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Abstract. In the late stage of oilfield development, it turns to be a new focus to
search for residual oil in small or even micro structures. It is necessary to rec-
ognize and re-interpret the structure of developing areas with well logging and
seismic data. In detailed seismic interpretation, horizon tracking is themost funda-
mental work. However, because of the inconsistency of energy field and multiple
characteristics of non-marker beds, it is very difficult to track the cross-well part
of horizons, which leads to great difference between the structural interpretation
results and posterior well data. This paper proposes amethod tominimize the error
between the seismic interpretation result and the well data by forward modeling.
Based on the conventional structural interpretation method, several main subfa-
cies sand bodymodelswith known sedimentary background are established,which
can summarize the principle of the seismic reflection variation caused by different
lithology, litho-combination and thickness. Besides, cross-well sand body models
are built to simulate seismic profiles in the study area. With the forward modeling
as reference, detailed horizon tracking is accomplished. Thus, the error between
the tracking result and well data is reduced, and it lays a good foundation for
reservoir modeling, prediction and facies mapping in the next step.

Keywords: Seismic interpretation · Horizon tracking · Forward modeling ·
Reflection characteristics

1 Introduction

In detailed seismic interpretation, horizon tracking is a fundamental work. Although
the theory is relatively simple, the heavy workload is sometimes easy to be ignored.
The interpreted horizon will affect the accuracy of subsequent reservoir prediction and
geological modeling. In the process of interpretation, due to the discontinuity of non-
marker reflectors, tracking horizons becomes difficult to proceed, so interpreters need
to take a variety of methods to improve the quality. Bondar (1992) presented image
processing algorithms including the 2D median filtering of the instantaneous phase
attribute. O’Malley and Kakadiaris (2004) presented a structure-enhancing adaptive
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filter guided by features derived from the Gradient Structure Tensor and employed this
filter to reduce noise in seismic data and to assist in generating seed points for initializing
an automatic horizon picking algorithm. Zinck et al. (2011) developed an algorithm to
track a seismic horizonwith a quasi-vertical discontinuity from the knowledge of the two
points delimiting the horizon aswell as the discontinuity location and jump.Aykroyd and
Hamed (2014) proposed a statistical procedure aiming at smoothing out noise and using
contextual information to identify coherent horizons for a rapid analysis. Figueiredo et al.
(2015) proposed a clustering based methodology to map 3D horizons automatically.
Goldner et al. (2015) proposed a tracking algorithm for 2D seismic horizons based
on shortest paths in Directed Acyclic Graphs to balance global and local information
of seismic data. Gogia et al. (2020) summarized the horizon tracking methods and
categorized them into three groups: event correlation, artificial intelligence (AI) and
flattening. Currently there are many studies of horizon tracking using deep learning
method (e.g. Peters et al. 2019; Gupta et al. 2019; Koryagin et al. 2020; Tschannen et al.
2020). Bugge et al. (2019) presented a new automatic 3Dmethod on data-driven horizon
extraction from seismic images with nonlocal dynamic time warping and unwrapped
instantaneous phase.

Forward modeling is by using geo-information to establish a geological model, and
perform seismic simulation on the model to obtain an artificial seismic section, which
can be used for comparison and verification with the real seismic section (e.g. Zhan
2017). In this forward modeling study the software Geoeast and SMI are mainly used.
SMI provides the forward modeling function to obtain the synthetic profile, which is
compared with the actual seismic profile to find out the principle of wavelet transform.
Then the structural interpretation can be better instructed. In this study, forwardmodeling
technology is used to establish the cross well sand body model. By comparing with the
actual seismic profile and editing the model, the non-marker bed are calibrated. This
method provides a reliable reference for interpretation, which is on one hand strictly
consistent with well data, on the other hand fills the cross-well information gap.

2 Methods

2.1 Well Model

The forward modeling is established in the following steps: In the first step, the velocity
model of the known sandstone and shale is given to SMI forward modeling module in
depth domain.While inputting, in order to improve the accuracy, it needs to be established
strictly according to the actual well litho-data; The second step is to assign corresponding
layer velocity to the different geological bodies; In the third step, by taking numerous
comparing tests, a zero-phase Rick wavelet with a dominant frequency of 35 Hz and a
length of 100 ms is selected, which is similar to the seismic synthetic. 30% noise is input
to simulate the underground situation.

2.2 Litho-Combination Model

The theory normally applied while interpreting thin layers is the “tuning principle”, that
is, within the tuning thickness range, the thickness of a single sand layer is basically
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linear with the amplitude ofwavelet. This principle can be used to quantitatively interpret
thin layers based on the amplitude (e.g. Lu 1993). According to the research by Yuan
et al. (1996), the thickness of sandstone is in the range of 0 ~ λ/4 (λ is the wavelength
of seismic wavelet), and the amplitude increases with the scaling up of sandstone, and
reaches the maximum at λ/4 (around 15 m).

In this study, four different 2D litho combination models of sandstone and shale in
different thickness are established and forward simulated to seismic profile. This helps to
find out the principle of wiggle transforming in the real seismic section. Then a well tie
geological model is established according to the well litho data and geological principle.
By comparing the simulated result and the actual profile, the model is corrected until
the result is similar to the real one, so reasonable horizon top can be better calibrated.
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Fig. 1. Location (after Zhao et al. 2012) and stratigraphic information (the target member is in
bold highlighted) of SC oilfield.
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The SC oilfield is located in the eastern fault zone of the Songliao Basin (see Fig. 1)
and has a fractured ultra-low permeability sandstone reservoir. BlockH lies in the central
part of the SC oilfield. The current target layer is the third member of the Lower Cre-
taceous Denglouku Formation, which is diagnosed mainly as the delta front deposition.
There are 4 members in Denglouku Formation. As the lower two members in this region
were not deposited during uplift period, only the upper twomembers remains, the Deng-
3 Member and the Deng-4 Member. The Deng-3 Member is the main oil reservoir, and
the sand/shale ratio is between 50% and 81%. Deng-3 Member is further divided into
3 sandstone groups and 17 beds. In Block H, the reservoir has a shallow burial depth,
poor physical properties, and vertically few oil layers. However, stable distribution of
main reservoirs and clear oil-water interface are both advantages for exploration and
production. At present, many drilled wells are known to have encountered oil layers
and produce industrial oil flows. The comprehensive application of structural interpreta-
tion, reservoir inversion, sedimentary microfacies and conventional geological research
results, is combined with well-seismic modeling technology for the optimization of hor-
izontal well design. At this stage, the detailed seismic interpretation of the fault block, in
whichWell H661 is located, is carried out to lay a solid basement for reservoir inversion
and modeling. Taking four vertical wells as standard wells, the establishment of well tie
section is shown in Fig. 2.

Fig. 2. Well tie section in Block H661.
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The target horizon of this study is the sandstone reservoirs of D21–D23. According
to well data, the oil-water interface is below the D23 layer of Well H6611. The target
horizons of the other three wells are above the oil-water interface.

4 Results and Discussions

From the well lithology data, it can be seen that the target horizon is mainly interbedded
sand-shale with a thickness of about 10 m. As horizontal wells will be drilled to raise
the oil production in Block H, it is necessary to interpret the tops of the D21–D23 layers
in the fault block to provide a credible reference. Forward modeling of different well
models is performed (see Fig. 3), and the specific model velocity used in this study is
compiled in Table 1. The results indicate that the target horizon in different well-log
traces doesn’t have a uniformed characteristic.

Table 1. Forward modeling parameters.

Lithology P-wave velocity (m/s) Density (g/cm3)

Sandstone 4200 2.45

Shale 2800 2.55

H661 H6612 H6611 H6613 H661 H6612 H6611 H6613

Fig. 3. Well models (Sandstone is as matrix with scatters marked, and the blank part is seen as
shale. D21 layer is in brown colored, D22–D23 in red colored) and Forward Modeling results.

The thickness of sandstone in the target layers ismostly less than 15m. In accordance
with the forward modeling of a thin-layered single sand body with varying thickness
(see Fig. 4), only when the layer thickness reaches 3 m can an obvious reflector appear.
So in the sand-shale interbedded model, the thinner a single layer of sandstone is, the
lower is the amplitude.
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Fig. 4. Forward modeling results of wedge sandstone model.

The reservoir in the study area involves four lithology combination modes: thick
shale with thick sandstone (model 1), thin sandstone with thin shale interbedded (below
4 m, model 2), thick shale with thin sandstone (model 3), and thick sandstone with
thin shale (model 4). Corresponding forward simulations were carried out for different
combination modes (see Fig. 5).

Fig. 5. Forward modeling results of different litho-combinations.

It can be seen from the simulation results that in model 1, the interface waveform at
top and bottom of sand are strong peak and through. When the thin sandstone and shale
are interbedded (model 2), it shows continuous weak amplitude, and the position of the
interface is difficult to determine. The situation of model 4 is similar to model 2, which
shows weak amplitude. Model 3 has obvious strong amplitudes at the top interface of
sandstone.

With the results above, for the thin interbedded and thick sandstone with thin shale,
the layer interface is not clear, and cannot be tracked accurately. Therefore, the model
can be simplified by incorporating the thin layer of shale into the sandstone as a whole
model. The simplified well model is shown in Fig. 6 (target layers are in red colored).
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Fig. 6. Simplified well models.

The study area is inside a fault block and has no reflection effects by faults. However,
the thickness of the target layer is small, so the wavelet has interlayer interference, which
leads to the appearance of some complexwaves. The horizontal regularity of the reflector
is inconsistent. Therefore, the non-marker bed is difficult to track. With the conventional
interpretation, the forward simulation model is applied to reconfirm the position of
horizons.

First, the well groups in the study area are preprocessed. AC, Den, and GR curves
of each well are excluded from abnormal values, and caliper correction and multi-well
standardization are performed. Then each well is synthesized with the Rick wavelet
(35 Hz, 100 ms). The result of forward modeling is close to the result of the synthetics,
and the cross-well seismic profile can be analyzed. The bifurcation and fusion of the
reflectors are common phenomena in the process of horizon tracking (Fig. 7).

Fig. 7. Well tie seismic profile.

Based on the lithology data, D11, D21, and D31 are respectively the top surfaces
of the I, II, and III groups of the third member of Denglouku Formation. D11 and D31
contain thick shale layers. No matter in the result of forward modeling or in the actual
seismic profile, the reflectors are obvious, and the distribution range is wide, which
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can be tracked as a marker bed. Afterwards, the tracked D11 and D31 horizon can be
considered as a boundary to constrain the tracking of target layers.

After analyzing the lithology and tops information, a well-tie profile model is estab-
lished in accordance with the simulated well model. The forward modeling results are
shown in Fig. 8. Using the reference of forward modeling, the regular pattern of wave-
form can be analyzed, which is in good agreement with the waveform at themarked parts
in Fig. 7. The consequence is conducive to determine the position of the layer interface.

H661               H6612                H6611      H6613

Fig. 8. Forward modeling result of well tie profile.

The red sand body in Fig. 8 represents the whole sandstone body of Group II.
By multiple comparison and modification, the forward modeling result is close to the
actual seismic profile. The shale layer at the top of D21 at well H6611 is thick, and the
reflection interface of sand body is obvious, which is consistent with the well synthetic.
The horizon of D21 top surface was tracked principally along the peak. When peak
amplitude becomes weak, or complex wave appears, the position of layers’ interface in
forward model is referred to, and manual calibration is carried out. After D21 horizon
interpretation is completed, D22 and D23 can be limited to 3/4 λ by taking the usage
of bottom interface D31. Since the thickness of the three layers is close, DII group
can be divided equally in three parts. That is to say, D22 is mainly calibrated as the ±
zero phase, and D23 is mainly calibrated as the trough. Then a regional velocity field is
established by well T_D (Time-Depth) curve interpolation, and time to depth conversion
is carried out. Verification is done by using top data of other directional wells in the area.
Structural errors can be seen in Table 2, and the interpreted horizon in depth domain is
then calipered by well top data.

The results indicate that the error of interpretation with help of forward model-
ing is lower than that of conventional non-model reference, especially at the position
where multiplicity occurs in the cross-well part. In this way, horizon D22 and D23 are
interpreted.
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Table 2. Structural errors of conventional interpretation and with-forward-modeling interpreta-
tion.

Well Horizon altitude/m Conventional
result/m

Error/m Forward modeling
result/m

Error/m

H20-S48 −964.77 −967.2 −2.44 −965.3 −0.53

H20-S52 −987.67 −982.44 5.23 −985.18 2.49

H22-S48 −953.73 −951.3 2.42 −950.5 3.23

H22-S52 −966.53 −970.91 −4.38 −968.41 −1.88

H24-S48 −951.53 −946.36 5.17 −950.36 1.17

H24-S52 −971.11 −960.94 10.17 −968.54 2.57

H24-S54 −980.68 −977.75 2.94 −983.12 −2.44

H26-S48 −962.72 −960.51 2.22 −958.18 4.54

H26-S52 −968.55 −969.12 −0.57 −969.25 −0.7

H30-S48 −993.2 −992.94 0.26 −994.1 −0.9

H32-S52 −976.65 −968.69 7.97 −969.88 6.77

H34-S48 −992.01 −978.22 13.79 −988.21 3.8

H661 −976.7 −977.84 −1.14 −977.72 −1.02

H6611 −993.42 −991.82 1.6 −991.05 2.37

H6612 −994.23 −979.86 14.37 −993.14 1.09

5 Conclusions

By forward modeling, interpreters can better understand the reflection characteristics of
various lithologic combinations on seismic profiles, and provide a reference for hori-
zon tracking. The use of seismic forward modeling can more accurately describe the
stratum interface, and further improve the accuracy of the structure interpretation of
the cross-well part. But at the same time, the ambiguity of seismic interpretation also
makes it incapable of fully determining the geological body, and forward modeling will
increase the workload of the interpreters. Therefore, this method should be used only on
specific conditions like deviation calculation for horizontal well designing or detailed
interpretation of local structures.
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