
formation for igneous reservoirs research and oil-gas exploration in the Cretaceous in related areas.

KEY WORDS: Cretaceous magmatism, magmatic sequences division, igneous reservoir, hydrocarbon

enrichment, Huanghua depression, oil-gas reservoir space.

0 INTRODUCTION

Volcanic accumulation of oil and gas has been a new global
field of hydrocarbon exploration since the discovery of volcanic
reservoirs in the San Joaquin Basin of California in the United
States at the end of the 19th century. Nowadays more than 300
occurrences of hydrocarbon accumulation related to igneous
rocks in more than 20 countries and regions have been confirmed
(Zou et al., 2013; Schutter, 2003). Previous studies show that the
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evolution and hydrocarbon-bearing capacity of basins are closely
related to volcanic activity with significant reservoirs discovered
in igneous rocks (Wen et al., 2019; Wang and Chen, 2015; Gu et
al., 2002). In the last 30 years, researches and explorations have
been carried out in Sichuan, Junggar, Songliao, Santanhu and
Bohai Bay basins in China, and many igneous reservoirs of dif-
ferent sizes have been discovered (Ma et al., 2019; Xie et al.,
2019; Wang G et al., 2018). Great achievements have been ob-
tained in theories and explorations of igneous hydrocarbon en-
richment in recent years. For example, the theory that “entire
volcanic structure contains oil” was invoked for the exploration
in the Junggar Basin, and confirmed that the oil reserve scale of
the Hongche fault zone related to the Carboniferous igneous rock
was over one hundred million tons (He et al., 2019). Moreover,
both proven natural gas reserves in the Songliao Basin related to
Cretaceous igneous rocks and the Sichuan Basin related to Per-
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mian igneous rocks exceeded 2 500%10° m’ (He et al., 2019;
Feng et al., 2014), confirming the great potential for the explora-
tion and development of igneous reservoirs.

The Bohai Bay Basin located in the eastern margin of the
North China Craton developed many Mesozoic and Cenozoic
reservoirs (Zhang J L et al.,, 2019), and gave side to exploration
and development of igneous reservoirs there started more than 50
years ago. More than 30 igneous reservoir occurrences and over
ten million tons of oil reservoirs confirm the great exploration
potential of igneous reservoirs (Yang et al., 2017). The principal
areas with igneous reservoirs include the Bohai Sea area, Liaohe,
Huanghua, and Jiyang depressions (Cai et al., 2018). Previous
exploration results in the Liaohe depression confirmed that the
igneous related oil reserves exceeded 4 317x10 t in the depres-
sion (Mu, 2015), principal lithologies were acid-intermediate
rocks in Mesozoic, and the high-productivity well in the Xing-
longtai area in the western sag has achieved 80x10* m® daily gas
production and 110 t oil production, respectively (Li et al., 2012).
In the Bohai Sea area, before 2010 researches were mainly fo-
cused on the lithologies identification of igneous reservoirs, and in
recent years, great progress was made on the volcanic apparatus
and many multiple hydrocarbon structures such as 428W, B22-2,
and Q30-1 (Wu et al., 2017; Ye et al., 2017) have been discovered.
In the Huanghua depression, several high yield wells with more
than 100 t daily production were discovered in the Wangguantun
and Fenghuadian areas, and the proved reserves in Cretaceous
strata were higher than other strata (Zheng and You, 2019).

The study area, Huanghua depression, is a Meso—Cenozoic
fault depression tectonic unit located in the hinterland of the
Bohai Bay Basin in eastern China. Previous studies mainly focus
on the Cenozoic volcanic rocks, most of which are investigations
into their distribution, reservoir space types, well logging tech-
nologies and the magmatic effects on oil and gas generation
(Zhou et al., 2020; Gao et al., 2015; Mao et al., 2015; Li et al.,
2014; Luo et al., 1996). Studies on the Early Cretaceous igneous
rocks in the Huanghua depression and the Bohai Bay Basin were
mostly related to either their reservoir characteristics (Jin et al.,
2013) or implications for the Yanshanian movement (Zhu et al.,
2019; Zuo et al., 2015; Zhang et al., 2011). Only a few studies
mentioned the Late Cretaceous magmatism (Zheng and You,
2019; Zhu et al., 2019). Even so, no much attention has been paid
to the spatial-temporal distribution of igneous rocks and their
relation to hydrocarbon accumulation. Therefore, several key
problems still need to be studied for oil-gas exploration, includ-
ing how the Cretaceous igneous rocks are distributed in the
Huanghua depression? which strata of igneous rocks are benefi-
cial to oil and gas accumulation? and which lithologies and litho-
facies are easy to become reservoirs?

In this study, the authors aim to clarify the magmatic se-
quence and distribution of Cretaceous igneous rocks, and put
forward the new understanding of the relationships among the
magmatic sequence, lithology, and hydrocarbon enrichment in
the Huanghua depression.

1 GEOLOGICAL BACKGROUND

The famous Mosozoic Yanshanian movement occurred in
Mesozoic was an important tectonic event accompanied by ex-
tensive magmatic activities and the formation of petroliferous

basins, it significantly influenced the tectonic deformation of the
North China Craton and formed the present-day tectonic frame-
work and topography of eastern China and even the East Asia
(Zhang et al., 2020; Dong et al., 2018; Wong, 1929). Though
heated debates remain over the dynamic mechanism and episodes
division, most scholars agreed that the westward subduction of
the Pacific Plate has a great influence on the Yanshanian move-
ment (Zhang et al., 2020; Wang Y et al., 2018; Zhao et al., 2004).
Previous researches indicated the Yanshanian movement began
with intensive intra-continental contraction in Jurassic (from
~170+5 Ma). The alternating stages of crustal shortening at
~170-136 Ma reflected in the generation of two regional strati-
graphic unconformities (the Tiaojishan and Zhangjiakou uncon-
formities), which were initially named the A and B episodes of
“the Yanshan Orogeny” by Mr. Wenhao Wong (Dong et al., 2018;
Wong, 1929). After that, in the Cretaceous, extension collapse
and lithospheric thinning (135-90 Ma) gave rise to the upwelling
of asthenosphere mantle and resulted in massive magma intru-
sions and volcanic eruptions. As a result, thick layers of mag-
matic rocks developed in the late Early Cretaceous and a small
amount of magmatic activity occurred in the Late Cretaceous (Ye
et al., 2017; Kuang et al., 2012; Bing et al., 2003).

The NNE trend Mesozoic to Cenozoic Tanlu fault zone
(Fig. 1a) with polyphase activities impacted the related areas
including the formation and evolution of Bohai Bay Basin
(Gong et al., 2007; Zhu et al., 2004). The study area, Huanghua
depression, is a Meso—Cenozoic fault depression tectonic unit
located in the hinterland of Bohai Bay Basin, series of NNE
and NE folds and thrust tectonics were created accompanied
with intensive compressional orogeny in the Late Jurassic and
Early Cretaceous (Zhang F P et al., 2019; Fu et al., 2016), asso-
ciated magma intruded the wall rocks or erupted to the surface
along the NNE and NE faults in the Early Cretaceous (Zhou et
al., 2012). The profile of the depression shows NE-SW trend
was controlled by the tectonic faults, with Cangxian uplift
bounded on the west, Chengning uplift on the east and Yanshan
fold belt on the north, respectively (Fig. 1a). There are 26 bur-
ied hills within the Huanghua depression (Zhang J N et al,,
2019), typical buried hills developed igneous rocks including
Beitang, North Dagang, South Dagang, Koucun, Xianzhuang,
Zaoyuan, Wangguantun, Yanshan and Xuhei areas (Fig. 1b).
Basic, intermediate and acid lavas, tuffs and breccias were de-
veloped in Huanghua depression (Zhang et al., 2009). In this
study, we focus on the igneous rocks developed in the central
part of the Huanghua depression. To better describe their dis-
tribution, we named the North Dagang, South Dagang, Koucun
and Xianzhuang areas as the north zone, and Wangguantun,
Zaoyuan and Yanshan as the south zone.

2 PETROGRAPHY OF THE CRETACEOUS IGNEOUS
ROCKS

According to the core samples, the principal igneous rock
types in Huanghua depression include lava, pyroclastic and
intrusive rocks; the main lithologies are basalt, andesite, dacite
porphyrite, diabase, tuff, volcanoclastic rocks, tuffaceous sand-
stone and granite (Fig. 2).

The granite is mainly composed of orthoclase (35%—40%),
plagioclase (25%-35%) and quartz (20%—-35%), with minor



Characteristics of the Cretaceous Magmatism in Huanghua Depression and Their Relationships with Hydrocarbon Enrichment 1275

11675V

39°30'N

Tianjin O

38°50'

38°10'

37°30'

normal fault connecting line

117730 LI8IU'N

|:| Depression |:| Slope
I:l Uplift - Magmatic rocks

Figure 1. (a) Sketch map showing the Bohai Bay Basin, (b) structure map of the Huanghua depression (modified from Zhu et al., 2019). @ Well Qg101; @
Well Qg8; @ Well Qgl1601; @ Well Qg2; ® Well K36; ® Well X6; @ Well Z1531; @ Well F22-15; @ Well G177; @ Well Y1; line 1 showing the cross

section location of Fig. 7, and line 2 of Fig. 8.

biotite (2%—5%) and apatite. The orthoclases and plagioclases
are subhedral, the quartzes are anhedral and biotites are flakes,
most of the main minerals are 200 pum to 1 mm in size.

The dacite porphyry is dense massive structure and por-
phyritic texture, the rock samples are fresh, the phenocrysts
include plagioclase, quartz and some biotite, mainly 200 to 600
um in size. The groundmass is a cryptocrystalline texture and is
composed of felsic minerals.

The andesite samples are strongly altered, vesicular and
amygdaloidal structure and porphyritic texture, and the vesicles
are ~500 pm to 2 mm in size. The main phenocrysts include pla-
gioclase and amphibole, mainly 200-800 pm in size, and the

groundmass is mainly composed of microcrystalline plagioclase.

The basalt also has a similar structure and texture as ande-
site, but the phenocrysts are mainly iddingsites and pyroxenes.
The iddingsites are the alteration products of olivines, they show
the euhedral shapes of olivines and mainly 200-600 um in size.
The vesicles are suborbicular and 500 um—2 mm in size.

The volcanoclastic rocks are composed of lava breccia and
volcanic ash, the lava debris is 0.5 to 3 mm in size, quartz and
sanidine clastics are easy to find in the lava breccias. The tuf-
faceous sandstone is composed of sediment and crystal clastics,
the crystal clastics are relatively similar to those developed in
lava debris but much smaller.
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Figure 2. Photographs and microphotographs showing the typical core samples from Huanghua depression. (a) Well Y1, TVD 1 889 m, granite; (b), (c) Well
F22-15, TVD 2 978 m, dacite porphyry; (d), (e) Well G177, TVD 2 308 m, andesite; (f), (g) Well K36, TVD 1 698 m, andesite; (h), (i) Well X6, TVD 2 171 m,
volcanic breccia; (j), (k) Well Qg1601, TVD 2 778 m, tuffaceous sandstone; (1), (m) Well Qg2, TVD 2 325 m, basalt; (n) Well Qg8, TVD 3 372 m, andesitic

porphyrite; (n), (o) Well Gs7, TVD 3 308 m, diabase.

The diabase is dense and fresh, mainly composed of plagio-
clase (60%—70%), clinopyroxene (15%-25%), and orthopyrox-
ene (10%—15%). The plagioclases are euhedral and the clinopy-
roxene and orthopyroxene are subhedral, the minerals are similar
in size, mainly 150-300 pm.

3 ANALYTICAL METHODS AND RESULTS
3.1 Sample Collection and Analytical Methods
3.1.1 Data and sample collection
To obtain a comprehensive understanding of the lithologic
distribution, log data from 330 wells and 60 core samples from
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28 drills in different areas of the depression were collected and
analyzed. Besides, 12 cores from 11 wells were chosen for
major element analysis, and 4 core samples from 3 wells for
zircon U-Pb dating to subdivide the magmatism stages. Besides,
oil-gas shows data were collected from 14 Early Cretaceous
wells and 20 Late Cretaceous wells.

Core observation and major element analysis are used to
classify the igneous lithologies, and then the lithology and log
data are combined to map the rock distribution. After that, the
chronology and stratigraphic charts are used to subdivide the
magmatism cycles, and regional data are collected to discuss
the relationship of reservoirs with magmatic sequences in the
Huanghua depression and adjacent areas. In addition, the oil-
bearing grades of different lithologies and typical reservoir
spaces are discussed.

3.1.2 Whole-rock major elements analysis by XRF

Whole-rock major element concentrations were analyzed in
the ALS Chemex (Guangzhou) Co., Ltd., by the X-ray fluores-
cence (XRF) analytical instrument (PANalytical PW2424),
method code ME-XRF26d. A prepared sample (0.66 g) was
fused with a 12 : 22 lithium tetraborate-lithium metaborate flux
which also includes an oxidizing agent (lithium nitrate), and then
poured into a platinum mold. The resultant disk was in turn ana-
lyzed by XRF spectrometry. The precision for most major ele-
ments was better than 5%.

3.1.3 In-situ U-Pb dating and trace element analysis of
zircon grains by LA-ICP-MS

Zircon grains from wells Qg2, Qg8 and Qgl101 were sepa-
rated from crushed rocks using conventional magnetic and
standard density methods. Representative zircons were hand-
picked under a binocular microscope and then mounted in ep-
oxy discs and polished. Transmitted and reflected light micro-
graphs as well as cathodoluminescence (CL) images were ob-
tained at Wuhan Sample Solution Analytical Technology Co.,
Ltd., Wuhan, China, to reveal the external and internal struc-
tures of the zircons.

Zircon U-Pb dating and trace element analyses were simul-
taneously conducted by LA-ICP-MS at Wuhan Sample Solution
Analytical Technology Co., Ltd., Wuhan, China. Detailed oper-
ating conditions for the laser ablation system and the ICP-MS
instrument and data reduction are the same as described by Zong
et al. (2017). Laser sampling was performed using a GeolasPro
laser ablation system that consists of a COMPexPro 102 ArF
excimer laser (wavelength of 193 nm and maximum energy of
200 mJ) and a MicroLas optical system. An Agilent 7700e
ICP-MS instrument was used to acquire ion-signal intensities.
Helium was applied as a carrier gas. Argon was used as the
make-up gas and mixed with the carrier gas via a T-connector
before entering the ICP. A “wire” signal smoothing device is
included in this laser ablation system (Hu et al., 2015). The spot
size and frequency of the laser were set to 30 um and 5 Hz, re-
spectively. Zircon 91500 and glass NIST610 were used as exter-
nal standards for U-Pb dating and trace element calibration, re-
spectively. Each analysis incorporated a background acquisition
of approximately 20-30 s followed by 50 s of data acquisition
from the sample. An Excel-based software ICPMSDataCal was

used to perform off-line selection and integration of background
and analyzed signals, time-drift correction and quantitative cali-
bration for trace element analysis and U-Pb dating (Liu et al.,
2010). Concordia diagrams and weighted mean calculations were
made using Isoplot/Ex_ver3.

3.2 Results
3.2.1 Distribution and lithology of Cretaceous igneous rocks

Petrography examination and drilling position show that
Cretaceous igneous rocks were generally controlled by faults in
the Huanghua depression and distributed in NE-SW direction,
within development focusing within the north zone (Fig. 3).

Andesites and basalts were the most widely distributed
igneous rocks in the Huanghua depression. Basalts are more
dominant type than andesites, especially in the north zone (Fig.
3a). Tuff and tuffaceous sandstones are co-occurred and mostly
distributed in the north zone, while volcanoclastic rocks were
concentrated in the southeast of Koucun and Xianzhuang areas
(Fig. 3b). Dacite porphyrites mainly distributed in the Zaoyuan
area of the south zone. Diabases dispersedly distributed in the
north zone, and granites were sporadically discovered in the
south zone (Fig. 3c¢).

The scales of Cretaceous igneous rocks are calculated based
on thickness of log data, proportions of different lithologies, but
are not very closely related to their distribution areas. The thick-
ness of andesite layers is higher than that of basalts, which re-
sulted in proportions of 42% and 34% for andesite and basalt,
respectively. Tuffaceous sandstone, tuff, and volcanoclastic rocks
show a very small proportion due to their thin layers. It should be
pointed out that dacite porphyrite distributed in a small area and
has a relatively large proportion of 12% (Fig. 3c), reflecting that
the subvolcanic rock is thick in the south zone.

3.2.2 Major elements

The North Dagang and South Dagang rocks share similar
lithologies. The major element data show that the most rock
types are basic-intermediate rocks. For example, SiO, contents
of North Dagang and South Dagang igneous rocks range from
4797 wt% to 5698 wt.% (average 51.07 wt.%) with
Na,0+K,0 of 5.50 wt.%—7.29 wt.% (average 6.54 wt.%), plot-
ting mostly in the basaltic trachyandesite field above the
boundary of alkaline series and subalkaline series in the TAS
diagram (Fig. 4). Koucun volcanic rocks have a wide range of
Si0, and Na,0+K,0, with 42.00 wt.%—60.06 wt.% (average
51.21 wt.%), and 4.48 wt.%—12.53 wt.% (average 7.27 wt.%),
respectively, suggesting alkaline series for these rocks.

Acid volcanic rocks in the Zaoyuan area have high and rela-
tive narrow range of SiO, and Na,0+K,0, with 67.59
wt.%—72.51 wt.% (average 68.52 wt.%) and 8.66 wt.%—10.41
wt.% (average 9.33 wt.%), whereas, the Wangguantun volcanic
rocks have relative low SiO, content (51.34 wt.% to 61.27 wt.%,
with an average of 57.60 wt.%), but share similar Na,O+K,0
contents with those of Zaoyuan acid volcanic rocks.

3.2.3 In-situ zircon U-Pb ages

Four samples were selected from 3 wells in the South Da-
gang area to conduct in-situ U-Pb dating. The CL images and
U-Pb ages are shown in Figs. 5 and 6, respectively.
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Figure 3. Distribution maps of Cretaceous igneous rocks in Huanghua
depression based on cores and log data. The distribution of igneous rocks is
closely related to the faults. (a) Basalt and andesite are widely distributed in
the study area; (b) tuffaceous sandstone, tuff and volcanoclastic rocks are
mainly distributed in the North Dagang and Koucun areas; (c) dacite por-
phyrite is concentrated in Zaoyuan in the south zone, granite and diabase are

distributed sporadically in the study area.

The basalt sample Qgl01-1 was collected from the 3 178—
3 224 m depth of Well Qgl01. Most zircon grains have length/
width ratios of 1-3, with euhedral and rhythmic oscillatory zon-
ing structure under CL images (Fig. 5a). Th/U ratios of the zircon
grains range from 0.30 to 0.99 (average 0.57). These features
suggest magmatic origin for these zircon grains. Thirteen valid
analyses yield ages ranging from 110.0 to 118.2 Ma with mean
206pp/28U age of 114.1+1.4 Ma (MSWD=1.9) (Fig. 6a), which is
interpreted as the crystallization age of the basalt.

The andesite Qg101-2 was collected from the 3 091-3 178
m depth in Well Qgl101. The CL images display these zircons
have 1-2 of length/width ratios and oscillatory zoning structure
(Fig. 5b). Most zircon grains are euhedral prisms in morphology
and some grains are fractured. Th/U ratios of these zircons vary
from 0.29 to 1.18 with an average of 0.78. Seven valid analyses
yield ages ranging from 113.0 to 119.9 Ma with a weighted mean
206pp/ABU age of 115.6+4.7 Ma (MSWD=9.2) (Fig. 6b), which
were interpreted as the crystallization age of the andesite.

The andesitic porphyrite Qg8 was sampled from the depth
of 3 373.15 m in Well Qg8. Zircon grains from this sample
have the length/width ratios of 1-5, and the CL images are
characterized by a rhythmic oscillatory zoning structure (Fig.
Sc). These grains have the Th/U ratios mostly >0.1 (average
0.21). Fifteen analyses were conducted on 15 grains and
yielded ages ranging from 112.0 to 123.0 Ma with mean
26pp/ 238 ages of 116.0£1.4 Ma (MSWD=2.4), which was
interpreted as the crystallization age of the andesitic porphyrite.

The basalt sample Qg2 was sampled from 2 325 m deep of
Well Qg2. Compared to the other 3 samples, zircon grains from
sample Qg2 are much smaller (mostly <100 pm) and euhedral
with a rhythmic oscillatory zoning structure (Fig. 5d). These
grains have Th/U ratios ranging from 0.85 to 2.40 (average
1.78), a typical characteristic of magmatic zircon grains. Eleven
analyses were conducted on 11 grains and produced ages rang-
ing from 138.0 to 146.0 Ma with a mean **Pb/***U age of
140.1+1.4 Ma (MSWD=0.46) (Fig. 6d), which was interpreted
as the crystallization age of the basalt.

4 DISCUSSION

The newly-obtained zircon U-Pb ages show that Jurassic
magmatic rocks did not develop in the Huanghua depression,
and the Cretaceous igneous rocks could be divided into two sets,
namely, the Early Cretaceous and the Late Cretaceous (Table 1).
Early Cretaceous igneous rocks are widely distributed in the
north zone, with zircon U-Pb ages varying from 140 to about
112 Ma, lasted for about 30 Ma. The Late Cretaceous igneous
rocks that was distributed in the south zone lasted from 75 to
70 Ma. In addition, Mesozoic granite only developed in the late
stage and distributed sporadically in the Yanshan area to the
east of the Wangguantun area. In summary, the early phase
mainly developed intermediate-basic rocks, while the late phase
developed intermediate-acid rocks.

4.1 Cretaceous Magmatic Activities of the Huanghua Depres-
sion
4.1.1 Early Cretaceous magmatic activities of the Huanghua
depression

Based on zircon U-Pb data, lithology of the igneous rocks
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and sedimentary layers, Zhu et al. (2019) subdivided the Early
Cretaceous magmatism into two cycles. The early cycle formed
between 125 and 120 Ma, while the late one lasted from 110 to
100 Ma. Moreover, an earlier cycle had been denuded before
the 125-120 Ma cycle has been identified (Zhu et al., 2019).
Combined with the newly-obtained data, we can divide the
Early Cretaceous magmatism from the Huanghua depression
into 3 cycles, in which cycle I happened in 140 Ma, cycle II
between 125 and 119 Ma, and cycle III between 118 and 111
Ma (Fig. 7). The erosion of the Upper Cretaceous strata was
recorded in all the wells, which is consistent with the previous
conclusion that the Huanghua depression had experienced up-
lift and denudation in the Late Cretaceous (Wu et al., 2020).
Cycle I started at 140 Ma, with typical lithology of basalt
that was only discovered in the North Dagang area. Guo et al.
(2012) conducted zircon U-Pb dating on basalt sample from
Well Qg2 and obtained the age of 133+20 Ma. This age was
calculated only based on four zircon grains and resulted in a
large error of 20 Ma. Our newly-obtained zircon U-Pb age of

140.1+1.4 Ma from basalt sample of 2 325 m depth is identical
the age 139 Ma obtained from Gao and Zhang (1995) on basalt
at the depth of 2 996 m. This implies that the two volcanic lay-
ers formed in a short period with about 700 m of sedimentary
interval between them. Since there was no fault had been dis-
covered in the thorough-Well Qg2 seismic section, we sup-
posed the “basalt” sample tested by Gao and Zhang (1995) was
either subvolcanic rock or hypabyssal intrusive rock such as
basaltic porphyrite or diabase. Since the rock debris used in
lithology naming were difficult to identify.

Cycle II was formed between 125 and 119 Ma and devel-
oped in the north zone, with dominant lithology of basalt, ande-
site, and volcanoclastic rocks. This cycle is mainly distributed in
the Yangsanmu and Koucun areas. The typical wells X6 and K36
in Koucun represented the bottom-center and center-top parts of
this cycle. The Well X6 developed andesite, basalt, and volcano-
clastic rocks and tuff in the depths of 2 170-2 089, 2 039-2 016,
and 1 796-1 778 m, respectively. The Well K36 developed inter-
bedding of basalt and mudstone, volcanoclastic rocks and tuff,
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Figure 6. Zircon U-Pb concordia diagrams for the Cretaceous igneous rocks of the Huanghua depression. (a) Well Qg101-1, basalt; (b) Well Qg101-2, andesite;

(c) Well Qg8, andesite porphyrite; (d) Well Qg2, basalt.

Table 1 Ages of Cretaceous igneous rocks in the Huanghua depression

Area Well No. Depth (m) Lithology Age (Ma) Era Data source
Yanshan Y1 2172 Granite 74.0+2.1 K, *

Zaoyuan 71532 2778 Andesite 72.0+£1.9 K, *

Zaoyuan 755 2994 Andesite 75.7742.02 K, Hk

Zaoyuan F22-15 2950 Dacite-porphyrite 71.542.6 K> Zhang et al. (2011)
Zaoyuan F22-15 2944 Dacite-porphyrite 69.95+0.78 K, Zhu et al. (2019)
Zaoyuan F22-15 2956 Dacite-porphyrite 74.89+0.96 Ky Zhu et al. (2019)
Yangsanmu Y23 1525 Tuffite 111.46+0.76 Ky Zhu et al. (2019)
South Dagang Qgl01 3198 Basalt 114.1£1.4 K, This study
South Dagang Qgl01 3150 Andesite 115.6+4.7 K, This study
South Dagang Qg8 3373 Andesitie 116.0£1.4 K, This study
South Dagang Qgl601 2776 Tuffaceous sandstone 117.7£1.5 K, Zhang F P et al. (2019)
Koucun K23 Basalt 114.842.8 Ky Guo et al. (2012)
Koucun K36 1 695 Andesite 118.8+1.0 Ky Zhang et al. (2011)
Koucun K36 1 685 Andesite 123.442.2 Ky Zhang F P et al. (2019)
Xianzhuang X6 1776 Andesite 122.241.09 K, Zhu et al. (2019)
Xianzhuang X6 2171 Volcanic breccia 123.1+1.09 K, Zhu et al. (2019)
South Dagang Qg2 2325 Basalt 140.1£1.4 K, This study
South Dagang Qg2 2996 Basalt 138.7+4.06 Ky Gao and Zhang (1995)
South Dagang Qg2 Basalt 133+20 K, Guo et al. (2012)

*. Unpublished data of Changgian Ma; **. unpublished data of Dagang Oilfield Company.
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and andesite in the depths of 1 880-1 844, 1 784-1 826 and
1 666-1 760 m, respectively. The volcanoclastic breccia of Well
X6 was dated at 122.2+1.09 Ma by Zhu et al. (2019), and the
andesite of Well K36 was dated at 123.4+2.2 to 118.8+1.0 Ma by
Zhang F P et al. (2019) and Zhang et al. (2011). This indicates
these rocks were formed in a very close time. The stratigraphic
sequences of X6 and K36 show that medium-thick andesite and
basalt layers are followed by thick layers of volcanoclastic rocks
and tuff, and thick layers of andesite, it is indicated that the
magma activity was a relatively quiet eruption and occasionally
accompanied by an intensive explosive eruption.

Cycle III was formed between 118 and 111 Ma in the
north zone too, mainly distributed in the South Dagang and
North Dagang areas. Wells Qg8 and Qgl01 are two new drill-
ings and represent this cycle, which were drilled through the
Mesozoic strata, unconformable contact with Permian due to
the lack of the Jurassic and Triassic strata in the area. Basalt
and andesite were recognized within the Cretaceous strata,
whereas thick andesitic porphyrite were identified intruded into
the Permian strata and dated at about 116 Ma. The igneous
rocks developed near the unconformable contact interface of
Cretaceous and Permian, which indicated the area may experi-
ence intensive denudation before cycle II1.

Logging response is crucial for lithology identification and
lithofacies classification of igneous rocks. The well and seismic
data are important for fine stratigraphic division of volcanic res-
ervoir (Chen et al., 2014). For instance, natural gamma ray (GR)
and spontaneous potential (SP) curves change obviously at the
lithologic boundaries of lava and sedimentary rocks, and the GR,
SP and density curves are good indicators for stratigraphic corre-
lation, lithology identification and facies classification of igneous
rocks (Wang et al., 2015). Combined with the core samples and
logging data, the characteristics of different cycles can be well
constrained (Fig. 7).

In Well Qg2 of cycle I, the sedimentary rocks are brown
siltstone and fuchsia siltstone interlayers in the bottom of the
Cretaceous strata, with two thin beds of igneous rocks named
basalt developed within brown siltstone layers. The GR curve
shows obvious fluctuations where igneous rocks occurred. In
the middle part, interbedding of thick brown siltstone, brown
sandstone and fuchsia siltstone display smooth features of GR
and SP curves. While near the top of Mesozoic strata, the GR
curve displays regular and periodic changes caused by the mul-
tiple alternations of basalt and mudstone.

Wells X6 and K36 represent the lower and upper parts of
cycle II, respectively. Gray andesite and basalt developed in the
bottom of Well X6, and the relatively straight trend of GR and SP
curves indicate the beginning of the cycle. Gray sandstone, silt-
stone and argillaceous sandstone show overall stable GR and SP
trends in the middle part. The GR curve displays a rapid de-
creasing at the boundaries of the tuffs and sedimentary rocks, and
the cycle rhythm occurred in the interior of andesite at the top of
the cycle.

Cycle III also has distinct lithological association sequences
and logging responses. Thick andesitic porphyrite intruded into
the Permian strata with a stable trend of SP curve and periodic
small amplitude changes of the GR curve. From the bottom up,
the typical sequence is andesite with thin sedimentary rocks, then

follow by basalt and andesite layers, and thin tuff at last. The GR
curve displays a trend from increasing to decreasing, and chang-
ing to increase at last, and the SP curve shows a periodic fluctua-
tion at the andesite layers on the near top.

4.1.2 Late Cretaceous magmatic activities of the Huanghua
depression

In contrast to the Early Cretaceous, the Late Cretaceous
mainly developed intermediate and acid igneous rocks. The
principal lithologies include andesite, dacite porphyrite and
granite. The andesite and dacite porphyrite were concentrated
in the Zaoyuan and Wangguantun areas, and granite was de-
veloped in the Yanshan area, with typical wells of Z1532,
F22-15, G177, and Y1 (Fig. 8) from the south of the study area.

Both andesite from Well Z1532 and dacite porphyrite from
Well F22-15 formed at about 72 Ma. The Wangguantun area is
located to the southeast of the Zaoyuan area and separated by
the Kongxi fault, where the typical Well G177 developed thick
layers of andesite. Since only one set of andesite has been iden-
tified in the south zone, we proposed that the andesite of Well
G177 belongs to the Late Cretaceous. The Well Y1 within the
Yanshan area was drilled into about 900 m thick granite from
depth 1 300 to 2 200 m but did not drill through Mesozoic
strata after the well completion, the U-Pb dating of granite is
74.0£2.1 Ma. Granite is rarely developed in Late Cretaceous
granite in the study area and even in the North China Craton, so
it could be an important indicator for our understanding of the
magmatic activity.

The current available data show that the wells in the
Zaoyuan area share many similarities with those in the Wang-
guantun area. For instance, they all are lack of the top of Creta-
ceous strata, and none drillings have drilled into the Early Creta-
ceous igneous rocks, and also, drilled through the Mesozoic
strata. The presence of the Late Cretaceous volcanic rocks indi-
cates that the south zone had suffered less erosion than the north
zone, which caused the Early Cretaceous igneous rocks buried
even deeper than the current drilling depth in the south zone.

The lithological association sequences and logging re-
sponses are simple in the Late Cretaceous magmatism. The GR
curves are stable for granite within Well Y1 and andesite within
Well Z1532, while the decrease at the top of dacite porphyrite
within Well F22-15 may indicate the effect of the lithology
boundary with sedimentary rock on it. The GR and SP curves in
Well G177 have periodic changes, which are mainly caused by
the small differences of magma composition of eruption rhythms.

4.2 Cretaceous Magmatism and Igneous Reservoirs of
Huanghua Depression and Contrast with Adjacent Areas

In the following, Early Cretaceous magmatism and reser-
voirs developed in Bohai Sea area, Liaoning Province and
Huanghua depression are discussed. Late Cretaceous magma-
tism and reservoirs developed in the Jiaolai Basin, Liaohe de-
pression and Huanghua depression are discussed (Fig. 9).

4.2.1 Early Cretaceous magmatism and igneous reservoirs

of Huanghua depression and contrast with adjacent areas
Previous studies suggested that the subsidence-uplift dur-

ing Mesozoic were related to the subduction and rollback of
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the paleo-Pacific Plate (Zhang et al., 2011; Li et al., 2010).
Although with a similar tectonic setting, igneous rocks in the
Bohai Bay Basin are significantly different from West Liaoning
Province. One of the important distinctions is the lack of the
Tuchengzi Formation and Zhangjiakou Formation commonly
developed in West Liaoning Province, which could be attrib-
uted to the uplift of Bohai Bay Basin in the Late Jurassic (Zhu
etal., 2019).

The comparison study of the Mesozoic magmatism in

Huanghua depression, Bohai Sea with those from West Liao-
ning Province shows that the Early Cretaceous magmatism of
Huanghua depression may correlate with the Yixian Formation
of the other two areas. The lateral comparison chart (Fig. 9)
shows that there are three or four cycles of magmatism devel-
oped in different areas, which can be subdivided by igneous
rock assemblages and sedimentary layers.

The typical geological section of Yixian Formation in
West Liaoning Province has been divided into 4 cycles. The
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Figure 9. Sketch map of Huanghua depression and adjacent areas showing the basin with Cretaceous igneous reservoirs in North China.

stratification boundaries including Zhuanchengzi bed, Da-
kangbao bed and Jingangshan bed, basic and intermediate rocks
were developed in cycle I and cycle II, whereas intermediate
and acid rocks were developed in cycle III and cycle IV, re-
spectively (Ding et al., 2019; Zhang H et al., 2008).

The nature and formation of the Yixian Formation in the
Bohai Sea is poor constrained because it lies on the seafloor.
The evidence from the drillings (Cai et al., 2018; Wu et al.,
2017; Ye et al., 2017) resulted in a stratigraphic column of the
Early Cretaceous igneous rocks in the Bohai Sea area (Fig. 10).
Wu et al. (2017) suggested that there were 3 cycles of magma-
tism developed in the Early Cretaceous, which started from 128
Ma. However, the basalt below the earliest rocks they studied
has not been dated yet. According to the regional data,
lithologic composition, and deposition sequence, we proposed
that there are 4 cycles of magmatism developed in the Bohai
Sea area, which is contrasted with that in Liaoning Province.
We hold the point that the 3 cycles of magmatism proposed by
Wau et al. (2017) identified are the later 3 cycles in the Early

Cretaceous, while the basalt below the 128 Ma basalt layer is
the first cycle magmatic activity in the area. From cycle I to
cycle 1V, the lithological sequence in the Bohai Sea display a
similar trend as observed in West Liaoning Province, but the
volcanoclastic rocks have not been identified in cycle I and the
magmatism lasted longer in cycle IV in the Bohai Sea area.

In the Huanghua depression, the general characteristics of
lithologic variation trend in the Early Cretaceous are similar to
that of the Yixian Formation in the other two areas, but the
magmatic sequence is different at some extent. The magmatism
in the Huanghua depression could be subdivided into 3 cycles
discussed before, therein with similarities between the first two
cycles to those from the other two areas, but the main differ-
ences are the presence of basalt and the absence of acid rocks in
cycle III.

The following discussion of magmatism and igneous reser-
voirs are based on the magmatic sequences of Huanghua depres-
sion, wherein the cycles III and IV of Liaoning Province and
Bohai Sea areas are seen as a whole to compare with cycle III of
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Huanghua depression.

The cycle I developed in the Lower Cretaceous and is
mainly composed of basalt and andesite. Although the ages of
basalts of the cycle I in the Bohai Sea area is unavailable, the
geological evidence shows that the basalts were formed earlier
than 128 Ma. The ages of basalt and andesite are dated to be 136
and 132.3-131.5 Ma in West Liaoning, respectively (Zhang et al.,
2016; Cai et al., 2010; Chen and Chen, 1997). Combined with the
newly obtained zircon U-Pb age of 140.1 Ma on basalt from Well
Qg2 in this study, we proposed that the cycle I magmatism ac-
tivities in these areas share with very similar ages regardless their
slightly different lithologies. Basalt is the most widespread
lithology of this cycle in the three locations we compared, and
volcanoclastic rocks and andesite only developed in Liaoning
Province. According to the current exploration, no hydrocarbon
accumulation has been recognized related to all the igneous rocks
in this cycle.

Cycle II is the main stage of magmatism in Yixian Forma-
tion and well-studied. The U-Pb ages of Yixian Formation in
West Liaoning Province, Bohai Sea area and in Huanghua de-
pression range from 129.7-122 (Cai et al., 2010; Zhang H et al.,
2008, 2005; Wu et al., 2017) to 123.4-118.8 Ma (Zhu et al., 2019;
Zhang et al., 2011). The lithological association reflects the al-
ternativity of magmatic eruption, effusion, and sedimentation in
this cycle. The magmatism in the Huanghua depression occurred
later than the West Liaoning and Bohai Sea areas, and a larger
scale of explosive facies rocks developed in the Bohai Sea area
and Huanghua depression. The intensive volcanic activities in
this cycle resulted to thick layers of vesicular basalt and andesite
and formed reservoir space for oil and gas.

Cycle I is the last stage of Early Cretaceous magmatism in
the North China Craton, with ages varying from 123-111 (Zhu et
al., 2019; Guo et al., 2012; Xiao et al., 2008; Zhang H et al., 2008,
2005) to 118-108 Ma (Wu et al., 2017) in Liaoning Province,
Bohai Sea and Huanghua depression. The intermediate and acid
rocks are the principal igneous rocks developed in this cycle,
with similar lithologies in different areas. The except is the lack
of acid rocks in the Huanghua depression. It should be pointed
out that the thick andesitic porphyrite developed in the South
Dagang of Huanghua depression, which is an important sign for
cycle III in the depression.

Based on three drillings of Early Cretaceous in the Xiushui
Basin located in Liaoning Province, Ding et al. (2019) suggested
that the volcanic rocks in cycle II and sedimentary rocks in cycle
IIT were the major reservoirs, the mudstone in cycle III has good
hydrocarbon bearing conditions. The igneous reservoirs are
mainly andesite and volcanoclastic rocks in cycle II. This is simi-
lar to Liaoning Province. Wu et al. (2017) found that the
intermediate-acid rocks developed at the top of cycle III have
better oil-gas show than the other sub cycles. They proposed that
the lithology is the main factor for different oil-gas bearing
grades in different cycles and the porosities of intermediate-acid
rocks were better than basic rocks, which may have been caused
by the dissolution of anhydrites. In Huanghua depression, we
found that the igneous reservoirs are principally intermediate
rocks with a few tuffs and volcanic sedimentary rocks in cycle II
and basic-intermediate rocks in cycle III, while no oil-gas show
within the basalt beds in cycle I and cycle II. Moreover, the an-

desite reservoirs of the Well Qg8 is a typical rich reservoir type
in North Dagang area.

To summarize, intensive magmatism has a closer relation-
ship to the reservoirs, since the cycle II and cycle III are the good
reservoirs in the Early Cretaceous in the basins of North China
Craton. Considering their spatial and temporal distribution, the
intermediate-acid rocks in cycle II and the basic rocks in cycle II1
are the main reservoirs in the north zone of the Huanghua de-
pression, and the cycle III is worthy of further study for future
exploration.

4.2.2 Late Cretaceous magmatism and igneous reservoirs
of Huanghua depression and contrast with adjacent areas

The Late Cretaceous magma activity in the North China
Craton was weak and poorly-constrained, with the ages mainly
concentrated in 86 and 70 Ma. The zircon U-Pb ages of Jiaolai
Basin in Shandong Province, the Liaohe depression in Liaoning
Province, and the Huanghua depression are 86—72 (Zhang J et al.,
2008; Meng et al., 2006; Yan et al., 2005), 82-70 (Kuang et al.,
2012; Wang et al., 2006; Bing et al., 2003) and 75.7-71.5 Ma
(Zhu et al., 2019; Zhang et al., 2011), respectively (Fig. 11). The
lithologies of these areas are different from each other. The
Jiaolai Basin is mainly composed of basalt and diabase and the
Liaohe depression principally developed basalt, dacite, with a
small amount of volcanoclastic rocks, while the Huanghua de-
pression developed intermediate-acid rocks and lithology includ-
ing granite, andesite, volcanoclastic rocks, dacite porphyry, with
a small amount of basalt. The igneous rocks in Huanghua de-
pression have more complex lithologies and concentrated zircon
U-Pb ages relatively to the other two areas.

According to the early studies and our new data, the res-
ervoirs are mainly related to the intermediate-acid rocks in this
stage. There are no oil or gas reservoirs related to the Late Cre-
taceous basalt in the Jiaolai Basin. Meng et al. (2006) found
that the thickness of Late Cretaceous basalt was only about 10
m, and the upper and lower layers were thick sandstone beds.
Liu and Wu (2007) suggested that the Cretaceous igneous rocks
in the Jiaolai Basin could provide heat source and promote the
hydrocarbon generation for the underlying Laiyang Formation
and acted as caprocks for the reservoirs. The thick igneous
rocks and sandstones stopped the upward migration of oil and
gas stored in Laiyang Formation, and the thick overlying layers
of sandstone made the Late Cretaceous igneous rocks to be
non-reservoir beds.

In Liaohe depression, the dominant igneous hydrocarbon
reservoirs were located in the Xinglongtai area and is domi-
nated by andesite and dacite. It has been proposed that the
lithology is one of the main controlling factors for reservoirs
(Li et al., 2012; Mu et al, 2005). The case studies on the Meso-
zoic igneous reservoirs in Dawa area in the southeast of Liaohe
depression (Li et al., 2020) showed that the effusive basalt have
bad storage physical properties. By contrast, basaltic breccia
rocks were excellent reservoirs because of their mass of inter-
breccia pores and vesicles. In Huanghua depression, several
case studies on the igneous rocks of the Zaoyuan and Wang-
guantun areas (Gao et al., 2015) suggested that the principal
reservoirs were the vesicular andesite layers that commonly
developed at the top or bottom of the volcanic apparatus
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acid rocks and volcanic sedimentary rocks were the main reservoirs in cycle II and cycle III. Data of the Bohai Sea from Wu et al. (2017), data with * from this study.

P. Permian; Mz. Mesozoic.

(Wang et al., 2004). This study shows that the dacite porphyry
and a few volcanic sedimentary rocks are also important reser-
voirs in the Late Cretaceous, in which the tectonic fractures act
as migration pathways and also storage spaces for oil and gas.

4.3 Hydrocarbon Enrichment Characteristics of the Cre-
taceous Igneous Rocks in Huanghua Depression

Many researchers investigated the main controlling factors of
igneous reservoirs, such as the relationship between igneous rocks
and source rocks, the influence among tectonic fault zones,



Characteristics of the Cretaceous Magmatism in Huanghua Depression and Their Relationships with Hydrocarbon Enrichment

Jlaolid
Basin

Lridaonce
depression

1287

nuangnua
depression

Basalt

65 Ma —
Andesite

Granite

Diabase

70 Ma —

Dacite
porphyry @72 Ma
Meng et al., 2004

Basaltic
breccia
VA Va
VA VA
Andesitic
breccia

75 Ma —

@76 Ma
(Meng et al., 200

Sedimentary
rocks

@78 Ma
(Zhangetal., 20

80 Ma —

g
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

D
ceeceseseess s et esses st ses s s

Z

e e B e e

g
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

D I I R R R I NI AT
e e e e s es s st s e s e s s s essse s s

Va Va VA

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

D I I NI A A A

@70 Ma
—(Kuangetal., 201

@ F22-15
71.5 Ma

(Zhangetal., 2011)
@ 71532

72.0 Ma*
@ F22-15

74.89 Ma

(Zhu etal., 2020)

@79.5Ma
(Zhuetal., 2013
@30.8 Ma
(Bingetal., 200

@82 Ma
(Wang et al., 2004

79.
hu @Yl
74+1.6 Ma*

on 85 Ma —

@386 Ma

Reservoir

(Zhang etal., 20

T B crssetessreseeses

seeeescsssscsscsces e

layer

Figure 11. Lateral comparison chart of the typical Late Cretaceous igneous rocks of Huanghua depression and its surrounding areas (8665 Ma). Intermediate

and acid rocks were the principal hydrocarbon accumulation reservoirs in Late Cretaceous. *. Unpublished data of Changgian Ma.

lithologies and lithofacies and their reservoir space, the weather-
ing and leaching effects to reservoir spaces (Zheng et al., 2018;
Ye et al., 2017). Previous studies on the Bohai Bay Basin and
Huanghua depression proposed that the oil and gas were mainly
formed in Cenozoic, and the Mesozoic igneous reservoirs have
typical characteristics of “young source in the old reservoir”
(Zheng and You, 2019; Jin et al., 2012). Jin et al. (2012) summa-
rized three typical hydrocarbon reservoir types to explain how
Cenozoic oil and gas charge into Mesozoic igneous rocks in the
Bohai Bay Basin, including buried hill type, fault-block type and
stratigraphic-lithologic type, in which the first two types are
closely related to the faults formed by tectonic activities. In addi-
tion, the deep fractures provided channels for the migration of
light oil and gas and the small cracks caused by local tectonic

movements can also connect the original isolated primary pores
and further increased the permeability of rocks (Siler et al., 2018).
In short, tectonic activities and faults have been confirmed to have
an important influence on hydrocarbon enrichment in “young
source in the old reservoir” type reservoirs, which may apply
equally to the igneous reservoirs in the Huanghua depression.
Hence, we are not going to discuss the significance of fault in
isolation in this study, but pay more attention to the relationships
of the reservoirs with lithology and reservoir spaces.

4.3.1 Oil-gas bearing grades of different lithologies in the
Huanghua depression

Fourteen Early Cretaceous wells and 20 Late Cretaceous
wells with oil-gas shows associated with igneous rocks were
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summarized, and the relationships of reservoir thickness with
lithology and oil-bearing grades are shown in Fig. 12.

In the Early Cretaceous, basalt and andesite dominate the
reservoirs. Basalt reservoirs, with a total thickness of >230 m,
occupy the largest proportion of igneous reservoirs, in
which >50% show fluorescence, >30% show oil trace and
<10% show oil stain. Andesite layers occupy a thickness of
about 50 m and mainly show fluorescence. The share of vol-
canic sedimentary and tuff are significantly lower than basalt
and andesite, though most of the tuff show higher oil-gas bear-
ing grade (Figs. 12a and 12b). The basalt and andesite reser-
voirs were developed in both cycle II and cycle IIT (Fig. 10),
which were the periods of maximum magmatic activities in the
Early Cretaceous. Thus, we proposed that the intensive mag-
matism more conducive to the formation of reservoirs. Besides,
the basalt developed in cycle I and cycle II have no oil-gas
show in Huanghua depression (Fig. 10). Therefore, we sug-
gested the basalt in cycle III has large exploration potential in
the Early Cretaceous in the Huanghua depression.

In the Late Cretaceous, dacite porphyrite layers are the
most developed igneous rock with oil-gas shows, the total
thickness is >700 m with >70% of them characterized by
oil-bearing grades higher than fluorescence. Andesite has a
total thickness of >200 m with most of them show fluorescence.
The thickness of volcanoclastic rocks and volcanic sedimentary
are <100 m (Figs. 12¢ and 12d). Obviously, dacite-porphyrite
could be considered as the key exploration objects in the Late
Cretaceous due to its thickness and higher grades of oil-gas
bearing grades than andesite, and volcanic sedimentary layers
are worthy of attention because more than 90% of them show
higher grade.

In summary, the intensive Early Cretaceous magmatism
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may have played a key role in formation of these reservoirs, and
basalt in cycle III could be the best exploration target, dacite-
porphyrite could be considered as the key exploration object.

4.3.2 Characteristics and controlling factors of oil and gas
reservoir spaces in Huanghua depression

Because the oil-gas reservoir spaces directly affect the
quality of the petroleum reservoirs of igneous rocks, many
researchers have discussed the influence factors to the reser-
voirs, such as lithologies, lithofacies, tectonic and diagenetic
effects and the development of the weathering crust (Wang Y et
al., 2018; Zheng et al., 2018). Lithological and lithofacies dif-
ferences result in different types and intensities of pores. The
primary vesicles and fractures laid the foundation for the de-
velopment and transformation of effective reservoirs. The sec-
ondary processes of epidiagenesis are also the key factors, such
as weathering and leaching. The formation fluid dissolution can
significantly modify the petrophysical characteristics of the
reservoir rocks. Meanwhile, tectonism is necessary for the for-
mation of reservoir spaces and the migration, permeation, and
accumulation of oil and gas (Zheng et al., 2018; Mao et al.,
2015).

For equivalent eruption conditions, the silicic samples show
higher tortuosities and produce smaller vesicle sizes and lower
permeabilities than mafic samples (Heather et al., 2009). For
instance, basalt usually developed larger vesicles than andesites
in the core samples in Huanghua depression (Figs. 13a—13c,
13g—131). If they have similar contact relations with source rocks,
primary vesicles, and fractures of basalt could have higher per-
meabilities and provide better reservoir spaces than andesite,
which can explain the basalt has better oil-gas bearing grades
than the andesite in the Early Cretaceous.
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Figure 12. Oil-bearing grades of Cretaceous igneous rocks of Huanghua depression. (a) Total thickness for Early Cretaceous igneous rocks with oil-gas shows;

(b) percentage of oil-gas bearings grades for different lithologies of Early Cretaceous; (c) total thickness for Late Cretaceous igneous rocks with oil-gas shows;

(d) percentage of oil-gas bearing grades for different lithologies of Late Cretaceous.
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Figure 13. Different reservoir spaces of igneous rocks. (a), (d), (g), (j) Core images, others are casting thin sections. (a) Well J21-23, 1 589.76 m, large vesicles of
basalt; (b) Well J21-23, 1 582.64 m, small amount filled vesicles of basalt; (c) Well J21-23, 1 590.22 m, unfilled vesicles of basalt; (d) Well F22-15, 2 965.26 m,
tectonic fractures and corrosion holes of dacite porphyry; (e) Well F22-15, 2 941.37 m, intercrystalline pores of K-feldspar phenocrysts of dacite porphyry; (f) Well
F22-15, 2 982.79 m, tectonic cracks of dacite porphyry; (g) Well G177, 2 309.35 m, different types of unconnected vesicles of andesite; (h) Well G177, 2 309.18 m,
half-filled vesicle of andesite; (i) Well G177, 2 309.18 m, irregular vesicles of andesite; (j) Well W6, 2 573.25 m, two types of unconnected vesicles of andesite; (k)
Well W6, 2 568.73 m, amygdaloidal andesite; (1) Well W6, 2 578.05 m, small vesicles of andesite.

As mentioned above, the basalt reservoirs were concen-
trated in cycle III, then why the basalts in cycle I and cycle 11
were a failure of accumulation? As shown in Figs. 7 and 10,
thick sedimentary rocks are laid above the cycle I basalt, so if
there were no large faults to connect the basalt with Cenozoic
source rocks, it’s hard for oil and gas to charge into the basalt.
As a matter of fact, there was no contact relationship between
the cycle I igneous rocks and hydrocarbon source rocks have
been discovered yet. For cycle II, andesite and tuff developed
certain reservoirs, similar to cycle I, no basalt reservoir was
discovered as well. Since only a few core samples have been
obtained, we suggest two possible reasons. One possible ex-
planation is that the basalt of this cycle lacks good storage
spaces; while the other is the andesite above the basalt has

vesicles and dense zones. As a result, the oil and gas would trap
in the vesicle zone and formed a reservoir, but the dense zone
cut off the migration channel to the basalt. To clarify that, more
work related to the 3D seismic interpretation and logging data
analysis should be done in the future.

In the Late Cretaceous, the main lithologies of reservoir
rocks are dacite porphyry and andesite, and dacite porphyry
show better oil-gas bearing characteristics than andesite in the
study area (Fig. 12). Casting thin sections show the andesite
created different types of primary vesicles, but because few
tectonic fractures were developed, most of the vesicles were
unconnected. Meanwhile, many vesicles were fully filled with
hydrothermal minerals by a secondary process (Figs. 13g—131),
which led to the failure of migration and accumulation of oil
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and gas. On the contrary, dacite porphyry hardly created vesi-
cles but developed a lot of tectonic fractures, hydrothermal
fluid can be transferred through the fractures and dissolved the
feldspars, and at last formed inter-crystalline pores and corro-
sion holes (Figs. 13d-13f). Finally, oil and gas were charged
into the secondary pores through the tectonic fractures and
formed reservoirs.

5 CONCLUSIONS

(1) The Huanghua depression developed two sets of Cre-
taceous igneous rocks and the Early Cretaceous magmatism
mainly developed in the north zone with basic and intermediate
rocks, while the late one developed in the south with acid and
intermediate rocks.

(2) The Early Cretaceous magmatism in the Huanghua
depression occurred in 140-112 Ma and could be subdivided
into 3 cycles, with the ages of 140, 125-119, and 118-111 Ma,
respectively. GR and SP curves are clearly distinguishable in
lithology identification and lithofacies division. They have
obvious fluctuations at the interfaces of igneous and sedimen-
tary rocks and could be seen as evidence of cycles division.
Compared with magmatism of Yixian Formation in Liaoning
Province and the Bohai Sea area, the cycle I magmatism was
small scale, whereas cycle II and cycle III magmatism activity
were much stronger with repeated effusive and explosive
phases.

(3) The late set magmatism of the Huanghua depression
was short-lived with the age of 75-70 Ma. Compared with the
igneous rocks of the similar period in the Jiaolai Basin and
Liaohe depression, the Huanghua depression developed more
complex lithology and formed in a shorter time. Intermediate
and acid rocks were the main reservoirs in the Late Cretaceous
in the Huanghua depression and the Liaohe depression.

(4) Intensive magmatism in the Early Cretaceous is crucial to
the formation of reservoirs, as evidenced by the fact that the basalt
in cycle III has good reservoir spaces and large exploration poten-
tial. In the Late Cretaceous, hydrothermal fluid migrated through
the tectonic fractures, dissolved the feldspars and formed abun-
dance of secondary pores, making the dacite porphyrite to be key
exploration objects in this period.
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