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ABSTRACT

It has long been considered that thicker volcanostratigraphic sequences should, in theory, contain more fa-
vourable reservoir conditions than in thinner sequences, particularly within large-scale stratovolcanoes found in
sedimentary basins. However, drilling results from the Wangfu Rift Depression (WRD) in the Songliao Basin,
China, show that the thick intermediate volcanostratigraphic sequence contains only one or two layers of fa-
vourable reservoir characteristics over approximately 1000 m of volcanic successions. The volcanostratigraphic
sequence that is common in the graben basin has a particular distribution pattern as a result of reservoir and
origin processes. The Eruptive Interval Unconformity Boundary (EIUB) is introduced and the burial history is
investigated in order to determine the reservoir characteristics and origin. We also identify what controls the gas
pool accumulation in the thick intermediate volcanostratigraphy. According to the reworked volcanic rocks and
weathered crust patterns, the volcanostratigraphy of the basin has 13 wells containing one EIUB, and 2 wells
with two EIUBs. The exposed and burial histories of the volcanostratigraphic sequence have produced a variety
of pore space including primary pores, secondary pores and secondary fractures. The secondary pores are the
most dominant, followed by primary pores and finally fractures. These pore spaces form a reservoir with
moderate to low porosity and permeability and the most productive reservoirs are located 40-80 m below the
EIUB. The secondary pores are primarily controlled by weathering and leaching as well as deep-burial alteration.
Due to the migration of fluids from the overlying strata into the volcanic rocks of the Huoshiling Formation
below, the top most layer dissolves first, which significantly enhances the secondary porosity of this layer found
40-80 m below the EIUB. Thus, the number of EIUBs should control the number of favourable reservoir layers.
Based on analysis of the reservoir, source and cap rocks in the study area, we conclude that the best exploration
targets in these thick volcanostratigraphic sequences, specifically in half-graben basins, are the volcanic in-
herited-uplift slope areas, followed by the inherited-uplift of the sag area and the uplifted zones. The findings
presented in this work provide an insight of the evolution of porosity in other volcanic systems elsewhere and
contribute to the likelihood of locating the favourable exploration targets for thick volcanostratigraphic se-
quences in half-graben basins.

1. Introduction

reservoirs are widely distributed, found in more than 300 basins or
blocks, in 20 countries, across 5 continents (Schutter, 2003). In recent

Volcanostratigrapy is an important aspect of all basins, as volcanic
rocks can comprise up to 25% by volume of a basin (Einsele, 2000;
Allen and Allen, 2013). Volcanic rock reservoirs are becoming an im-
portant new field in global oil and gas exploration because these
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years, prolific oil and gas reservoirs have been found in multiple basins
in China; the Songliao Basin, Junggar Basin, Tarim Basin, and Liaohe
Basin (Chen et al., 1999, 2016, 2017a, 2017b; Feng, 2008; Liu et al.,
2010; Tang et al., 2012a). The volcanosedimentary sequence of the
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basin may contribute to the potential oil and gas reservoirs and traps as
well as assist in migration and accumulation of hydrocarbons
(Stagpoole and Funnell, 2001; Polyansky et al., 2003; Jin et al., 2007;
Filho et al., 2008; Tao et al., 2017; Tang et al., 2017a).

The volcanostratigraphic characteristics, reservoir-forming pattern
and formation mechanism are important components of a volcanic re-
servoir study (Uliana et al., 1989; Antonio et al., 2012). Research in
recent years has shown that the reservoir distribution is constrained by
the volcanic edifice type and facies belts. For example, excellent re-
servoirs are often located in the central facies belts of composite vol-
canic edifices (Tang et al., 2008, 2012c; Wang and Chen, 2015; Yang
et al., 2017). In central facies belts, productive reservoirs are particu-
larly common in the upper part of lava flows, pyroclastic flows, in the
volcanic neck and the inner part of the perlitic dome (Wang et al.,
2006). The reservoir distribution characteristics are also constrained by
the volcanostratigraphic textures, i.e., stratified, pseudostratified and
massive textures (Mc Phie et al., 1993; Tang et al., 2011, 2012c; Yi
et al.,, 2014). Thus, the identification of volcanostratigraphic char-
acteristics can be used to determine the distribution pattern of a vol-
canic reservoir.

In theory, thicker volcanostratigraphic sequences should contain
more layers with favourable reservoir characteristics, particularly in
stratovolcanoes that were earlier discovered in the basins of China
(Feng, 2008; Zou et al., 2011; Wang and Chen, 2015; Tang et al., 2018).
However, drilling results show that thick intermediate volcanos-
tratigrapy of the Wangfu Rift Depression (WRD) in the Songliao Basin
has very few layers of favourable reservoir across 1000 m of volcanic
successions. The origin and characteristics of these thick volcanic rock
reservoirs is still poorly understood and the mechanisms behind the
accumulation of gas pools found within will be of great importance in
guiding further gas exploration in the basin.

The primary porosity of the volcanostratigrapy is related to the fa-
cies architecture (Cao et al., 1999; Kawamoto, 2001; Gu et al., 2002;
Wu et al., 2006; Jerram et al., 2009; Tang et al., 2013, 2015; Watton
et al., 2014; Chen et al., 2014a,b; Yi et al., 2016; Zheng et al., 2018).
The secondary porosity is related to weathering and alteration pro-
cesses as well as tectonic activities in the wider region (Luo et al., 1999;
Kontorovich and Khomenko, 2001; Othman et al., 2002; Volk et al.,
2002; Kus et al., 2005; Jones et al., 2007; Sruoga and Rubinstein, 2007;
Feng et al., 2008; Wang et al., 2011; Huang et al., 2012; Hou et al.,
2012). Furthermore, the porosity is constrained by the eruptive and
buried history of the volcanics. The eruptive history of the buried
volcanoes can be reconstructed according to the Eruptive Interval Un-
conformity Boundary (EIUB) (Tang et al., 2015; Yi et al., 2015). Here,
the EIUB and burial history of volcanostratigraphic sequences in the
Wangfu Rift Depression are introduced to determine the reservoir
characteristics and origin, as well as to help to identify the controlling
factor of gas pools in the thick intermediate volcanostratigraphy of the
Songliao Basin. The main objectives of this study are to identify the
characteristics and origin of the reservoir and the relation to the EIUB,
and to analyse the favourable exploration targets in these thick volca-
nostratigraphic sequences found in half-graben basins.

2. Geological setting

The tectonic evolution of the Mesozoic-Cenozoic Songliao Basin of
NE China can roughly be divided into three tectonic stages; a rifting
phase with deposition of a syn-rift volcanogenic succession, a sagging
stage forming a post-rift sedimentary sequence and a depauperization
period consisting of a structurally inverted coarsening-upward se-
quence (Wang and Chen, 2015; Wang et al., 2016) (Fig. 1). Approxi-
mately 45 rift depressions were formed during the rift stage, including
the WRD which covers an area of more than 2500 km? in the middle of
the Songliao Basin (Fig. 2). Overlying the Palaeozoic metamorphic
basement is an infilling sequence composed of Jurassic-Cretaceous rift-
related volcanic and sedimentary rocks. The volcanic rocks are found
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widespread throughout the region in other rift depressions, and to-
gether, form a large igneous province (Jia et al., 2007; Cai et al., 2012)
extending over an estimated area of 0.85 x 10°km? (0.328 x 10° mi?).
The volcanic activity of Huoshiling Formation, which lasted for 13 Myr
(158-145 Ma) during the Jurassic (Wang et al., 1995, 2002), showed an
eastward migration, reflecting tectonic changes during the different
stages of collision between the Eurasian and Siberian plates. The em-
placement of this huge volcanic unit is coeval with a regional litho-
spheric extensional regime that has been active since the Jurassic (Yang
et al., 2005). The rift system is composed of oppositely oriented grabens
that are controlled by NE-SW trending major faults (Ge et al., 2012).
The WRD is terminated in the west by a NW to N-S strike fault and
overlapped in the east. The eastern uplift area was inverted in late Ti-
thonian to late Aptian, leading to the uplift and denudation of the
Huoshiling Formation (Figs. 2b and 3). The WRD contains the Huosh-
iling, Shahezi and Yingcheng Formations (Jiang et al., 2017). The
Huoshiling Formation can be divided into two members in the region.
The first is dominated by sandy conglomerates, and the second by in-
termediate and basic volcanic rocks, mudstones and reworked volcanic
deposits (Fig. 1). However, the first member of the formation is not
found in boreholes in the WRD. The Shahezi Formation is dominated by
mudstones and sandstones, and can also be divided into two members.
The first member is comprised mainly of thick mudstone, while the
second member is mainly sandstone. Finally, the Yingcheng Formation
of the WRD is dominated by a combination of mudstone and sandstone,
meaning it differs from the other rift depressions (Figs. 1 and 3).

3. Methods

The seismic data, well logs, and drill core data were obtained during
the exploration of the WRD. Volcanic rocks (including reworked vol-
canic rocks) were identified in 15 wells by using 40 m cores, 1200
cutting samples, 6000 m of Fullbore Formation Mocroimager (FMI)
data and Gamma Ray (GR) logging. The volcanostratigraphic filling
characteristics were analysed by using an integrated method involving
well logging and seismic data. The void spaces were assessed through a
combination of macroscopic and thin section observations of resin-im-
pregnated samples from cores. The exploration potential was assessed
by using a combination of techniques involving the cores, well logging,
seismic data and gas testing results.

Whole-rock analyses were performed on four fresh, unaltered vol-
canic rock samples. Major element compositions were determined by X-
Ray Fluorescence (XRF) using a D/MAX-2400 instrument (manu-
factured by Rigaku Co, Ltd), in the Rock-Mineral Preparation and
Analysis Lab at the Geology and Geophysics Research Institute of the
Chinese Academy of Sciences, Beijing, China. Ferroporphyrin and ig-
nition loss were measured by volumetric and gravimetric methods,
respectively.

Porosity and permeability tests were conducted using the AP608
instrument at the Jilin University Rock Physics Lab (Changchun City,
Jilin Province, China) through helium (He) injection. The test tem-
perature was 22 °C, and testing was performed according to the stan-
dard method of the Petroleum Industry of the People's Republic of
China (SY/T 5336-2006, “Cores Analytical Method”).

Capillary pressure measurements were carried out using the mer-
cury intrusion method at the Fluid Mechanics Laboratory at the Daqing
Oilfield Company E&D Research Institute using an AutoPore IV 9505
porosity analyser. The test temperature was 19.1 °C and humidity was
39% RH. The test followed the standard method of the Petroleum
Industry of the People's Republic of China (SY/T 5346-2005: “Capillary
Pressure Curve Measurements of Rocks”).

X-ray were conducted on 11 fresh samples. The samples were cru-
shed and any visibly dirty rock debris was discarded. The test was
performed at the Mineral and Petroleum Laboratory of the Department
of Geology, Jilin University, using a RIGAKU D/MAX 2550/PC (Japan)
instrument and the test standard SY/T5163-1995 “The X-ray diffraction
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Fig. 1. Upper Mesozoic stratigraphic column for the Songliao Basin, showing three cycles of basin fill, (1) synrift, (2) super-rift, and (3) structural inversion. The
volcanic reservoirs of Yangfu rift depression is in the upper Jurassic Huoshiling Formation (J3h). Vertical numbers such as (32-2250)/384 m in the fourth column
indicate borehole statistical data on formation thickness: (minimum-maximum)/mean. (After Wang and Chen, 2015; Wang et al., 2016).
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Fig. 2. Pilot map of the research area. Note: The thickness of the volcanostratigraphy of the Huoshiling Formation in the Wangfu Rift Depression is estimated based

on both seismic and logging data.

analysis method of clay mineral relative content in sedimentary rocks”.

Burial history analysis involved the determination of two denuda-
tion boundaries and closer examination of the burial history in wells
WF1 and CS9. The acoustic time method was used to calculate the
denudation thickness between the Nenjiang formation (early
Campanian) and the Neogene. The denudation thickness of volcanic
rocks in well CS9 was estimated using the surface trends of stratigraphic
thickness. A burial curve was constructed based on the stratum li-
thology, the increase in compression with burial depth, and the stratum
thickness.

The inclusion test was done at the Analytical Laboratory of BRIUG
in Beijing, using the LINKAM THMS600, which was produced by
Linkam Scientific Instruments Ltd, UK. The test method was performed
according to the EJ/T 1105-1999 standard method, at a test tempera-
ture of 24 °C and relative air humidity of 40%.

4. Volcanostratigraphic characteristics
4.1. Filling

The volcanostratigraphy of the study area was formed in a half-
graben basin during the early rifting stage of the Songliao Basin (Fig. 3).
The seismic data shows that the maximum thickness of the basin fill is
1800 m. As a whole, the volcanostratigraphy comprises approximately
58% of the faulted part of the basin and 28% of the basin as a whole.
From the thickness of the volcanic rocks, it is inferred that the volcanic
centre is in the middle of the WRD. The seismic data shows that the
volcanostratigraphic facies are tabular and partially mound-shaped
interior reflections with weak amplitudes and low frequencies. How-
ever, due to the limited resolution of seismic data, the overlapping
relationships are mostly unknown. Based on the trachyandesite asso-
ciated with the Changbaishan volcano, the volcanostratigraphic for-
mations are inferred to be mainly mounds with a large height to radius
ratio related to widespread central eruptions (Tang et al., 2017b).
Following deposition, the volcanostratigraphy experienced different
burial stages that resulted in differing burial depths of the top
boundary. The volcanic rocks near the western sag area experienced
subsidence from the moment the basin was filled up to the middle
Campanian. The volcanic rocks in the middle slope area experienced
long-term denudation up until the early Berriasian followed by

subsidence from the early Barrenmian to the middle Campanian. In the
eastern uplift area, the volcanic rocks underwent uplift and long-term
denudation from filling of the basin to the Albian, subsidence from the
Cenomanian to the middle Campanian, uplift-related denudation in the
later Campanian, and finally re-burial in the Neogene. This secondary
burial however, was less than the maximum palaeoburial depth.

4.2. Composition

The base of the Huoshiling Formation in the WRD, found in the
southern Songliao Basin, contains a thick unit of volcanic rocks. Drilling
revealed that the maximum volcanic depth was in well CS7 at 1223 m
(although the drill did not penetrate the entire unit). The cores of well
CS11 and well CS603 reveal that the volcanic rocks are inclusive of the
trachyandesite and trachyte (Fig. 4) which have been shown to be the
main components of the volcanic units and comprise approximately
80% of the volume. The 15 wells that contain the volcanic rocks
showed that the trachyandesite comprises approximately 51.3%, tra-
chyandesitic ignimbrite comprises approximately 10.3%, and tra-
chyandesitic tuff approximately 5.8% (Fig. 5). As well as these three
main sub-groups there were also a few trachytes, andesitic pyroclastic
rocks and tuffisites identified. The volcanostratigraphic filling sequence
is divided into three types according to the thickness of the rock unit
and the characteristics of well logging. The first type is the thick lava
type, best represented in well CS7 that demonstrates thicknesses of a
single layer up to 400 m, and show a gamma curve and density curve
with a micro-jag low-amplitude block pattern. Second, the interbedded
type represented in wells CS11 and WF1 that is overlapped by the ig-
nimbrite and lava. The thickness of single layer is approximately 20-50
m, and the gamma and density curve have a medium-jag medium-
amplitude block pattern. Third, the composite type represented in well
CS9 and well CS5 that is overlapped by thick and thin layers of lava
and/or ignimbrite.

4.3. EIUBs of volcanostratigraphy

The EIUBs are boundaries found within the volcano or as part of
volcano and were formed during the eruption phases or epoch, with a
time interval from years to thousands of years (Fisher and Schmincke,
1984; Tang et al., 2015). The marker beds for these EUIBs are the
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css Cs9 cs2.

b. geological section

Fig. 3. The structural style and filling characteristics of the Wangfu Rift Depression, Songliao Basin, NE China. Notes: This Wangfu Rift Depression section shows the
regional distribution of tectonic units. It is divided into 3 units: the western sag (WS), the middle slope (MS) with abundant normal faults, and the eastern uplift (EU).
The time section is transferred into a depth section by using the acoustic time data (AC) and density log data. The volcanostratigraphy represents approximately 28%
of the volume. The stratigraphic units are interpreted based on seismic facies units and are constrained by well lithologies. The kerogen and Toc data are from Zhang
(2013). Jzh, Huoshiling Formation; K;s, Shahezi Formation; K,y, Yingcheng Formation; K;d, Denglouku Formation; K;q, Quangtou Formation; Kygn, Qingshankou
Formation; Koy, Yaojia Formation, Kon, Nengjiang Formation; C, Carboniferous; P, Permian.

reworked volcanic rocks or weathered crust and these allow the EUIBs
to be identified. There are two types of filling sequences according to
the EIUB. First, demonstrated by the volcanostratigraphy of 13 wells
that have one EIUB that is found between the volcanic rocks and
overlapping sedimentary rocks. There is no interbedding of sedimen-
tary rocks which indicates that the volcanostratigraphy is in continuous
construction, and that the time span that formed the volcanostrati-
graphy is relatively short. Secondly, the filling sequence with two EUIBs
as in 2 wells (CS11 and WF1). The EUIBs form the top boundary of the

volcanic rocks as well as a boundary between the interbedded sedi-
mentary and volcanic rocks below (Fig. 5). The presence of the inter-
bedded units indicates that the volcanostratigraphy in this type of EUIB
is not continuous, and that the time span of volcanostratigraphy likely
spans tens of thousands of years. In totally, the one or two EIUBs in-
dicate that the thick volcanostratigraphy of WRD had been underwent
the simple eruptive history.
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APIL; R: Apparent resistivity from Computed Focusing Mode 5, Q'm; DEN: density, g/cm>.
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Fig. 6. Void space characteristics of the volcanostratigraphy of the Huoshiling Formation in the Wangfu Rift Depression, Songliao Basin, NE China. Notes: A-
amygdale, IP-intergranular pore, M-moldic pore, SP-sieve pore, F-fracture; Afs-alkali feldspar, Ca-calcite, Ch-chlorite, Py-pyrite, Q-quartz, Si-siliceous material.

Secondary fractures consist mainly of tectonic fractures and
weathering fractures. Tectonic fractures are formed by tectonic stresses
and usually have regular shapes that will become irregular when di-
agenesis processes take place i.e. filling, alteration or dissolution (Olson
et al., 2009; Jiang et al., 2017). The width of the tectonic fractures is
commonly less than 1 cm and the filling degree is high in this volca-
nostratigraphy ca. 15-95% (Fig. 6g/h/i). The fractures are often filled
with pyrite and calcite and some of the fractures have undergone al-
teration diagenesis.

Based on 113 pictures of 74 resin-impregnated sections and ob-
servations of 40 m cores from 6 wells, the prevalence of the reservoir
space was analysed. The frequency of primary pores is relatively low,
with intergranular pores and amygdales representing 12% and 19%,
respectively. The frequency of secondary pores is relatively high, with
moldic pores comprising 59% and sieve pores reaching 92% (Fig. 6j).
As explained above, primary void space is relatively limited in this
volcanostratigraphy, nevertheless secondary diagenesis produces
abundant secondary pores and fractures that enhance the reservoir
quality.

6. Reservoir distribution characteristics
6.1. Porosity, permeability and pore throat

There are 119 porosity & permeability values and 16 capillary
pressure curve samples. Porosity values range from 0.3% to 16.7%,
with an arithmetic average value of 8.3%; permeability ranges from
0.0004 mD to 93.78 mD, with an arithmetic average value of 5.55 mD
(Fig. 7). In comparison to the sedimentary rocks, which exhibit
medium-low porosity and permeability, the reservoir in this area can be
well correlated with the rhyolitic rocks associated with high gas pro-
duction in adjacent areas, such as the Qinsheng Gas Field and Songnan
Gas Field (Feng, 2008; Tang et al., 2010). The ignimbrite presents the
highest values of porosity and permeability, followed by pyroclastic
rocks and then the lavas (Fig. 7b). The pore throat sizes have an average
radius of 0.020-0.24 pm, middle-high displacement pressures, ranging
from 1.15 to 19.69 MPa, and middle-high saturation values during
mercury injection (from 49.31% to 98.46%) (Fig. 8).

6.2. Relationship between the reservoir and the EIUB

The relationship between the EIUB of each well and the porosity-
permeability values associated, is analysed based on the lab data of core
samples. Overall, the porosity and permeability of the lava, pyroclastic
rocks and ignimbrite decreases with increasing distance from the EIUB
of the volcanic rocks. The porosity and permeability change rapidly
when it is apart from the boundary and can be split into four belts. Belt
1 demonstrates moderate values of porosity and permeability at about
40 m thickness. Belt 2 has the highest porosity and is also approxi-
mately 40 m thick. Belt 3, also demonstrates moderate porosity and
permeability values but is slightly thicker than Belt 1 at about 60 m.
Lastly, the lowest porosity and permeability belt, Belt 4, which is more
than 180 m thick. From this information, it is concluded that the best
quality of reservoir is Belt 2, which is situated approximately 40-80 m
below the EIUB. Belts 1 and 3 that demonstrate moderate values of
porosity and permeability are considered good reservoirs and are dis-
tributed approximately 0-40 m and 80-140 m below the EIUB re-
spectively. Belt 4 is the least productive belt of the four and is found
140-320 m below the EIUB (Fig. 9).

Two EIUBs were identified at depths of 2530 m (EIUB1) and 2699 m
(EIUB2). The casting thin sections, sidewall cores and FMI data in-
dicated that the alteration degree and fracture density of the volcanic
sequence decreased with increasing distance from the EIUBs.

First, detailed information on EIUB2 is outlined. The sidewall cores
show that there are a few steep dip angles and regular smooth fractures.
Additionally, the FMI data indicated that there were only a few mod-
erate to steeply dipping angled fractures. The casting thin sections at
depths of 2549.5 m and 2562.5 m showed that large areas of the matrix
and many phenocrysts had undergone alteration, which had generated
abundant sieve pores and moldic pores. The smaller matrix component
at depths of 2549.5 m and 2562.5 m had also undergone alteration, but
only sieve pores were generated here. This was also the case at depths
of 2630 m and 2692 m surrounding fractures where small sieve pores
were generated as a result of alteration. Amygdalae were observed,
filled with chlorite and calcite at depths of 2617 m and 2660 m
(Fig. 10a).

Second, detailed information on EIUB1 is introduced. The sidewall
cores showed a few steep dip angles and regular smooth fractures.
However, the FMI data indicated that there were few fractures. The
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casting thin sections at depths of 2699 m and 2720 m showed that large
areas of the matrix and many phenocrysts had undergone alteration and
that abundant sieve pores and moldic pores had been generated.
Smaller areas of the matrix and many of the feldspars, at depths of
2765.0 m, 2767.0 m and 2769.0 m had undergone alteration, and sieve
pores and moldic pores were generated. The void spaces were filled
with calcite and quartz. A smaller proportion of the matrix and a few
phenocrysts at depths of 2776.0 m and 2784.0 m had also undergone
alteration, with sieve pores being generated (Fig. 10b).

The sidewall cores in well CS5 (Fig. 5), containing an EIUB, showed

abundant netlike fractures with low filling degrees at depths of
2299-2320 m. However, there were a few regular and smooth micro-
fractures present, with a high degree of filling at depths of 2321 m and
2423.9 m. The FMI data indicated that these netlike fractures were also
present at depths of 2320-2360 m and could be divided into 2 types;
those that are regular and smooth and those showing irregular frac-
tures. The FMI data also indicated that only the regular and smooth
fractures had high dip angles. From these observations it is inferred that
the fracture density decreased with increasing distance of the volcanic
rocks from the EIUB (Fig. 10c).
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Fig. 10. The characteristics of void space in the thick volcanostratigraphy of the Wangfu Rift Depression in Songliao Basin, NE China. Notes: CIA = [Al,O3/
(Al,03+ CaO + Na,O + K,0)], oxide data from element capture spectroscopy (ECS). Density of tectonic fracture is estimated by using FMI, n/m; the high angle and
regular fractures are the tectonic fractures. The red lines in tectonic fracture present the locations of sidewall cores. Filling degree correlates to the density of high
resistance fractures (n/m). A-amygdale; M-moldic pore; SP-sieve pore; F-fracture, Si-siliceous material, Ca-calcite, Ch-chlorite. Ic-ichor, Ze-zeolite. (For interpretation
of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

7. Discussion
7.1. Reservoir formation

The formation of a volcanic reservoir is closely related to the kind of
stratigraphic unit that it sits within, which will have an impact on the
type of pore spaces (Sruoga et al., 2004; Rowe et al., 2012). For ex-
ample, amygdales are associated with lava units, whereas intergranular
pores are most commonly found in the pyroclastic units. The burial
history following the formation of the stratigraphy is also important as
it involves processes such as weathering and leaching during periods of
exposure and deep-burial alteration that are important for the forma-
tion of secondary pores (Laubach and Ward, 2006; Sruoga and
Rubinstein, 2007). Tectonic activities can also form secondary porosity,
namely fractures. The details will be described below according to the
reservoir type and characteristics.

7.1.1. Volatile matter released

The volatile components of magma, particularly H,O, CO,, F» and
Cl,, escape via degassing processes as the temperature and pressure
decrease due to the ascent and migration of the magma (Gaonac'h et al.,
2005; Lovejoy et al., 2004). Pores are created in the form of vesicles
when bubbles are captured by a cooling magma, and amygdales form
when these pores become filled by magma at a later stage of evolution,
or by material rich in silica or calcium ions as a secondary process. The
release and capture of volatile matter mainly occurs at the top of a lava
flow, thus encouraging the development of a reservoir at the top of the
stratigraphic sequence (Chen et al., 2016). However, diagenesis of this
type is uncommon in the WRD, and amygdales are only observed in a
few core sections (Fig. 6a and b), likely as a result of the low volatile
content in the intermediate lavas.

7.1.2. Particle-support effect

When lava undergoes fragmentation, pyroclasts are generated in the
form of blocks, bombs, lapillus and both coarse and fine grained ash
(Fisher and Schmincke, 1984). Most of the pyroclasts are poorly-sorted
and angular. The coarsest particles will form a stabilized skeleton first
and then the fine particles will fall into the available spaces among the
coarser particles. Intergranular pores form when the fine particles have
a lower filling degree and thus leave some pore spaces empty (Klug and
Cashman, 1996; Tang et al., 2016b). The particle-supported nature of
coarse grains maintains the intergranular pores during the deep burial
and compaction (Fig. 6¢). Therefore, the ignimbrite and the pyroclastic
deposits most likely have intergranular pores at depth because of par-
ticle-support effect.

7.1.3. Weathering and leaching

Weathering takes place when the volcanic rocks are exposed to at-
mospheric agents, such as water and wind, at or near the Earth's sur-
face. The rocks can change colour, texture, composition, induration, or
form, with little or no transport of the loosened or altered material.
Water can selectively remove, or dissolve out any soluble constituents
from a rock; a process known as leaching (Neuendorf et al., 2011). As
well as water, microorganisms such as bacteria can enhance the al-
teration of rocks (Chen et al., 2014a,b). Weathering and leaching pro-
cesses are important factors for the generation of secondary porosity
(Mao et al., 2015).

The volcanic rocks of the Huoshiling Formation in the WRD ex-
perienced different burial stages. The three main areas representing
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these different burial histories are the eastern uplift area, the middle
slope area and the western sag area. The eastern uplift and middle slope
areas are similar in that they both experienced weathering and
leaching, but they also exhibit some differences. For example, the
eastern uplift area has different stratigraphy, i.e. it does not have the
upper Huoshiling Formation, the Shahezi Formation and the Yingcheng
Formation. Moreover, the wedge shape implies the paleo-slope during
the Shahezi period and Yingcheng period and the strata overlapped
from the west to east. Thus the eastern uplift area experienced long-
term, likely more than 20 Ma, large-scale weathering and leaching. The
middle slope area (as demonstrated in wells CS5 and CS9) is located in
the volcanic highland formed in the footwall of a normal fault and the
formation lacks the upper Huoshiling Formation and the lower Shahezi
Formation. Based on the stratigraphic thickness, this volcanic highland
would also have experienced weathering and leaching for millions of
years (Fig. 11). The weathering and leaching processes mean that the
reservoir distribution is closely related to the EIUB because they in-
fluence the reservoirs development at the top of the thick volcanos-
tratigraphic sequence. Below the EIUB in well CS5, the closer to the
boundary, the higher the fracture density was. The upper part of the
same well had netlike fractures while the lower part had only high dip
angle fractures (Fig. 10). Weathering and shrinkage processes are likely
the main contributors to the generation of netlike fractures in the upper
part of CS5. The weathering fractures were generated when the vol-
canic rocks were uplifted and exposed and the shrinkage fractures or
tectonic fractures become enlarged due to alteration from meteoric
water (Tang et al., 2016a). These secondary fractures could also have
been an important contributor to the overall porosity.

7.1.4. Burial alteration

During thermal evolution, organic matter in the mudstones and coal
seams produces organic acid, CO, and CH,4, among other compounds,
which lead to alteration of the volcanic rocks. Large quantities of this
organic acid are usually produced during two stages in coal bearing
strata. Firstly, the process of turning plant remains into peat and lignite
within a burial depth range of 200-400 m can produce pH values as low
as 3.3-4.6 (Zheng and Ying, 1997; Zhong et al., 2003). Secondly, acids
discharged by mudstones and coal seams during the thermal evolution
of organic material (70-170 °C) can significantly decrease the pH values
of any water already in the formation, thus allowing material to be
further altered by acid (Liu et al., 1998; Yang et al., 2004; Zhang et al.,
2011). This process produces the sponge pores, sieve pores, cave and
moldic pores via alteration and dissolution (David and Walker, 1990;
Blum and Stilling, 1995; Sruoga and Rubinstein, 2007).

The volcanic rocks of well CS9 have hydrocarbon-bearing inclusions
found in secondary quartz (Fig. 12). This indicates that the volcanic
rocks have undergone burial alteration by organic acid or CO, during
thermal evolution. The organic acid or CO, probably came from the
overlying source rocks, such as mudstones (kerogen Type II, and type
III, Toc 0.4-2.5%) and coal, that is evidenced by the boreholes (Zhang,
2013). The wells do not penetrate the Huoshiling Formation and thus
cannot reveal the lower part of the sequence. However, the probability
of any source rocks in the bottom part is limited because of chaotic and
low frequency seismic facies (Fig. 3). The volcanic rocks of the
Huoshiling Formation in the WRD contain easily altered components,
such as feldspar, glassy debris and ash etc., which may play an im-
portant role in the origin of secondary pores. As shown in Fig. 6, four
types of alteration phenomena can produce pores. Sponge-like pores are
produced through trachyandesitic debris alteration (Fig. 6¢), moldic
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pores are produced by hornblende alteration (Fig. 6e) and some sponge-
like pores are produced by trachyandesitic matrix alteration (Fig. 6d/
h). The moldic pores and sieve pores that were formed by alteration
tend to be larger in diameter, whereas the sponge-like pores are smaller.
Together, these pores result in a reservoir characterized by high por-
osity and small throats. Based on the microthermometric results of
hydrocarbon-bearing inclusions in well CS9, it is seen that most of the
inclusions exhibit peak temperatures of 90-107 °C, which were reached
during the Cenomanian to Campanian according to the burial history
(Figs. 11 and 12). Therefore, the reservoir formation age is equal to or
older than the inclusion charging age.

The results of X-ray analysis indicate that the volcanic clay minerals
in the depression and slope areas are mainly chlorite with small
amounts of illite and smectite (Table 1). The reason for this is as fol-
lows. On one hand, chlorite could have been formed as a result of the
hornblende alteration process during deep burial. This is seen in the

fractured and crushed amphibolite found in the crater area, where the
amphibolite has been strongly altered and replaced with secondary
chlorite minerals. The chloritic mineral assemblage suggests formation
temperatures of 100-300 °C (Kirsimae et al., 2002) which is important
because the controlling factor of chlorite formation is the temperature
(Inoue et al., 2009; Bourdelle and Cathelineau, 2015). The maximum
palaeotemperature of the volcanostratigraphic sequence in this area is
135-190 °C. Therefore, the temperature conditions would have been
suitable for clay minerals to be transformed into chlorite. The other
dominant process that likely occurred is the alteration of feldspars to
clay minerals. When the rocks were exposed at the Earth's surface,
feldspar phenocrysts as well as feldspars in the matrix would have
weathered into clay minerals, such as montmorillonite and kaolinite,
which would have been transformed to illite as the burial depth in-
creased (Cathelineau and Izquierdo, 1988; Battaglia, 2004; Noguera
et al., 2011). Only when the amounts of Fe and Mg ions were sufficient,
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Table 1

Marine and Petroleum Geology 113 (2020) 104128

Characteristics of mineral compounds in the volcanic rocks of the Huoshiling Formation in the Wangfu Rift Depression.

Well Depth Distance to the EIUB (m) Mineral species and content (%) Total clay mineral content (%) Relative amount of clay mineral (%)
(m) Q Kfs Ab Cal Dol Am Ap Lmt 1/8 I K C
Cs11 2577 27 43 108 654 1.1 / / / 4 14 3 3 / 94
CS11 2579 29 1.7 33 56.1 3.6 / / / 19.1 16 / / / 100
Cs11 2583 33 23 127 453 1.1 / 1.5 / 5.4 11 / / / 100
CS11 2585 35 36 6 41 2 / / / / 15 4 6 / 920
Cs11 2588 38 / 8.6 535 1.1 / 14 7/ 10.4 25 / / / 100
CS606 2409 49 9.2 9.8 46.1 7 / / 53 / 23 / 1 / 99
CS606 2410 50 / 10 86 / / / / / 4 / / 50 50
CS606 2413 53 / 1 97 / / / / / 2 / / 100 /
CS606 2414 54 / 5.2 427 181 / / 46 / 29 / 4 / 96
CS606 2417 57 / 3.2 531 / / / 69 / 37 / 1 / 929
WF1 3590 160 27 7 56 / / / / / 10 6 9 / 85
Notes: Kfs = K-feldspar, K=Kaolinite, Pl = Plagioclase, Ab = Albite, Chl = Chlorite, Cal = Calcite, Dol = Dolomite, Am=Amphibole, Ap = Apatite,

Lmt = Laumontite. The two samples that have a higher quartz content (23%-26%) are filled by silica in well CS11 and the sample with the higher calcite content

(18.1%) is filled by calcium in well CS606.

would the illite transform into chlorite. The fractures in well CS6 were
filled with pyrite. This finding indicates that a Fe-rich fluid had been
present in the post-volcanic period. The above conditions were bene-
ficial for the transformation of illite and kaolinite into chlorite. These
factors were primarily responsible for the alteration of clay minerals to
chlorite (Li et al., 1988; Huang et al., 2003, 2009; Wang et al., 2005).
The dissolved pores in this area not only contributed to the high por-
osity but also produce a relatively suitable connectivity (i.e., high
permeability) (Cai et al.,, 2010; Luo et al., 2012, 2013; Zhang et al.,
2012; Wang et al., 2013).

The number of secondary pores decreased with increasing distance
of the volcanic rocks from EIUB1 and EIUB2 in well CS11. Due to the
migration of dissolved fluids from the overlying strata into the volcanic
rocks of the Huoshiling Formation below, the top most section of the
volcanic rocks dissolved sooner, which enhanced the reservoir quality
in this area (Fig. 13). Moreover, because of the different burial depths of
the volcanic rocks in the Huoshiling Formation, the degree of thermal
evolution differs among the eastern uplift, middle slope and western sag
(Fig. 13). The western sag turned into a mature area in terms of organic
matter evolution (Figs. 11 and 13) in the early Aptian to early-middle
Campanian, and deep-burial alteration occurred in the early Aptian to
middle-late Campanian. The slope area reached maturation in terms of
organic matter evolution between the Turonian and the middle Cam-
panian, and deep-burial alteration occurred in the Turonian to middle-
late Campanian. The overlying strata of the Yingcheng Formation in the
eastern uplift area turned into a mature area in terms of organic matter
evolution between the Coniacian and the late Campanian, and deep-
burial alteration occurred in the Coniacian to middle-late Campanian.
Therefore, the duration of deep-burial alteration in the depression was
longer than the duration of deep-burial alteration in the uplift area.

7.1.5. Tectonism

The tectonic activity in the region is important because it will
generate tectonic fractures that may contribute to the overall porosity
and permeability of the area. The volcanostratigraphy of the Huoshiling
Formation in the WRD experienced two main tectonic episodes. The
first episode produced fractures related to the effects of block faulting
during the Tithonian to the Hauterivian. The tectonic effects on the
volcanostratigraphy of the basin are very complicated due to the long
duration of faulting. Extensional tectonism likely generates the net-like
and irregular fractures (Fig. 6h/Fig. 10a-®/c-®). Fig. 6-h shows that the
fractures in the slope area became filled with siliceous material at some
later stage. Subsequently, the volcanostratigraphy of the WRD experi-
enced compressional tectonism and tectonic inversion during the
Nenjiang stage (Figs. 3 and 11), which also produced tectonic fractures.
The high-angle fractures are likely related to the tectonism during this

13

stage (Fig. 6i). Moreover, the fractures in the cores are generally less
common than secondary pores (Fig. 6j) and are mostly closed under the
burial conditions meaning that their contributions to porosity are lim-
ited. However, they do increase the connectivity of other void spaces
and improve the permeability of the reservoir.

7.2. Main controlling factors of reservoir and exploration significance

The thickness of the most effective reservoir in boreholes found in
the eastern uplift area and middle slope area, which experienced
weathering and leaching, is relatively large, ranging from 21.5 to 59.5
m. The thickness of the effective reservoir in boreholes of the middle
slope area and western sag area, which only experienced deep-burial
alteration, is relatively small, ranging from 20 to 22 m (Table 2). From
this information it is inferred that weathering and leaching had the
largest impact on the reservoir in this area.

The gas daily production data suggests that weathering and leaching
is necessary to produce a commercial gas pool especially in the bore-
holes in the middle slope that have a better accumulation effect. The
boreholes in the western sag area and middle slope that have only
undergone deep-burial alteration are poorly productive.

The area most impacted by weathering and leaching should corre-
late to the volcanic inherited-uplift areas that are likely to form the
structural traps that are better for gas accumulation. The area that only
underwent deep-burial alteration should correlate to the stable sub-
sidence area in the WRD which is not ideal for gas accumulation
(Fig. 13). Therefore, the best exploration target area in the thick vol-
canostratigraphy in the WRD is the volcanic uplift area, particularly
near the source rocks.

Above all, the best exploration target area should be the volcanic
uplift region in the middle slope area due to four favourable factors:
good reservoir quality (several Ma weathering-leaching), proximity to
source rocks, proximity to fluid migrating at the channel, and wide
distribution of the regional seal rocks (i.e., the mudstone of Shahezhi
Formation and Yingcheng Formation). The second best exploration
target region is the uplift area in the western sag also due to its four
favourable factors: good reservoir quality (couple Ma weathering-
leaching and strong deep-burial alterations), wrapped by source rocks,
short distance of migration of hydrocarbons, and wide distribution of
regional seal. The third best exploration target area is the eastern uplift
because of its good reservoir quality (20 Ma weathering-leaching, in-
dicating the higher secondary porosity). However, the unfavourable
factors of this area include the long distance of gas migration and the
poor seal. Thus, the sequence of best exploration target areas is as
follows; the volcanic inherited-uplift zone in middle slope area, then the
inherited palaeohighs of the western sag and finally the eastern uplift
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Fig. 13. The evolution of the volcanic reservoir of the Wangfu Rift Depression in Songliao Basin, NE China. Note: J3h, Huoshiling Formation; K;s, Shahezi Formation;
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2001).

Table 2

Lithology, location, reservoir characteristics and gas production of the Huoshiling Formation in the Wangfu Rift Depression.
Well Lithology Location Reservoir Daily output Effective reservoir layer/thickness ~Gas PI equivalence (m®/ Gas PI (m®/

formation (m) d'm) dm)
Gas (m3) Water (m®)
CS2  Trachyandesitic breccia EU WL, PS, AOA 12950 24 1/21.5 1728 602
CS13  Brecciated trachyandesite EU WL, PS, AOA 2100 142 2/28.5 5063 74
C9 Trachyandesitic breccia EU WL, PS, AOA 0 80 1/30.0 2697 0
CS8 Trachyandesite EU WL, AOA 0 120 4/50.0 2400 0
CS4  Trachyandesite MS AOA 3000 12 2/22.0 682 137
CS5  Trachyandesite MS WL, AOA 73860 19 2/26.7 3485 2766
CS6  Trachyandesite MS WL, AOA 154790 0 2/30.9 5009 5009
CS7  Trachyandesite MS WL, AOA 10860 20 3/59.5 518 182
CS11 Trachyandesite MS VMR, WL, AOA 50750 135 2/31.0 3388 1637
CS12 Trachyandesite MS AOA 1500 30 2/21.0 1500 71
WF1 Trachyandesitic brecciated WS AOA, WL, PS 16900 70 2/36.6 2372 462
lava

CS20 Trachyandesite WS AOA 100 40 1/20.0 405 5

Notes: WS-western sag, MS-middle slope, EU-eastern uplift; PS-particle-supported, WL-weathering and leaching, AOA-alteration by organic acids, VMR-volatile
matter released; PI-productivity index, Gas PI equivalence =(gas daily output + water daily output x 1000)/effective reservoir thickness. The daily output is

announced by E&P Research Institute of PetroChina Jilin Oilfield.
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area (Table 2).
8. Conclusions

(1) The intermediate volcanic rocks of the Huoshiling Formation form a
thick layer in the WRD. The filling sequences of the volcanic rocks
were divided into three types according to the thickness of the rock
layer and the well logging characteristics, namely, a thick lava type
(the thickness of a single layer was up to 400 m), an interbedded
type (the thickness of a single layer ranged from 20 to 50 m), and a
composite type (overlapping thick and thin layers). Most of the
boreholes revealed that the volcanic stratigraphic unit experienced
only one construction stage, although a few boreholes revealed two
construction stages with an interval between the two construction
stages lasting tens of thousands of years.

The thick volcanic rocks of the Huoshiling Formation in the Wangfu
Rift Depression exhibited mostly low to moderate porosity and
permeability values. The intermediate volcanic rock layers and re-
servoir distributions were closely related to the EIUBs. The core and
FMI data revealed that the fracture density development and
number of secondary dissolved pores (matrix spongy, phenocryst
moldic and cribriporal pores) increased with increasing distance
from this boundary. The cores showed that many of the favourable
reservoirs were located approximately 40-80 m below the EIUBs.
The quality of the reservoirs in Belt 1 and Belt 3, distributed ap-
proximately 0-40 m and 80-140 m below the EIUB respectively,
was deemed suitable. The quality of the reservoirs in Belt 4, which
was distributed 140-320 m below the EIUB, however, was only fair.
The void spaces of thick volcanic rocks of the Huoshiling Formation
in the Wangfu Rift Depression were generated by the release and
capture of volatile matter, particle-supported effects, weathering
and leaching processes and deep-burial alterations. The weathering
and leaching processes were the key controlling factors of the re-
servoir quality followed by deep-burial alteration diagenesis ac-
cording to a comparison analysis between the diagenesis and gas
production index equivalence.

The best exploration target areas of the thick volcanic rocks in the
half-graben basins were the upper parts of the inherited volcanic
highlands in the middle slope area, followed by the inherited pa-
laeohighs of the sag area, and finally the inherited palaeohighs of
the uplift area.
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