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The reservoir property modeling of volcanic reservoir: An application to
the Shahejie Formation, Zaoyuan oilfield, eastern China

Yuming Liu', Rongji Zhang?, Zhentong Xia', Lei Bao', and Jiagen Hou'

Abstract

As an increasing number of volcanic reservoirs has been discovered all over the world, the study of volcanic
reservoirs has caught more attention. However, researchers mainly focus on the characterization of the external
architecture of volcanic rock mass and the superimposed relationship between the rock mass, while paying little
attention to the fine anatomy of the internal structure of the rock mass, making it difficult to effectively guide the
development of the volcanic reservoir. Taking Zao35 block in Huanghua depression, Bohai Bay Basin, China, as
an example, we find a workflow of establishing a high-resolution volcanic stratigraphic structure model and
reservoir properties models by integrating well- and seismic-data analysis. The seismic data indicate that the
volcanic activities consist of three stages: Stages I and III have positive seismic amplitude reflections, whereas
stage II has a negative seismic reflection. The well data indicate that the lithology column of target formation in
our study area consists of eight volcanic strata and seven mudstone strata. According to the lithology inter-
preted using well data, stages III, I, and I consist of five, one, and two volcanic eruption periods, respectively.
We have established a structure and stratigraphy model with eight zones of volcanic rock and seven zones of
mudstone barrier (15 zones in total) to effectively distinguish volcanic rocks (products of the eruption period)
from sedimentary rocks (products of the volcanic dormant period). Based on the seismic attribute analysis, we
have combined the sequential indicator simulation and local anisotropy from the seismic amplitude attribute.
The model of volcanism can be reproduced by sequential indication simulation of local variogram with variable
range directions. Based on the principle of “facies control” (perform lithology simulation in different regions
according to lithofacies), we have used the sequential indication method to simulate volcanic rocks. The sim-
ulation results have a very good agreement with the shape of lava flows spreading around the crater. To describe
the internal structure of the volcanic rock body, reveal internal lithology distribution characteristics, and res-
ervoir physical properties, we provide an effective research method for the development of volcanic reservoir
geologic research.
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Introduction

With the development of petroleum exploration,
more oil and gas reservoirs have been found in volcanic
reservoirs throughout the world, and researchers
gradually pay more attention to the study of volcanic
reservoirs. The volcanic reservoir is one type of uncon-
ventional reservoirs, which can produce high-quality
reservoir with good primary porosity (20%-35% mostly
from air pore) and permeability (300-2000 mD) proper-
ties under magmatic condensation and diagenesis. Till
2016, 300 volcanic oil and gas reservoirs have been dis-
covered in the world (Schutte, 2003; Jia et al., 2007),
with proven oil reserves of more than 3.4 x 10° t and
natural gas reserves of nearly 7000 x 10°* m® (account
for approximately 1% of the proven oil and gas reserves

throughout the world), which fully reveals the great ex-
ploration and development potential of volcanic rocks
(Jiang et al., 2010; Zhu et al., 2016).

At present, the research on volcanic rocks has
extended to study volcanic lithology and lithofacies,
volcanic mechanism (central eruption and fissure erup-
tion), volcanic reservoir, volcanic reservoir modeling,
and so on. The volcanic reservoir space is mainly di-
vided into primary pores, secondary pores, and frac-
tures (Vernik, 1990; Levin, 1995; Gamberi, 2001; Ogilvie,
2001; Schutte, 2003; Wang et al., 2011; Gu et al., 2002;
Zhang et al., 2013; Huang et al., 2014). Most scholars
believe that the distribution of volcanic reservoirs is
mainly controlled by lithofacies, and the classification
of volcanic reservoirs mainly is based on the analysis,
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comparison, and estimation of the distribution of
volcanic facies (Luo et al., 1996; Yan et al., 1996; Gao
et al., 2013). The spatial distribution of volcanic rocks
is predicted by analyzing the seismic attribute, such as
reflection energy, frequency, and waveform (Hao et al.,
2010; Cortez and Cetalte-Santos, 2016; Infante-Paez and
Marfurt, 2017). Volcanism is characterized by its instan-
taneity and period. Volcanism originated from strong
tectonic movement, and magma spewed out to the sur-
face with multistage tectonic activity, forming periodic
lava flows and volcanic debris deposits (Figure 1).
According to the different volcanic conduits, scholars
divided volcanic eruption into central eruption
(Figure 2a), fissure eruption (Figure 2b), and
compound eruption (Pike, 1978; Zangmo et al., 2016;
Chen et al., 2009; Langella et al., 2009). In a central erup-
tion, magma rises to the surface along the fixed
volcanic conduits, and the effusive rocks are regularly
distributed outward along the volcanic conduits. The
magma of fissure eruption rises to the surface along
a fault system and usually has a large distribution with
few pyroclastic flows.

Winds

Erupting plume

Pyroclastic flow,

Figure 1. Volcanism is characterized by its instantaneity and
period, and it urges magma up to the surface along the vol-
canic conduit, creating lava flow and pyroclastic flow.
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The exploration and development of volcanic reser-
voirs are a challenging problem, and there are few cases
for reference (Wang and Zhang, 2012). At present, the
exploration and development of sandstone, carbonate
oil, and gas fields have entered the stage of 3D quanti-
tative comprehensive geologic modeling of individual
reservoirs. However, there are few publications about
characterizing volcanic reservoirs. The geologic condi-
tions that make it very difficult to characterize the vol-
canic reservoirs include multiple magma eruptions
from multiple volcanic craters, the complex and varia-
ble texture of rocks, paleogeographic environment, vol-
canic eruption type, tectonic action, and diagenesis.
Thus, it is urgent to accelerate the development and re-
search work on the topic.

A 3D geologic modeling is not only a basic method
for reservoir description and characterization but also
an important means to solve the aeolotropism of the
volcanic rock reservoir. Some scholars have used dif-
ferent seismic facies characteristics to divide volcanic
rocks, and completed the geologic modeling of volcanic
rocks based on “volume control” (taking the single
volcanic rocks as a unit) through seismic volume con-
straints (Li et al., 2000; Wang, 2015; Qiu et al., 2017). Most
scholars focus on the characterization of the outer
contour of volcanic rock mass and the superimposed
relationship between the rocks, but they paid little atten-
tion to the fine anatomy of the internal structure of the
rock mass, thereby making it difficult to effectively guide
the development of volcanic rock reservoirs.

Stochastic simulation technique based on geostatis-
tics is a useful tool, which can be used to solve the dis-
tribution of volcanic rock reservoirs. There are rich
stochastic simulation algorithms, such as Gaussian sim-
ulation, sequential indicator simulation, and Markov
random simulation (Xia et al., 2005; Li et al., 2008; Wu
etal., 2009). The sequential indicator simulation method
has been used to simulate the spatial distribution of
volcanic rocks, which can partly reflect the different
lithology of volcanic rock lithology on the space distri-
bution rule (Tang and Pu, 2020).

Zao3b block of Zaoyuan oilfield in Cangdong sag of
Bohai Bay Basin, China, is a volcanic reservoir, with
14.25 million tons of geologic reserves (Zheng et al.,
2006). Since it was put into development in 1996,
Zao35 block has experienced the primary
oil recovery from waterdrive and water-
flood development of secondary recov-
ery (Figure 6) (Yao et al., 2007). At
present, the water production rate of
oil wells is as high as 90%, but the recov-
ery rate is only 6%, indicating low devel-
opment efficiency. The main reasons
affecting the development include the
volcanic rock mass in the target layer
has strong heterogeneity, various rock

Figure 2. Typical eruption types of modern volcanoes. Central eruption has a
fixed conduit and a symmetrical mound with a crater in the conduit. The fissured
eruption is characterized by a large area of lava flows from the fault.
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types inside the rock mass, a great differ-
ence in physical properties of different
lithologies, complex vertical superposi-
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tion, and rapid change in lithology periods, so to effec-
tively predict the distribution of the reservoir becomes a
challenging task.

In this paper, the Zao35 block is taken as an example
to establish a high-precision volcanic stratigraphic
model by integrating seismic and well-logs analysis
and study the application of sequential indicator simu-
lation that is based on local variation function in
volcanic lithology simulation. First, a long-time isochro-
nous stratigraphic structure is established by using con-
ventional 3D seismic data, and then a high-precision
volcanic stratigraphic framework is set up by multiwell
correlation within the stratigraphic structure provided
by conventional 3D seismic data. Another important
aspect is the combination of sequential indicator simu-
lation and local anisotropy joint simulation. Through
seismic attribute analysis, the information of subsur-
face local anisotropy is deduced directly from the
observed seismic data and converted into a local varia-
tion function model. The spatial distribution of lithology
and physical properties of volcanic rocks is simulated
based on facies control. (The lithology is different
among different lithofacies, but it is similar in the same
lithofacies.)

Geologic background

Shahejie Formation (Es) is a Paleogene stratigraphic
unit of Bohai Bay Basin, China, which can be divided
into four members: a fourth member of the Shahejie
Formation (Es,), the third member of the Shahejie
Formation (Es;), the second member of Shahejie
Formation (Es;), and the first member of Shahejie For-
mation (Es,) from bottom to top. Large-scale lake trans-
gression began in Ess;. Moreover, a set of dark gray
mudstone intercalated with gray white and light-gray
sandstone in Ess

Mudstone in the volcanic rock mass can be divided
into two types: mudstone intercalation deposited in a
short time during a volcanic eruption and mudstone
barrier deposited during the volcanic dormant period.
The discriminant criterion is whether it is stable between
multiple wells (generally greater than 5 m). The mud-
stone barrier (the product of the volcanic dormant
period) is used to resolve the volcanic rock mass into
several volcanic eruption periods. Mudstone (Figure 3b)
intercalation deposited in the volcanic eruption period.
Finally, mudstone and volcanic rocks in the whole
volcanic rock mass can be reasonably distinguished in
a volcanic high-precision stratigraphic structure.
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Figure 3. (a) Location of Zaoyuan oilfield and (b) well Zao35 lithology column and several core images of Es3 volcanic rocks.
Zao3b block is located in the Kongdian tectonic zone of Cangdong sag in Huanghua depression, Bohai Bay Basin, China. Multiple
large-scale volcanic activities formed multilayer extrusive rock. The extrusive rock mainly is stomatal basalt, compact basalt,

volcanic breccia, and volcanic tuff.
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Zao35 block is located in the downthrown side of
Litianwu fault of Cangdong sag in Huanghua depres-
sion, Bohai Bay Basin, China (Figure 3a). The oil bear-
ing is the third member of the Paleogene Shahejie
Formation (Es;), with a reservoir depth of 1505-
1635 m (Wang et al., 2004). The lithology is a basic ex-
trusive rock, and it is a kind of volcanic heavy oil res-
ervoir with high porosity (average 15%) and high
permeability (average 300 mD) (Zheng et al., 2006). A
small faulted lake basin was developed in Es3, which
was in an active period of volcanism. Multiple large-
scale magmatic activities formed a multilayer volcanic
rock mass (Figure 4). The lacustrine mudstone
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Figure 4. Volcanism model of Es3 member in the Zao35

block showing two eruption types and lava flow pushing into
the lake in the downthrown side of Litianwu fault.
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(Figure 3b) was deposited during the volcanic dormant
period and is regarded as the interface between
volcanic eruption periods.

Not all volcanic rocks can be reservoirs, and different
lithofacies control the formation of different types of vol-
canic reservoirs. The distribution of volcanic rock mass is
controlled by volcanic passage (Zhou and Zhang, 2010). It
is essential to determine the relative relationship between
volcanic conduits and volcanic rock mass and study the
lithology and reservoir physical property changes within
the volcanic rock mass (Wang et al., 2004). Zao35 block
has three central volcanic conduits along the fault zone
(Figure 5a), which is one large and two small sizes.

Methodology

In this paper, the volcanic activities are divided into
three major stages based on conventional seismic data.
Furthermore, the stages are divided into eight volcanic
eruption periods by the relatively stable mudstone
barrier (generally larger than 2 m) from the strata corre-
lation of multiple wells. Controlled by seismic interpre-
tation horizon and logging geologic stratification, the top
and bottom surfaces of eight volcanic eruption periods
were established. The trend changes of surfaces made up
for the lack of wells. Finally, a 3D structural model with
15 zones (representing eight volcanic eruption periods
and seven sedimentary rocks) was established.

The stochastic simulation method uses a global vario-
gram model to represent the continuity pattern. It uses
two-point geostatistics and variation function as a tool,
but it cannot reflect the spatial correlation of more than
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Figure 5. (a) Volcanic rock facies of Es3 member in the Zao35 block. The purple represents the location of the volcanic conduits,
the deep yellow is eruption facies, and the light yellow is flooding facies. Flooding facies is widely distributed, whereas eruption
facies are only near the central conduits. (b-d) Central erupting volcanic conduit and (e) fissured erupting volcanic conduit. The
black lines are well trajectories with GR log in the left and the acoustic time log in the right. Central conduits exhibit the (b and

c) coniform and (d) funnel shape.
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two large points at the same time. Thus, the target form is
difficult to recover (Deutsch and Journel, 1998). It is ac-
tually a lack of geologic model disclosure, so there is still
room for improvement. Geostatistical modeling using lo-
cal anisotropy is a hot topic in reservoir modeling and
characterization, and worthy learning in the volcanic res-
ervoir modeling. Based on the study of volcanic lithofa-
cies distribution, the sequential indication simulation
(SIS) of local variational function with variable range di-
rections is used to reproduce the volcanism model in Zao
35 block. The lithology of four volcanic rocks is randomly
simulated according to the lithofacies region. (Different
volcanic rocks generally have different lithology.) The
simulation results of the lithologic distribution model
are more consistent with the shape of lava flow spreading
around the crater. Then, 3D models of porosity, per-
meability, and fluid distribution were established by using
the sequential Gaussian stochastic modeling in different
lithologies. The model is fully consistent with logging data
and closely combined with the analysis results of seismic
data and volcanism models. It makes the model become
more accurate.

Modeling technique

The key techniques and methods used in this paper are
volcanic period modeling, facies control modeling, and
SIS. In this paper, seismic amplitude data are used to di-
vide volcanic stages. A positive-amplitude response indi-
cates a volcanic stage, as well as a negative-amplitude
response. Added well logs, the volcanic activities in each
stage are further subdivided into more volcanic eruption
periods through the seismic well tie. The key to the stage
division of volcanic eruption periods lies in the determi-
nation of products at the volcanic dormant period. The
common products of the volcanic dormant period are
sedimentary rock (gray mudstone) in the Zao35 fault.
Seismic scale division can only distinguish thick layer
mudstone or multiperiod mudstone and
volcanic rock lithologic combination,
but it cannot respond to a single volcanic l

Rapid

build decline

Sequential indicator simulation is a stochastic simu-
lation method based on indicator kriging estimation
(Wang et al., 2010). In the studied area, the kriging es-
timation algorithm is used to calculate the estimate of
the indicator variable, which gives an estimate of the
probability distribution of the unknown position varia-
ble. Along the random path, the values in the cumula-
tive probability distribution function are randomly
selected as the internal interpolation. The newly simu-
lated value is used as an indicator variable to recalcu-
late the cumulative probability distribution function
and get the simulated value of the next grid node in
the random path. In the preceding process, the variation
function gives an indication of the spatial correlation
between variables. A great variety of geologic models
are represented by different magnitude range directions
and values.

Modeling

The purpose of volcanic reservoir modeling is to use
geologic information comprehensively to accurately de-
scribe the reservoir characteristics of known well points
and to predict the reservoir characteristics of nonwell
areas. It mainly includes the distribution of lithology
and the variation of physical property (Wang, 2015).

Taking Zao35 block as an example, a 3D geologic
model of volcanic rock was established in four steps
by using the idea of “period division” and “facies control
modeling.” The model indicates the internal structure
analysis of volcanic rock mass. The 3D seismic tracing
of volcanic rock mass was completed by combining
well logs and seismic data, and a structural model of
volcanic rock mass was established to reflect the profile
of volcanic rock mass. Taking the seismic response in-
side the rock mass as the isochronous information time
frame, the detailed comparison of volcanic eruption
periods in a single well was completed, and the volcanic

Inefficient development

eruption period. Therefore, to analyze the L
internal structure of volcanic rock more
precisely, the volcanic mass was further
subdivided based on the well volcanic
rock lithology data and the seismic period
framework.

The facies control modeling is mainly
based on: different volcanic rocks gener-
ally have different lithologies; and differ-
ent lithology rocks generally have
different properties, such as porosity, per-
meability, and so on. For instance, vol-
canic breccia of explosive facies has
numerous pores, while compact basalt
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according to the lithofacies region. The
physical properties were randomly simu-
lated according to lithology regions.

Figure 6. Development history of the Zao35 block indicating low development
efficiency with a high-water-production rate of oil wells (90%) and a low annual
oil production.
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eruption periods in the rock mass were analyzed. The
relatively stable mudstone was divided into the inter-
layers, and the thin mudstone was characterized as the
interlayer. The stratigraphic structural model of vol-
canic rock mass was established by the method of
period modeling. Based on the seismic response char-
acteristics of volcanic conduits and volcanic facies, the
volcanic eruption facies model and the volcanic facies
model were established with volcanic eruption types.
The physical property model is further completed
through the combination of “phase-controlled” model-
ing ideas and sequential indication driver simulation.

Well data

As the volcanic reservoir is a special lithologic reser-
voir, the primary problem to be solved exactly lies in the
lithologic development. Based on four coring wells (Jun
21-23, Zao78, Zao66, and Zao63-1) in the Zao35 block,
five rock types can be found in this block: stomata basalt,
compact basalt, volcanic breccia, tuff, and mudstone
(Figure 3b). According to the porosity data of the vol-
canic rock core (Figure 17a), the porosity of volcanic
rock has a close relationship to the lithology. The value
of porosity is the largest in the pore basalt, followed by
volcanic breccia and tuff. The compact basalt and mud-
stone are classified as nonporous states. The gamma-ray
(GR) value of basic volcanic rocks is much lower than
that of sedimentary rocks. Basalt without pores has a
higher density. In addition, these five volcanic rocks
and mudstone exhibit particular responses to distinguish
in logging (Figure 7): Mudstone exhibits high GR value
[greater than 60 American Petroleum Institute (API)] and

high acoustic time (greater than 320 ps/m), compact ba-
salt exhibits low GR value (less than 39 API) and low
acoustic time (less than 250 ps/m), stomatal basalt exhib-
its low GR value (less than 47 API) and medium acoustic
time (in the range of 250-355 ps/m), volcanic tuff exhibits
low GR value (less than 45 API) and high acoustic time
(greater than 300 ps/m), and volcanic breccia exhibits
medium GR value (in the range of 45-58 API) and high
acoustic time (greater than 320 ps/m). In view of the re-
maining 43 wells without coring, the lithology of this
block is identified with the logging data. The standard
well section of thick mudstone from the upper part of
the third member of Shahe Formation was used to com-
plete the standardization of logging curves. In total, 276
data of sample points in the core section of four coring
wells were selected to establish multiparameter charts,
such as GR versus sonic transit time (AC) intersections
(Figure 7a), density (DEN) versus sonic transit time (AC)
crossplot, compensated neutron (CN) versus AC cross-
plot, and GR versus CN crossplot. The truncation stan-
dard of each lithologic logging curve (Figure 7b) was
picked up to complete the lithologic identification of
43 wells in this block, and the lithologic identification re-
sults had a high consistency with the coring data
(Figure 7c).

According to the core observation and logging data
of the coring well section, a large number of gray-brown
and dark gray lacustrine mudstones have been devel-
oped in the volcanic rock mass, with a maximum thick-
ness of up to 15 m. In addition, weathering crust logging
response was not observed. The lacustrine mudstone
was deposited during the volcanic eruption period
and is regarded as the volcanic eruption
period interface.
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acoustic porosity calculated from acous-
tic logging data, which could reflect the
matrix porosity of the rock (Dai et al,
1998). Permeability has a logarithmic
relationship with porosity (Figure 17b).
According to the relevant information,
permeability logging interpretation is
conducted based on the empirical rela-
tionship between matrix permeability
and matrix porosity (Dai et al., 1998;
Yang et al., 2016). The fluid saturation
logging interpretation is obtained by
combining deep and shallow resistivity
logging with the saturation formula
derived from the Archie formula. The
rock electrical parameters are obtained
through data analysis. By resetting lithol-
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Figure 7. (a) GR-DT crossplot and (b) standard for lithology identification of
Zao35 fault block. Volcanic rocks are mainly less than 60 API in GR log, and
in the range of 220-320 ps/m in the acoustic time log. (¢) Jun21-23 lithology iden-
tification results. The core images indicate the well lithology identification result

by logs.
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Compact basalt Mudstone

JUN21-23 lithology identification results

ogy, the curves of porosity, permeability,
and oil saturation (Figure 8b) are cor-
rected to remove the impermeable layers
of mudstone and compact basalt. Sample
points from 43 wells (Figure 8a) were ob-
tained for the next periods of geologic
analysis and 3D geologic modeling,.
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All equations are as follows:

Aty, — At

A=—ma— =2
Aty — Aty

ey

K = 0.0885 x ¢, 2
where @ is the active porosity, decimal; At,, is the
acoustic time of rock skeleton, ps/m; At; is the acoustic
time of fluid, ps/m; At is the acoustic time, ps/m; and K
is the permeability, pm?

Seismic data

The seismic data have undergone a 90° phase shift for
a better match with the geologic body. The central fre-
quency of seismic data volume is 20 Hz in the target
depth, and a Rick wavelet with 20 Hz was the wavelet

used (Figure 9). We use statistical methods to reliably
estimate 30 wavelets from seismic (start time:
—1350 ms and end time: —1600 ms) alone different well
trajectory, and we average the wavelets to create a new
wavelet, which can be substituted for a Rick wavelet
with 20 Hz. Using the Rick wavelet (20 Hz), seismic syn-
thetic records achieve the better matching relation and
the balance of resolution and signal-to-noise ratio.
Hence, the approximate mean wavelengths for the
volcanic rock (4000 m/s, 20 Hz) and mudstone
(2600 m/s, 20 Hz) were 200 and 130 m, respectively.
In general, the maximum resolution of seismic data is
only one quarter of the wavelength. The maximum res-
olution of volcanic rock is 50 m and the maximum res-
olution of mudstone is 33 m. Volcanic rock and
mudstone have great differences in acoustic impedance
(Figure 9), and the lithologic interface is a strong seismic

reflection interface. Volcanic rock is

mainly strong amplitude, and sedimen-
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Figure 8. (a) Well-log upscaling and (b) Zao78 well. In the studied area, there
are 47 wells samples with curves of lithology, porosity, permeability, and oil sat-

uration that can be applied for 3D geologic modeling.
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synthetic records

Volcanic eruption is an abrupt geo-
logic phenomenon of event. It is charac-
terized by the variation of the eruption
intensity and the diversity of the eruption
center. Moreover, the sudden change
of the thickness of the rock mass was
common in a short distance. Volcanic
rocks in different regions often present
different characteristics. In the studied
area with large well spacing, it is difficult
to accurately track the top and bottom of
volcanic rock mass by using wells infor-
mation. Therefore, it is necessary to
combine the 3D seismic data and make
use of the seismic response difference be-
tween volcanic reservoir (Figure 10a, the
yellow is an extrusive volcanic rock) and

Seismic
Seismic traces near the well
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Figure 9. Seismic Synthetic records of Zao35 fault block (J 25-27). Volcanic rocks show characteristics of high impedance and

high amplitude in the seismic synthetic record.
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sedimentary rock to track volcanic body and the interpre-
tation of top and bottom horizon of the body. According
to the different seismic reflections between volcanic
rocks and sedimentary rocks, the boundary of volcanic
rock mass and the changes of the top and bottom surface
can be determined by 3D seismic reflection tracing (Fig-
ure 10). Finally, taking the seismic interpretation horizon
(time domain) as the trend, the top and bottom horizon of
volcanic rock mass is established by using the well data
(depth domain).

In the studied area, the type of volcanic eruptions is
central eruption and fissure eruption. The central erup-
tion has the shape of mound and dome seismic reflec-
tion, and it has the symmetry of the center. The seismic
reflection shape of the volcanic conduit with central
eruption is usually an umbrella and nearly upright col-
umn that diverges upward (Figure 5b-5d). Litianmu
fault is a boundary fault of the Zao35 block, showing
synsedimentary characteristics, and it also is a fissure
magmatic conduit in the studied area. The deep and
large fault of Litianmu communicated the lava chamber,
and the basic lava upwelling along the fault formed a
large area of the lava flow (Figure 5e). The volcanic
rock mass is mainly characterized by overflow facies
with good continuity in seismic amplitude, followed
by depositional facies with medium to weak amplitude.
Moreover, the explosive facies with poor continuity in
seismic amplitude is confined to the area around the
volcanic conduit.

Structural modeling

The key to the division of volcanic eruption periods
lies in the determination of products at the volcanic dor-
mant period. The common products of the volcanic dor-
mant period are sedimentary rock (gray mudstone) in
the Zao35 fault. The AC and radioactive logging (GR,
U, and K) of sedimentary rocks and volcanic rocks

are quite different from those of volcanic rocks.
Volcanic rocks have low GR and low AC. Mudstone
has high GR and high AC (Figure 7a). Through the in-
formation of coring and logging, the obvious discontinu-
ous interface of volcanic eruption was identified in the
vertical direction. In addition, the internal structure of
volcanic rocks was analyzed by grade.

According to the well seismic calibration (Figure 9),
the interior of the volcanic rock exhibits three periods
of seismic response (Figure 10). According to the seis-
mic amplitude response from bottom to top, stages I
and III exhibit thick layers of basalt, and the stage II
is characterized by thick mudstone, local basalt, and
mudstone interbedding phenomena (Figure 11). The
stage III is the most widely distributed, and it has the
biggest thickness (75 m) in well J21-23.

Seismic scale division can only be distinguished from
thick layer mudstone or multiperiod mudstone and
volcanic rock lithologic combination, but it cannot re-
spond to a single volcanic eruption period. Therefore,
to analyze the internal structure of volcanic rock more
precisely, the volcanic mass was further subdivided
based on the well volcanic rock lithology data and the
seismic period framework. Combined with the lithology
data of 43 single wells, the restriction of three volcanic
seismic periods, and the development of mudstone in-
tercalation, the volcanic periods were further subdi-
vided. Then, a 3D framework model (Figure 12) was
established. Using seismic well tie, the volcanic activ-
ities in stage I can be subdivided into two volcanic erup-
tion periods, one volcanic eruption period in stage II,
and five volcanic eruptions periods in stage III, giving
a total of eight volcanic eruptions.

Facies modeling
In this stage, the following models were developed:
the volcanic facies model and the volcanic lithology
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Figure 10. (a) Seismic section division of volcanic rocks in the Zao35 block and (b) division of volcanic rocks in J25-27. The
interior of the volcanic rock exhibits three stages: two positive amplitude responses (stages I and III) and a negative amplitude
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model. On the basis of identifying the seismic response
characteristics of volcanic facies, a deterministic vol-
canic facies model was well established. Taking the litho-
logic development probability of different depths
(Figure 16a) and the distribution of volcanic facies (Fig-
ure 16b) as the control, the sequential indicating model-
ing method with local variation function was adopted to
establish a 3D geologic model of volcanic lithology (Fig-
ure 16¢). When establishing the volcanic lithology model,
the distribution of stomatal basalt, compact basalt, and
mudstone interlayers was predicted in the overflow fa-
cies region. The stomatal basalt was the reservoirs,
and the compact basalt was the nonreservoir. The vol-
canic breccia and tuff were predicted in the explosive
facies region.

Volcanic facies mainly develop eruptive facies and
overflow facies, and locally develop volcanic sedimentary
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facies and volcanic conduit facies. The volcanic conduit
facies are mainly the fissure type and center type. The
seismic reflection of the explosive facies has poor con-
tinuous and disorderly reflection characteristics (Fig-
ure 13a). The seismic reflection of the effusive facies
has good continuous reflection characteristics and strong
amplitude (Figure 13b). The volcanic conduits are char-
acterized by poor continuity, and its seismic reflection
structure shows a columnar, umbrella, and mushroom
shape (Figure 5b-5e). The volcanic sedimentary facies
is characterized by strong reflection from top to bottom,
medium to weak reflection from inside, and medium con-
tinuity of seismic reflection. Volcanic facies (Figure 5a)
were obtained by seismic attribute analysis (root-mean-
square [rms] amplitude) combined with logging lithology.
The volcanic facies model (Figure 16b) was established
by a deterministic method (assigned by volcanic facies
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92528 J221 23 42519
wen, Dt o, - Pt

Volcanic rock
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Figure 11. Division of volcanic eruption periods of Zao35 fault block: (a) seismic section and (b) well section. A section shows the
result of volcanic eruption periods. According to well lithology column, the interior of the volcanic mass exists eight layers of
volcanic rocks with seven layers of mudstone at most. The volcanic activities in each stage are further subdivided into more
volcanic eruption periods: stage III has five volcanic eruption periods, stage II has one volcanic eruption period, and stage 1
has two volcanic eruption periods.
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distribution map). The volcanic facies model is aimed to
simulate the lithologic distribution by facies control.

The volcanic lithology can be realized by combining
SIS with local variation function. The next paragraph
mainly discusses how to establish local variable direc-
tion by volcanic eruption mode and obtain reasonable
range value by seismic attribute when there is an insuf-
ficient number of wells.

Only 43 drilling wells cannot meet the needs of multi-
directional variational function range analysis, so the
rms amplitude information between the top and bottom
layers of volcanic rocks is extracted (Figure 14a).
Based on the previous studies on seismic properties of
volcanic rocks in the Zao35 block (Zhou et al., 2014), it
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I L 1 I L | | L h L L L h L
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L

can be found of the seismic properties of amplitude. For
instance, the maximum peak amplitude, total absolute
amplitude, and total amplitude can better reflect the dis-
tribution range of volcanic rocks (Zhou et al., 2014). The
rms amplitude was selected to identify the distribution
of volcanic rock. This seismic attribute information
(rms) has a good correlation (50%, Figure 14b) with the
thickness of volcanic rocks, thus being able to approx-
imately indicate the distribution of volcanic rock
(Figure 14b) for variational function analysis in SIS.
The variogram direction refers to the direction with
the best correlation between samples. The direction of
the lava flow (extruded from volcanic conduit) is rep-
resented in the variogram direction. According to the
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Figure 12. (a) Wells section of volcanic stage division in the Zao35 block, (b) location of the wells section, (c) volcanic periods
division, and (d) division of volcanic rocks in Zao35. A section shows the thickness of each volcanic period. Stage III (1114 and III5)
has the largest thickness; 2D plots show the distribution of each volcanic periods. Stage II1 has the smallest area. Volcanic activity
gone through periods of intense active to relatively quiet to intense active.
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volcanic facies distribution map, the studied area can
be divided into different regions. The variogram direc-
tion of each region is in the direction of the lava flow.
Three different types and their variogram direction are
used to better express the ways. For a single flow with a
fixed direction, the variogram direction is constant (Fig-
ure 15a). For a single flow with various directions, the
variogram direction is different at each region (Fig-
ure 15b). Compared to the single flow, volcanism can
be seen to have multiple lava flows from eruption cen-
ters. Therefore, the lava flow direction can be digitized
in plane, and the lava flow direction can be represented
by the numerical value of the variogram direction in dif-
ferent regions (Figure 15c¢).

The range of a variational function
reflects the variable changes in a certain
direction. Variables in the range are cor- a)

succeed in making the volcanic reservoirs highly hetero-
geneous (Piao et al., 2016). Volcanic rocks of different
lithologies show diversified physical characteristics.
The porosity of stomatal basalt is the highest (average
22%), followed by volcanic breccia (average 17%) and
volcanic tuff (average 12%) (Zheng et al., 2006), whereas
the dense basalt has no effective pores (Figure 17a). The
lithofacies model reveals a wide range of reservoir
heterogeneity, and there are great differences in physical
properties for different volcanic facies. Based on the lith-
ology distribution, the physical property parameters are
simulated to characterize the physical property hetero-
geneity of volcanic rocks. The stomatal basalt shows

related, and variables out of the range are
no longer spatially correlated. We choose
the rms amplitude, which was selected
to identify the distribution of volcanic
rock. By fitting the experimental varia-
tion function at different directions (Fig-
ure 14c), the suitable maximum range
value can be acquired by doing the cor-
responding analysis, which is 500 m in
this studied area. The general of the main
range is selected for the secondary
range, which is 250 m. By setting the
main direction and range of variation
function, the volcanic eruption mode is
applied to the random simulation of
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volcanic rock lithology and physical
properties.

Property modeling

The evolution, composition, and struc-
ture of volcanic rocks, as well as the
multistage tectonism and diagenetic
stages experienced in the late period,

rms amplitude of volcanic rocks (top-bot)
in Zao35 fault block
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Figure 14. (a) The rms amplitude of volcanic rock (top-bot) in the Zao35 fault
block, (b) rms-volcanic thickness crossplot, and (c) experimental variogram
analysis. The rms has a good correlation (50%, b) with the thickness of volcanic
rocks. The red in rms (a) indicates the areas of thick volcanic rock, whereas
yellow indicates the areas of thin volcanic rock. The rms is used for variational
function analysis to define the major range in SIS.

GR AC - AC
Strata| s—22—%0 D(emp"h Litotogy| 5007100 | Facies J25 23 Strata| 5 f:l 80 S 100 | Facies
S [Fpree
sl NE
b 1450m s ot 5,
—
170m
1480m
o | BB
1450m S
—~ < N A |
1500m g -T ‘ ‘
=
Es, b istom E o Es,
v
1520m =
—

—

.
L I 0 250m

—1500

Explosive facies

=
=
H
=
35
3
3

Overflow facies

Stomatal basalt  Volcanic breccia Volcanic tuff  Compact basalt mudstone
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the best property, followed by volcanic breccia and tuff.
The dense basalt has an interlayer of physical properties.

Under the control of the volcanic lithology model,
sequential Gaussian stochastic simulation was carried
out for different lithologies to obtain the porosity attrib-
ute model (Figure 17d). In the simulation of permeabil-
ity in lithofacies, the porosity model was used as the

collaborative data volume for sequential Gaussian sto-
chastic simulation to obtain the permeability model
(Figure 17e). When the oil saturation model is simu-
lated, the porosity model is used as the collaborative
data volume for sequential Gaussian stochastic simula-
tion to obtain the oil saturation model (Figure 17f).
A section (the black line in Figure 17c) exhibits the
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Figure 15. (a) The variogram direction of single flow (fixed direction), (b) the variogram direction of single flow (various di-
rection), and (c) the variogram direction of the lava flow. For a single flow with a fixed direction, the variogram direction is
constant (a). For a single flow with various directions, the variogram direction is different at each region (b). The lava flow di-
rection can be digitized in plane, and the lava flow direction can be represented by the numerical value of the variogram direction
in different regions (c).
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different depths. In the facies model, the overflow facies occupy more than 85% of the area, and the distribution area of compact
basalt and stomatal basalt is the largest in the lithologic model. It also can be seen that stomatal basalt is mainly distributed near the

volcanic conduit.
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distribution of property (porosity, permeability, and oil The grid model can be obtained from the previous
saturation in Figure 17g-17i). Cool colors indicate the workflow. With special attention paid to the fact, the

distribution of low value: blue in porosity and oil satu- permeability parameter is the equivalent sum of matrix
ration; purple in permeability. The good reservoirs and fracture permeability. Zao35 fault block has 11
(por > 20%, perm > 200 mD, and So > 50%) mainly dis- wells with production data, which were producing
tribute in stage III (particularly, III5 and II14), and stage more oil in the early and then turned to inject water. Oil
I has a small area of good reservoirs near well J23-21. production and water production were simulated with
the fixed liquid method, presenting a high overall fitting
Model testing degree (Figure 18). The fitting degree of 11 oil wells is
Reservoir numerical simulation is conducted to greater than 90%, all of which are characterized by high
study the physical properties of reservoirs and the flow initial production and rapid decline.
laws of fluids by establishing mathematical models.
Combined with the production dynamic data of the Discussion
block, the reservoir history can be fitted, and the reli- In the paper, the below contents would be specified
ability of the 3D geologic model can be judged by the It presents a high-precision stratigraphic structure mod-
fitting accuracy (Chen et al., 2012). Experimental analy- eling of volcanic rocks, and under the control of lithof-
sis of fluid parameters has existed in the studied area. acies, the volcanic rock lithology model is established
a) 25 b) "
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Figure 17. (a) Porosity in different lithology, (b) porosity-permeability crossplot, (c) location of the wells section, (d) porosity
model, (e) permeability model, (f) oil saturation model, (g) porosity section, (h) permeability section, and (i) oil saturation section.
The porosity of volcanic rock has a close relationship to the lithology, and the value of porosity is the largest in the pore basalt,
followed by volcanic breccia and tuff in (a). A porosity-permeability crossplot shows that permeability has a logarithmic relation-
ship with porosity in (b). (b) Volcanic rock facies of Es3 members in the Zao35 block. The purple represents the location of the
volcanic conduits, the deep yellow is eruption facies, and the light yellow is flooding facies. The black line indicates the location of
the (g) porosity section, (h) permeability section, and (i) oil saturation section. (d-f) The property models (porosity, permeability,
and oil saturation) in a 3D view. The black lines represent well trajectories (47 wells). The cool colors indicate the distribution of
low value (blue in porosity and oil saturation; purple in permeability). The section (porosity, permeability, and oil satura-
tion) clearly reflects the distribution of property in (g-i). The good reservoirs (por > 20%, perm > 200 mD, and So > 50%) mainly
distribute in stage III (particularly, III5 and III4), and stage I has a small area of good reservoirs near well J23-21.



Downloaded 05/05/22 to 125.33.161.198. Redistribution subject to SEG license or copyright; see Terms of Use at http://library.seg.org/page/policies/terms
DOI:10.1190/INT-2021-0048.1

by combining the sequential indicator simulation of
local anisotropy.

At present, volcanic rock modeling is still in its in-
fancy. Many scholars only build the structure model
with one zone representing the whole volcanic rock
mass, while ignoring the anatomy of the complex struc-
ture in the volcanic rock mass. The random simulation
algorithm is only used to simulate the rock lithology.
Such geologic models can hardly reflect the temporal
characteristics of volcanic eruptions. Therefore, the
idea of building a 3D structure model is proposed
according to the volcanic eruption period. The high-pre-
cision isochronous stratigraphic structure, which takes
the product of a single eruption period (volcanic rock)
as the minimum stratigraphic unit, is greatly beneficial
to fully reflect the period characteristics of volcanism in
the random simulation of lithology.

Stochastic simulation of lithology (facies control) is
a common method of 3D lithologic model building.
However, the volcanic eruption model has complex
and changeable morphology, and the global variogram
cannot be used to characterize the complex geologic
model effectively. Therefore, the complex geometry
and lithologic discontinuities of volcanism can be better
reconstructed by combining stochastic (sequential indi-
cator) simulations with local anisotropy using local
variational functions in different directions.

Moreover, fracture plays an important role in vol-
canic reservoirs. Although it cannot provide consider-
able oil storage space, it indeed plays a key role in
connecting pores to form seepage channels. In the
volcanic reservoir of the Zao35 block, there are only
fracture interpretation results of core observation and
single-well imaging logging, and there is no research on
3D fracture distribution. It is a significant research
direction to establish the fracture model of volcanic

Oil production rate (sm*/d)

R O N m\-'\.""-‘*.\.

@ Observeddata

— Simulation

rock by scale (large fault, fault, fracture split, and
microfracture).

Conclusion

This paper illustrates a workflow of establishing a
high-precision volcanic stratigraphic structure model
and reservoir properties model by integrating seismic
data well data analysis. First, the seismic amplitude is
used to define large-scale volcanic stages. Then, the
large-scale volcanic activities are further subdivided
into small-scale volcanic eruption periods by integrat-
ing the seismic and well data analysis. The seismic am-
plitude in our study area indicates that the interior of
the volcanic rock exhibits three stages: two positive am-
plitude responses (stages I and III) and a negative am-
plitude response (stage II). Through the integration of
seismic and well data in the studied area, as well as the
seismic well-ties analysis, the volcanic activities in each
stage are further subdivided into more volcanic erup-
tion periods: stage III has five volcanic eruption periods,
stage II has one, and stage I has two. A volcanic rock
structure model with eight zones of volcanic rock and
seven zones of mudstone barrier (15 zones in total) was
established, which can effectively distinguish volcanic
rocks (products of eruption period) from sedimentary
rocks (products of the volcanic dormant period). The
method of internal periods analysis and 3D modeling
for volcanic reservoirs in the development stage is ex-
plored.

Based on the seismic-attribute analysis, the local
anisotropy information is derived directly from the
observed seismic data by combining the sequential
indicator simulation and local anisotropy. The local
anisotropy information is transformed into a local varia-
tion function model. The model of volcanism can be re-
produced by SIS of local variogram with variable range

direction, which exceeds the limitation
of the complex volcanic eruption model
that is difficult to be represented by the
global variogram model. Based on the
principle of facies control (lithology
simulation is carried out in different re-
gions according to lithofacies), the vol-
canic rock mass is simulated by the
sequential indication method. The simu-
lation results in better match the shape
of lava flows spreading around the
crater.
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