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Abstract

Based on high resolution sequence stratigraphy and sedimentology, combined with the analysis of cores, logging and seismic data, the high
resolution sequence stratigraphy framework and sedimentary characteristics of turbidites in the 1* member of the Qingshankou Formation in
the Dabusu area of the west slope, Southern Songliao Basin, were analyzed. According to turbidites formation and multi-grades collapses, three
kinds of turbidite microfacies are identified: (1) slumps (connected with or disconnected with source), (2) turbidite channels (close to or distant
from source), and (3) turbidite sand sheets (usually far away from source). Slumps usually occur in the falling periods of base level cycle
(BLC), which is close to the sequence boundary (SB). Slumps are thick, superimposed, or interlaid with turbidite channels vertically and
usually become thicker upwards. Turbidite channels occur in both the rising and falling periods of the BLC. In the rising periods of BLC,
turbidite channels are usually thick, showing “boxing” shape on the GR log, which usually is located close to the SB and becomes thinner
upwards, acting as trunks for turbidite channels. However, in the falling periods of the BLC, turbidite channels are usually thin, showing
“finger” shape on the GR log, which usually occurs near the maximum flooding surface and becomes thicker upwards, acting as flanks for
turbidite channels. Most of the turbidite sand sheets occur in the deep water area and near the maximum flooding surface. They are thin and
superimposed with lacustrine shale or turbidite channel flanks vertically.

Considering turbidite formation (i.e. distant gentle slope, distant steep slope, or nearby steep slope), source type (i.e. point, multi-points, or
linear source) and grain size (i.e. gravel rich, sand rich, or shale rich), 27 kinds of turbidites are identified. Furthermore, turbidites located in the
Dabusu area are distant gentle slope, multi-points source, and shale-sand rich one.



Introduction

Nowadays, petroleum exploration goes from relatively continental deposits and transient delta deposits to deep water deposits. The fine
sediments are deposited in the deep water area, and favorble traps can be formed if there are enough sand reservoirs develped..The deep water
sands are important reservoirs in lithologic petroleum exploration. More and more scholars were concerned about deep water deposits, like a
series of articles about turbidite genesis published by Shanmugam between the years 2000 and 2006 (Shanmugam, 2000(a); Shanmugam,
2002(b); Shanmugam, 2003(a); Shanmugam, 2004; Shanmugam, 2006(a)), and the sequence stratigraphy published by Mulder between the
years 2001 and 2003 (Mulder and Alexander, 2001; Mulder et al., 2001; Mulder et al., 2002; Mulder et al., 2003), and Walker (1978),
Shanmugam and Moiola (1988), Reading and Richards (1995), and Reading and Collinson (1996) did some research on turbidite models.

In China, most of the turbidites are thick and coarse grain within sandy debris flow deposits, like the Shahejie Formation in the Dongying
depression (Liu, 2008) and the Yanchang Formation in the Ordos Basin (Zhao et al., 2008). The turbidites are considered to be various fan
models. However, the thin layer and fine grain turbidites are neglected. The turbidites all over the world (Table 1), including two oilfields
found in California, and two discovered in the North Sea and one in Brazil, can have huge reserves, more than some conventional oilfield
production. For example, the oil production of the turbidites in the 1¥ Member of the Qingshankou (QSK) Formation in the Dabusu Area,
South Songliao Basin, exceeded 600 barrels per day from a 10 m thickness reservoir. Therefore, turbidites can be one of the favorable
reservoirs in oil and gas exploration.

For the sequence stratigraphy study of turbidite deposits, there are many challenges, such as whether the sequence stratigraphy theory, which is
based on the passive continental margin can be used in the deep water deposits or not; whether the sequence stratigraphy correlation is based on
lithology surface or physical surface, like mutation or denudation, overlap or lithological surface; how to deal with overlaid sands correlation;
and so on (Figure 1).

Regional Setting

Songliao Basin went through three tectonic movement periods, the early rifting period from the late Paleozoic to the late Jurassic, the middle
depression period from the early Cretaceous to the late Cretaceous, and the late uplift folding period from the late Cretaceous to the Neogene.
The Cretaceous is the major depositional period in the geological evolution of the Songliao Basin, from the lower Ksh, Kyc, Kd, Kg, Kgn, Ky,
Kn formations to the upper Ks, and Km formations. From the Kq to Ky formations, the Songliao Basin goes through the fault depression period
to the depression period, as tectonic movements tend to be less and little faults are growing during the period. Meanwhile, the basin is in stable
sinking and the lake area is growing wider and wider, sands are going into more deep areas, and onlapping the above underlying layers (Yang
et al., 2005; Cai et al., 1999; Hou et al., 1999). The Kgn Formation is about 400-450 m thick, and the Kgn* Member is just 50-60 m thick. In
high resolution theroy, the Kgn® Member in the lower part of the long term base level cycles (BLC) in geological evolution time, including one
integrated middle term BLC, can be further divided into two short term BLCs (Figure 2).

Dabusu area is about 1400 km?, located between the west slope and the central depression belt of the southern Songliao Basin. It has four river
systems: Baicheng River 77 km in the northwest, Tongyu River 45 km in the west, Baokang River 79 km in the southwest, and Changling



River 58 km in the south (Figure 2). Sandy deposits from the Tongyu and Baokang rivers in the southwest are the major sources in the area,
covering more than 10000 km? during the early Cretaceous Period (Yang et al., 2005; Bo, 2003), compared with the Baicheng River in the
northwest covering nearly 2400 km?. Although the Changling River in the south is nearly 4200 km? (Bo, 2003), it is blocked by the central
depression belt and little debris is deposited. Therefore, most of the deposits in the Dabusu area come from the west slope and southwest
uplifted zones, undergoing long distance transportation.

High Resolution Sequence Stratigraphy Framework

In the theory of high resolution sequence stratigraphy (HRSS), (1) base level is a potentiometric surface, and (2) high
Accommodation/Sedimentary supply (A/S). Sedimentary facies preservation is good, vertical gradation is clear, and sands are isolated
distributed vertically. However in low A/S, sedimentary facies preservation is bad, vertical gradation is unclear, and sands are superposed
vertically. According to the variation of accommodation and sediment supply, base level shows a dynamic balance, and depositional volume is
changing according to different depositional environment. Therefore, a new correlation standard is created in the sequence stratigraphy
correlation, not restricted to unconformities, and rising and falling periods of BLC can be identified according to the A/S change. Moreover, the
HRSS correlation is adaptable to multi-periods deposits, especially overlaid sands correlation.

For accurate HRSS correlation, three steps can be followed: (1) Choosing a stable, large distribution, and easy tracing marker. According to
well logs and seismic data in this area, 20 m thick shales in the Kgn? Member, usually 45-50 m above the top of Kgn' member, is selected as
the marker in the area (Figure 3). (2) ldentifying the rising or falling periods of multi-grades BLCs, as Q1-1 and Q1-2 secondary cycles in the
Kan' member (Figure 3). (3) Considering sediment distribution both lateral and planar in HRSS correlation. Compared with well sections both
vertical and parallel to the source supply direction (SSD), strata trend/dip direction and bed thickness are different. Vertical to the SSD, the
strata is always uneven, fluctuated, and bed thickness is frequently changing. Parallel to the SSD, the strata inclines toward the southeast
(Figure 4), and bed thickness is rarely changed (Figure 4).

Sedimentary Characteristics of Turbidites
Turbidite Flume Experiments

In order to make clear about mechanisms of turbidites formation, turbidite flume experiments were conducted by China University of
Petroleum (Beijing) in 2007. There are three kinds of mechanisms in turbidites formation: earthquake, compaction and subsidence, and wave

flapping.
Earthquake
Earthquake, caused by tectonic movement, is very common in nature. In the experiment, sands can be divided into the liquefied and the

collapsed part. When the focus (earthquake center) vibrates, sands near the focus liquefy and discharge to the nearby area (Figure 5B).
Meanwhile, sands away from the focus collapse and slide down through faulted steps (Figure 5C and Figure 5D), and go into the more distant



and deep area, where a large amount of multi-grades slumping turbidites can be formed (Figure 5B). The primary slumps are usually near the
slope toe, which have a ligulate shape generally (Figure 6B). The secondary slumps or lower grade slumps locate in the further deep area,
which usually have an elliptical shape (Figure 6C).

Compaction and Subsidence

When lower shales can not sustain upper sands gravity, with more and more sands overlaying continuously, lower shales get thinner and
thinner, and slumping will happen eventually (Figure 7B). Upper sands liquefy and go through narrow channels (Figure 7C) into the deep water
area. With delta front sands progradation and retrogradation, multi-periods of turbidites can be formed and superimposed vertically (Figure
7D).

Wave Flapping

When wave are continually flapping on delta sands on the slope break, sands would be liquefied (Figure 8B), and slide down to the slope toes
(Figure 8A). Most primary slumps are formed under the maximum wave base level (Figure 8C) in the local area, and secondary slumps are not
well developed for the continually wave flapping onto the slope break.

Sedimentary Facies of Turbidites

According to the turbidite flume experiments above, core observation, well logs, and seismic data, three kinds of sedimentary microfacies are
identified: slumps, turbidite channels, and turbidite sand sheets.

Slumps

Slumps are formed by continuous or uncontinuous blocks sliding from the upper slope break to the lower slope toe, which is caused by some
external trigger (e.g. earthquake) or sands gravity (e.g. compassion and subsidence). They are always a fan, crumb or irregular shape, including
two types (Figure 9B). One is connected with the source supply, which usually has a large distribution, and a fan, tongue, or stripe shape. It has
a relatively high-sand content, with coarse grain size; the other is separated from the source supply (Moscardelli and Wood, 2008), which has a
narrow distribution, and a stripe or belt shape. It has a relative low sand content, with fine grain size. The latter is the major type developed in
the area.

Slump characteristics are as follows: (1) Most of them are blue gray, gray or green color, finestones or slitstones, with dark and thin shale or
carbonate layers. (2) Typical beddings included convolute or deformed beddings, or irregular high-angle dip beddings (Wang, 2005). Broken
pile-up deposits, stripped sandy blocks or sandy to shaly bricks and erosion bottoms are very common in slumps. (3) They have an anticycle
characteristics in well logs and infundibulate shapes on GR, SP, and AC logs and bell shape on the R25 log (a kind of resistivity, Figure 10A),
indicating an inverse cyclicity. (4) Weak amplitude, uncontinous and worm shape in seismic sections. (5) Great variation in the thickness of
sand layers, between 2.4 and 9 m, most of them are 4-5 m thick.



Turbidite Channels

Turbidite channels are stripped piled-up sands, moving from the slope beak through one main channel (strong flow power) or several channels
(weak flow power) into the deep water area of a lake or sea basin. They are caused by some external trigger or sand’s gravity and usually have
a trough or stripped shape in seismic sections. According to log characteristics, turbidite channels can be divided into two types. One is the
channel trunk, with a boxy shape on GR log, usually developed in the rising periods of BLC. The other is the channel flank, with a finger shape
on GR log, usually developed in the falling periods of BLC.

Turbidite channel characteristics are as followed: (1) Most of them are finestones, slitstone or shaly slit stone. (2) Splitted pieces, pillow
structures, and liquefaction structures are very common in them. (3) Block beddings, deformed beddings, and wave beddings are well
developed in them (Figure 10A). (4) Grain size analyses (i.e. the cumulative probability of grain size and C-M figure) show two compositions,
including suspending and jumping particles (Figure 10B and Figure 10C). (5) A belly or blocky shape on GR, SP, and AC logs and a funnel or
boxy shape on R25 log. In log characterisitcs, they show a quick changing at the bottom, a gradual changing at the top, and usually go thinner
upwards, indicating a positive cyclicity. (6) Weak amplitude, uncontinous and a worm or buninoid shape in seismic sections. (7) Various
changes in sand layers thickness, most of them are 2-5 m thick, and multi-periods of overlaid sand layers are usually 2.3-7 m thick.

Turbidite Sand Sheets

Turbidite sand sheets are a tongue, sheet, or elliptical shape with fine sands and shale mixture caused by sand liquefaction, compression and
depression, or wave flapping. They usually occur on the edge of slumps or turbidite channels with fine grain, thin layer, and have a large
distribution. Compared withbeach sand in the offshore or shallow lake environment, they have a higher shale content and a worse sand
continuity.

Turbidite sand sheet characteristics are as followed: (1) Most of them are siltstones, argillaceous siltstones, or mudstones. (2) Deformed
beddings, wave beddings, stir-up structures are well developed in them. (3) Obviously a thin figure shape on GR, SP, AC, and R25 logs (Figure
10). They are usually multi-period, overlaid vertically, and have no cyclicity in regular. (4) It is hard to identify in any seismic section because
of their thin thickness. (5) Sand layers are thin and most of them less than 1 m and multi-period overlaid sand layers are usually 1.5-4.3 m
thick.

Turbidites Distribution and Sedimentary Models
Vertical Distribution of Turbidites
Using well log correlation and seismic sections, multi-grades slope breaks can be identified, including the primary and the secondary slope
breaks. The former is between delta front sands and turbidite slumps, and controls turbidites formation and sedimentary microfacies types (as

the slope break between Hua28 and Hua26, between Hual9 and Hua7 in Figure 11). Turbidites usually occur in a shallow lake area with a
steep slope, having a relatively large scale distribution. The latter is inside the turbidite’s depositional areas, controlled by the local



paleotopography, and has an influence on turbidite sand distribution and thickness (as the slope break between Hei47 and Hei59 in Figure 11).
Turbidites usually occur in a deep lake area with a gentle slope, having a relatively small scale distribution. Compared with two sections of
parallel to and vertical to the SSD, the continuity of turbidite sand is totally different and microfacies of these sands are developed in different
areas as the A/S change.

From northwest to southeast direction (parallel to the SSD in Figure 11 the upper one), a gentle slope slightly inclines to the south. The source
supply comes mainly from delta front deposits in the northwestern Dabusu area. Most of them are overlaid subaqueous distributary channels
(usually 3-4 m thick) and sand sheets (usually 2-3 m thick) with little mouth bars which show good sand continuity. However, from southwest
to northeast direction (vertical to the SSD in Figure 11 the lower one), undulate slopes are developed. The source supply comes from three
directions, i.e. from northwest to southeast direction (as in well Hua 3), from west to east direction (as in well Hua 8), and from southwest to
northeast direction (as in well Hua 28). Most of the sands are subaqueous distributary channels and mouth bars (4-6 m thick) with some sand
sheets (1-2 m thick) which show poor sand continuity.

In the rising periods of BLC, overlaid subaqueous distributary channels are well developed and sands flow through slope break into the deep
water area. Turbidite channels are well developed in these periods, usually 3-5 m thick (Figure 11). Some of them are very thick (as well
Hua26 in Figure 11), more than 10 m, which have a boxy shape on the GR log. They usually form the trunk or main part of turbidite channels.
Others are thin (as well Hei59 in Figure 11), usually 2-3 m thick, which have a finger shape on the GR log. They often form as the flank or
edge of turbidite channels. Therefore, in this way, turbidites flow direction can be analyzed.

In the fallings period of BLC, mouth bars and sand sheets are well developed and slumps are usually caused by mouth bar sands sliding
through the slope break. Slumps are usually bellow the primary slope break, usually near the slope toe (as well Hua7 in Figure 11). Turbidite
sand sheets are always near the maximum flooding surfaces, which are relatively far away from the primary slope break in the deep area and
usually 1-2 m thick. Turbidite sand sheets are caused by multi-periods turbidite channels overlaying vertically and sliding into the deeper area
where sands are unloaded with the decreasing of flow power. Turbidite sand sheets are muti-periods overlaid vertically and usually have a sheet
shape distribution.

As the A/S is decreasing upwards, slumps and tubidite channels are more and more developed near the slope toes. The sand continuity is
relatively poor as the A/S is increasing upwards. Turbidite sand sheets are more and more developed away from the slope toes and sand
continuity is good.

Planar Distribution of Turbidites

In order to describe sedimentary facies precisely, the slope break position and the slope gradient and length should be considered.
Condisidering the short period of the Kgn' Member (about 11.5 Ma) and a stable depression tectonic backgroud of the Songliao Basin (about
0.877 million km? lake area during the Kgn®* Member), the slope break position can be reagarded as relatively stable or fixed. With sedimentary
microfacies analysis in 57 wells, seismic attribute extraction and statistics of turbidite sands thickness in the rising and falling periods of BLC
in the Kgn* Member of the Dabusu area are conducted.



In seismic attribution maps, thick lake shales show dark color and the relatively thin delta front or turbidite sands show bright color as the thick
shales intercalated with relative thin sands. Compared with other kinds of seismic attribution extractions, RMS is the most accurate data to
indicate turbidite sands (the central area in Figure 12A-C), delta front (the west area in Figure 12A-C) sands distribution, and the exact slope
break loaction in the Kgn' member. It is the best method to predict thin-layer sand distribution for different seismic amplitude responses in
shales and sands.

According to bed thickness, sand thickness, and sand to bed ratio distribution cauculted by 57 wells (Figure 12D-F) two SSDs are represented.
Among them, the major SSD comes from the northwest to southeast direction and the secondary SSD comes from the southwest to northeast
direction. Most of the turbidites occur in the central and southeastern area. With the analysis of turbidite microfaices of all wells, turbidite sand
distribution area and thickness are controlled by the SSD (Table 2). When the source supply is sufficient, turbidites distribute in a large area
with good sand continuity (Figure 13A). When the source supply is insufficient, turbidites distribute in a relatively small area with poor sand
continuity (Figure 13D). From the Kgn' to the Kgn'™* epoch, most delta front sands coming from the southwesthern area turn into the
northwestern area as the A/S is increasing upwards. The long axis of the turbidite sands also follows the same alteration of direction (Figure
13C) and the depositional center of turbidites moves from the center to the southern area. In the rising periods of BLC, the accomodation space
goes faster than the sediments supply. Sands above the slope break slide into the deep area and turbidite channels are grown. With the water
buoyancy and lubrication, sands move forward and go into the more deep area (Figure 13B).

Lots of turbidite channles are superposed together in the rising and falling periods of BLC and turbidite sand sheets are at the edge of the
turbidite channles. In the falling periods of BLC, the accomodation space grows slower than the sediments supply. Sands move forwards and
go through the slope break into the deep area. Coarse grain slumps are grown close to the slope break with lots of fine grain turbidite sand
sheets in the more deep area. Considering good sorting, thickness, and distribution area the rising periods of BLC are more favorable for
turbidite reservoirs in petroleum exploration than the falling periods, especially the rising period of the Kgn'™* Member (Figure 13B).

Turbidite Depositional Models

Shanmugam and Moiola, 1988 suggested two submarine fan models like attached and detached lobes. Reading and Richards, 1995 concluded
12 kinds of turbidite models according to source type and grain size, but they did not consider the paleotopography like steep slope or gentle
slope and mechanisms like earthquake, subsidence, or wave flapping. According to source type (point source, multi-point source, and linear
source), bed structure (distant gentle slope, distant steep slope, and nearby steep slope), and grain size (gravel rich, sand rich, and shale rich), 3
classes and 27 types of turbidite models are concluded:

1. Inthe distant gentle slope of turbidites, slumps are not well developed (Figure 14) for the gentle slope.

2. As the grain size go smaller, turbidite channels are less developed for the weaker flow power.

3. From point source to linear source, turbidite channels are more and more developed for sufficient source supply and usually overlaid
vertically.



Former scholars studied turbidite models of this area and most of them considered it to be a fan model, like a slumping turbidite fan (Wang,
2008) or a deep lake fan (Wang, 2005). However, (1) The tectonic background is in a stable subsiding with no regional unconformity in that
period. (2) The paleotopography of this area is a gentle slope as a whole, higher in the west and lower in the east. (3) The source supply is
about 40-80 km away from the area. (4) Most of the sands are fine grain, usual finestones, slitstones, shale slitstones, and mudstones. (5)
Turbidite distribution is in a clear zonation with a discontinuous, blocky shape in plane view (Figure 14). (6) The average water depth in the
area during the Kgn' Member is shallow, about 30-35 m deep (Zhang and Ren, 2003). Also, considering the above sedimentary characteristics,
turbidites in this area are the distant steep slope, multi-point source, sand rich type.

Conclusions

Take the turbidites of the Kgqn® Member of the west slope in the Dabusu area, South Songliao Basin as an example, high resolution sequence
stratigraphy framework is established. Challenges on the analysis of thin-layer sand correlation in turbidites can be solved effectively by
applying the theory of HRSS. The A/S change can be used in the explanation on both sequence stratigraphy correlation and sedimentary faces
analysis. According to bed structure, source type, and grain size, 27 types of turbidite models can be concluded. Turbidites developed in the
Kan® Member of the Dabusu area are the distant steep slope, multi-point source, sand rich type.

Turbidites can be classified into three kinds of deposits:

1. Slumps can be divided into two types, connecting with or separating from the source supply. They usually have a narrow distribution, a
stripe or belt shape, and have a large thickness. Most of them occur in the falling periods of BLC, superposed or interlaid with turbidite
channels vertically.

2. Turbidite channels are usually a trough or stripped shape with fine grain and thin layers. They can be divided into two types. One is the
turbidite channel trunk with a box shape on the GR, which is usually in the rising periods of BLC becoming thinner upwards. The other
is the turbidite channel flank with a finger shape on the GR, which is usually in the falling periods of BLC becoming thicker upwards.

3. Turbidite sand sheets are a tongue, sheet, or elliptical shape with fine grain, thin layer, and a large area distribution. They usually occur
near the maximum flooding surface, superposed with lacustrine shales, channel flanks, or slumps vertically.
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Seismic sedimentary interpretation profile across well Hai15 inline
from Quantou to Yaojia formation in west slope of south Songliao basin

Sequence stratigraphy division in well Hua30
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Sequence stratigraphy correlation of Q1 member in Dabusu area, SW Songliao basin
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Figure 5. Flume experiments and conceptual model of earthquake formation. This experiment was done at the China University of Petroleum,
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Figure 6. Flume experiments and the conceptual model of earthquake mechanism. A: Turbidite formation manuscript (Li, 2005). B: The
primary fluxoturbidites in the experiment. C: The primary slumps and the secondary slumps in different periods.
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Figure 8. Flume experiments and the conceptual model of wave flapping mechanism. A: Turbidite formation manuscript. B: Sands are
liquefied. C: Sand subsidence happens near maximum wave base.
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Complex analysis of sequence stratigraphy, sedimentary facies and cores in well Hua30
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Figure 10. Sedimentary characteristics of cores in well Hua30. A: Comprehensive analysis of sedimentary facies analysis and core data
observation. B: The cumulative probability percentage cartogram in different depth. C: The C-M cartogram in well Hua30.



Sedimentary facies distribution of Q1 memberin Dabusu area, SW Songliao basin
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Figure 12. Seismic attributes and various thicknesses distribution in the falling period of the Kgn® Member in the west slope of the Dabusu
Area, South Songliao Basin. Note: The area between the red lines is the slope, yellow lines are well section lines. A: RMS. B: The average
wave amplitude. C: The maximum wave amplitude. D: The bed thickness. E: The sand thickness. F: The sand/bed ratio. The maximum dip
angle is the optimal direction where source supplies go through, as shown by the red arrows.
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Figure 13. Sedimentary facies distribution of the Kgn' Member in the west slope of the Dabusu Area, South Songliao Basin. A: Sedimentary
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Qilfield name Location | Year | Reservoir stratum Recoverable reserves(BBL)
Wilmington California | 1932 | Miocene-Pliocene 2.98
Fotis North Sea | 1970 Eocene 2
Maleme Brazil 1985 Oligocene 1.83
Huntington California | 1920 [ Miocene-Pliocene 1.23
Friege North Sea | 1971 Paleocene 1.18

Table 1. Great oilfields produced from turbidities from all over the world (BBL=Billion barrel).




Delta front deposits Turbidite deposits
for}:ng?ion BLC |Distribution Thickness| Well D|St$bukt)|.3.nt areaT(kmb.)d.t Thickness| Well
area (km°) (M) [number | Slumps CE;nln;Ii sanudrslhtlaeets (m)  |number
Kantt Falling 1.60 5.06 20 0.25 0.62 3.19 6.17 38
d Rising 2.62 9.39 21 0.00 1.23 3.48 8.22 37
Kanl2 Falling 1.66 5.58 19 0.00 0.70 3.01 741 39
§ Rising 1.47 6.60 19 0.00 0.84 3.11 8.30 39

Table 2. Statistics of delta front sands and turbidite sands distribution.




