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This paper presents a detailed description of the sedimentary characteristics and architecture model of the tidal-dominated estuary reservoir in the Lower Cretaceous McMurray formation. Based on a thorough study of the core data, 13 lithofacies were recognized. The lithofacies associations were divided into nine types of architecture elements, that is channel, salt marsh, fluvial point bar, tidal point bar, mud flat, mixed flat, sand flat, tidal bar and offshore. Through the combination of high resolution seismic data and well data, the architecture model was established. The boundary surfaces of each architecture elements are depicted and the logging characteristics is concluded. The cross-section is constructed to reveal the superimposition model of different architectural elements with the seismic profiles. The plane and vertical distribution of architectural elements are revealed and the sedimentary model is constructed. In the longitudinal section of estuary, the architecture elements is fluvial deposits (channel, fluvial point bar, and salt marsh), tidal flat (mud flat, mixed flat, and sand flat), tidal bar, tidal flat and offshore from land to sea. In the cross section, tidal bar, sand flat, mixed flat, mud flat, tidal point bar and salt marsh are distributed successively from the center to the sides. Tidal bars and sand flats are the best reservoirs in terms of physical properties. We focus on the analysis of their architecture and summarize their stacking patterns. We propose tidal bars as compounds are lateral accretion. Tidal bar has high-angle continued lateral accretion, with a dip angle of 6–12°. Sand flat also has lateral-migrated characteristics, but their dip angle is 2–6° which is smaller than tidal bars. As a result, the dimension and stack of a single tidal bar and sand flat are quantified. The tidal bar was lateral stacking or vertical stacking with lateral-migrated or forward-migrated sand flat and existed vertical and lateral erosion-filling phenomenon. Tidal bars have width of 100–550 m and length of 800–2,400 m, and sand flats are 300–2,500 m long. Tidal bars and sand flats made up the best reservoirs. The study provides some insights for future research of estuarine sedimentary patterns and reservoir architecture.
Keywords: tide-dominated estuary, McMurray Formation, architecture elements, tidal bar, sand flat, lateral accretion
1 INTRODUCTION
Estuary deposit is one of the most significant coastal products, which is closely associated with human activities and petroleum exploration. This results in extensive attention to estuary deposits here, recently (Crerar and Arnott, 2007; Rahnama et al., 2013; Cheng et al., 2020; Wang L. et al., 2021). The oil sands in the estuary have been a subject of continued research, especially on their formative mechanism and sedimentary characteristics. Boggs (2012) studied the geomorphologic, hydrodynamic and depositional characteristics of the estuarine system and analyzed the depositional characteristics of the tidal flat. The formation of estuary is mainly controlled by rate in sea-level fluctuations, bedrock morphology and sediment supply (Tessier et al., 2012). The frequent fluctuation of sea level leads to incised valley reservoirs in estuaries where tidal bars are developed. Tidal bars are one of the important architecture elements of estuaries. Fenies and Tastet (1998) indicated that sand bars developed in estuaries were composed of different types of S-shaped sand units. Olariu et al. (2012) proposed that tidal bars generated lateral-accretion architecture and their long axis almost parallel both to tide current direction and to the strike of the lateral-accretion master surfaces. Tang et al. (2019) established the spatial distribution of the paleo-estuarine tidal bar for the first time, which can assist future research in analyzing the architecture of stacked fluvial and estuarine deposits. The development of different parts of sand flat varies greatly, and the superposition pattern with tidal bar also affects the petroleum production. They are less well preserved underground, making it difficult to anatomize their architecture. The internal architecture of tidal bars has been studied previously, but the superposition patterns between tidal bars and sand flats need further research.
Reservoir architectural element analysis has been further researched, especially in fluvial-delta environments (Feng et al., 2019; Wang et al., 2020a; Wang et al., 2022a; Wang et al., 2022b). Allen (1983) and Miall (1985), Miall (1988) proposed the analysis method to recognize architectural elements by distinct lithologic characteristics and architecture boundaries, which is widely applied in fluvial-delta field studies (Wang et al., 2020b; Wang X. et al., 2021). However, the estuary reservoir was strongly reworked by the interaction of river and tidal flow. This bi-directional current in an estuary reservoir promote gradually-transited lithologic characteristics among different architecture elements. As a result, it is difficult to identify architectural boundaries of architectural elements in the estuarine reservoir by the typical analysis method. At present, the estuarine architecture remains to be further studied. Sufficient and high-quality data ensure that we can identify the boundary of the architectural element.
In this paper, we integrate lithologic interpretations from core data and high-resolution seismic interpretations to recognize detail characterize the architecture of estuarine reservoir, taking McMurray Formation in Athabasca Block, Albert Basin as a case study. The aims of this paper include that: 1) recognizing architecture elements and their corresponding lithofacies in the estuarine reservoir; 2) revealing lateral and vertical architectural patterns within the tidal bar and sand flat compounds. Finally, we attempt to establish an architectural model of estuarine reservoir. The results of this paper will provide some insights for inter-well prediction during reservoir exploration and development.
2 GEOLOGICAL SETTING
The Alberta Basin is an NW-SE foreland basin between the Canadian Shield and the Rocky Mountains, which covers an area of more than 140,000 km2 (Hein et al., 2008). The study area is located in the Athabasca block of the Alberta Basin in northeastern Alberta (Figure 1A). The enrichment of Athabasca’s oil sands resulted from Rocky Mountain orogeny, which began in the Jurassic when the Eastern Pacific plate pushed under the North American continental plate. Most of the bitumen in the Athabasca oil sands is located in the McMurray Formation of the Lower Cretaceous Mannville Group, which unconformably overlies the Middle to Upper Devonian carbonate of the Beaverhill Lake, Woodbend, Winterburn, and Wabamun Groups (Hauck et al., 2017). The Devonian carbonate is low in the north and high in the south (Figure 1B), which affects the differentiation of the sediments of the McMurray Formation.
[image: Figure 1]FIGURE 1 | (A) Location map of the study area; (B) The study area regional paleozoic structure map. The seismic data is located in dense well pattern area.
According to the lithological characteristics, Carrigy (1959) divided the McMurray Formation into three members: Lower McMurray, Middle McMurray, and Upper McMurray from bottom to top. The Upper and Middle McMurray deposition was stable, and the Lower McMurray was generally absent. The sandstone of the Middle McMurray Formation filled in a super large incised valley on the interface of the second-order sequence. At the same time, affected by the dual action of rivers and oceans, reservoirs had complex internal structures and superposition patterns, which greatly affected the distribution of oil and water and the development of oil sands in steam assisted gravity drainage (SAGD). It is urgent to carry out fine reservoir architecture analysis to provide a geological guarantee for the efficient development of oil sands.
The McMurray Formation is a third-order sequence, and only transgressive system tract and highstand system tract were developed in the study area (Hein and Cotterill, 2006), corresponding to the Middle McMurray Formation and Upper McMurray Formation. Frequent vertical erosion and filling deposition occurred with long-term transgression and multiple short and medium-term transgression-transgression (Westerhold et al., 2005). Four base levels up-and-down cycles occurred in the Middle and Upper McMurray Formation, which resulted in four unconformity surfaces and corresponding incision-filling deposition (Barton and Seibel, 2016). It affected the distribution of deposits, especially tidal bars in Upper McMurray.
According to the lithology and logging data, the McMurray Formation of the target interval was divided into five layers: Middle-McMurray, McMurray-U2, McMurray_U1-2, McMurray_U1-1 and McMurray-TOP from bottom to top. However, affected by differences in physical properties and depositional processes, McMurray-U2, McMurray_U1-2 and McMurray_U1-1 were important reservoirs, so we mainly focused on the three layers in this architecture study.
3 DATA AND METHODS
The study area covers 1,360 km2, with more than 30 km2 of 3D seismic data in the dense well area, including logging data from 281 conventional wells, core data from 168 coring wells, and grain size data from 67 wells. The area with seismic data is the main sedimentary area and the focus of our research. In combination with abundant core data, logging data and high-resolution seismic data, we paid attention to reservoir architecture identification and internal structure analysis of the estuary, established reservoir architecture models of estuary in the study area, analyzed the scale of reservoir architecture, and provided a reference for efficient development of oil sands.
Based on cores data and laboratory data, we analyze core color sedimentary structures, sorting, grain size and bioturbation to identify the boundary of the architectural elements. According to the analysis results, we classify the types of lithofacies, lithofacies association and architecture elements. The lithofacies were identified and the architectural elements were defined.
We used high-quality seismic data to determine the relationship between time and depth through time-depth calibration. Architecture anatomy was performed using calibrated seismic profiles. Three profiles with seismic data in dense well pattern area were selected for architecture analysis. By analyzing seismic reflection characteristics and the combination of layer correlation, lithofacies types and combinations, architecture elements are determined, the internal architecture and contact relationships between tidal bar and sand flat are defined, and the architecture scales are determined. According to the distribution of lithofacies association, the horizontal facies map is analyzed and the horizontal distribution model was determined. The evolution of sedimentary architecture elements was analyzed.
4 FACIES ANALYSIS RESULTS
4.1 Lithofacies Identification
Phillips (2011) identified 18 facies and 5 sedimentary facies associations with a detailed scheme, but it didn’t classify the fluvial deposits in detail. While Tang et al. (2019) identified 13 facies and 4 facies association, the tidal flat was not classified in detail in the scheme. This study classified 14 lithofacies types and 9 lithofacies associations (Table 1) after the above two classification schemes (Figure 2). We classified fluvial deposits into channel, fluvial point bar and salt marsh, and tidal flat into sand, mixed, and mud flat.
TABLE 1 | Lithofacies classification scheme for the interval of interest in the study area of the Athabasca block.
[image: Table 1][image: Figure 2]FIGURE 2 | Lithofacies core data of F1-F13. (A) 120,809,114, depth 183.9 m; (B) 101,508,813, depth 181.8 m; (C) 1,030,088,130, depth 184.5 m; (D) 121,209,014, depth 198 m; (E) 122608814, depth 184.6 m; (F) 151908813, depth 192 m; (G) 071908913, depth 211.5 m; (H) 071908913, depth 213 m; (I) 161109014W400, depth 201.2 m; (J) 121209014, depth 202.7 m; (p) 160109014, depth 188.4 m. (K) 160,109,014, depth 209.9 m. (L) 103,208,913, depth 206.5 m; (M) 071,908,913, depth 199.9 m; (N) 160,109,014, depth 194.2 m; (O) 071,908,913, depth 181 m; (Q) 022,709,014, depth 172.4 m; (R) 071,908,913, depth 193.7 m.
4.1.1 F1: Low Angle Cross-Bedded Fine Sandstone
There are typical phenomena such as herringbone cross-bedding and tabular cross-bedding. It was dominated severe bioturbation; mud interlayers were rarely seen, and clasts and pebbles were occasionally seen at the bottom. The bottom had scoured surface.
4.1.2 F2: Lenticular to Wavy Sandy Mudstone
The interbedded sand-mudstone was typical of lenticular to wavy sand-mudstone. It has wavy and lenticular bedding, uneven lithology distribution, and collapsed mud conglomerate. There were ichnological characteristics.
4.1.3 F3: Ripple to Massive Sandstone
F3 developed wavy and lenticular bedding. It is often associated with F2, but showed varying bioturbation intensity and proportions of sandstone, silt, and mudstone.
4.1.4 F4: Well Bioturbated Heterolithics
The lithofacies ranged in proportions of sand, silt, and mud, but were typically mud-dominated. Successions illustrated decimeter to meter scale fining- and muddier-upward trends. Highly bioturbated heterolithic media characterized it.
4.1.5 F5: Laminated Very Fine-Grained Sand
The lithofacies were dominated by small-angle parallel bedding and wavy bedding, followed by flaser bedding, with sporadic heterogeneous distribution. Bioturbation intensity ranges from weak to moderate. The sandstone was moderately sorted and the bitumen saturation was low. There were ichnological characteristics.
4.1.6 F6: Chaotic, Inter-Bedded Silt- and Mud-Stone
Plant root traces and bioturbation were found. Many bioturbations led to modification and destruction of original sedimentary structures. Light grey silt mud, silt, and light brown fine-grained sandstone were presented in varying proportions. Poor oil saturation.
4.1.7 F7: Rooted White to Light Grey Organic Mudstone
Massive Bedding: One was gray to light gray mudstone (Figure 2I), which had no biological disturbance, and the permeability of sediments was poor at a distance from the river channel; another was the thinly interbedded deposition composed of dark gray organic mud and coal. F7 is a back-marsh deposit reflecting a high water level in the supratidal zone and vertical accretion at the distal end of an active channel.
4.1.8 F8a: Well Burrowed Inter-Bedded Sand, Silt and Mudstone
Wavy bedding was observed, and strong bioturbation destroyed the interbedded structure of mud and sand. There were coal lines, less bioturbation, higher clay content and silty. There were different proportions of bioturbation interbedded sand, silt and mudstone, sporadic distribution of shell fragments, small bivalves, scattered organic debris and coal debris.
4.1.9 F8b: Bioturbated Silt, Fine Sand
There were parallel bedding and wave bedding. High mud content and mud is mainly disturbed by biological vigorous, vertical and high angle drilling developed. Ichnology was more developed and diverse. The distribution of bioturbation was regular, heterogeneous to homogeneous. The development of shale laceration reflected the strong hydrodynamic conditions.
4.1.10 F9: Moderately Bioturbated Fine-Grained Sand
It was black fine-grained sandstone with parallel bedding and herringbone cross-bedding, and inclined muddy interlayer existed. Bioturbation was sporadic and heterogeneous, and it showed an upward trend.
4.1.11 F10: Upper-Fine to Medium-Grained Large Scale Cross-Stratified Sand
The lithofacies was a tidal bar deposit on the edge of the estuary, with large-scale tabular cross-bedding and herringbone cross-bedding, reflecting the high-energy depositional environment. The lithology was very fine sand-medium sand. Bioturbation is sporadically distributed, with little disturbance.
4.1.12 F11: Cryptobioturbated Medium-Grained Sand
The lithology was fine and medium-grained sandstone, trough cross to low angle cross sandstone with low oil saturation. Interpreted as the crest of a shallow sea or the shore surface (Phillips, 2011). More specifically, the lithofacies was interpreted as highly energetic deposition with a mix of wave and tidal processes.
4.1.13 F12: Bioturbated Fine-Grained Siltstone
This lithofacies was interpreted as shallow fully marine proximal lower shoreface deposition during fair-weather conditions. It was characterized by bioturbation, good sorting, fine sandstone to siltstone, and poor oil saturation. It reflected the sediments when seawater deepened during transgression. The mudstone at the top had lenticular bedding and tabular cross-bedding.
4.1.14 F13: Glauconitic Sand
In this lithofacies, apparent glauconitic sand could be seen, which had a high degree of biological transformation and was easy to homogeneous with sandstone. The lithofacies was visible throughout the top of the McMurray Formation.
4.2 Lithofacies Associations
Different periods of lithofacies associations form architecture elements. Lithofacies associations of architecture elements were identified by comparing the core characteristics of the cored wells. There are nine kinds of architecture elements. Then the relationship of logging data and architecture elements (Figure 3) were summarized.
[image: Figure 3]FIGURE 3 | The relationship of logging data and architecture elements.
The Gr is maxium in offshore. Tidal bar and sand flat have low Gr with reverse rhythm, while the Gr of mixed flat and mud flat present weak positive rhythm. The sediment of fluvial facies showed high Gr indicating shale index. It shows that tidal bar and sand flat are high-quality reservoirs.
F1 is a sandy channel filling deposition (FA1). Affected by the tide, the hydrodynamic force was weakened, the deposited fine sand was violently disturbed with low mud content.
F2 and F3 were fluvial point bar deposition (FA2) that were typically characterized by inclined and heterogeneous stratification, and they were formed in an environment with great changes in water flow (Thomas et al., 1987).
F5 and F6 were tidal point bar deposition (FA3), including tideway, tidal creek, which were deposited in contact with salt marsh. Fluvial point bar is river deposits, and tidal point bar is tidal deposits.
F4 and F7 were salt marsh (FA4), which were the sedimentary products of Middle-McMurray. The presence of plant root traces and the lumpy and brittle coal seams suggested that sediments were continuously deposited and vertically accreted in a humid, low-energy salt marsh environment.
F8a was mud flat (FA5), and F8b was mixed flat (FA6). F8a and F8b developed in association and assemblages. The difference lies in the amount of mud content. They were formed in a tidal environment with alternating hydrodynamic strength and weakness, and their formation process was mainly affected by tidal activity.
F9 was sand flat deposition (FA7), mainly parallel bedding. FA7 was a sandy deposit under a high-energy hydrodynamic environment under the action of high-speed tidal currents. They were the lateral-migrated bar deposits at the edge of shallow bays dominated by tides.
F10-F12 were tidal bar (FA8). It was upward-coarsening and was interpreted to be a “tidal bar” (Mutti 1985). Tidal bars should be generated lateral accretion deposits, not the forward-accretion coset, which vertical succession was typically about 5 m thick (Dalrymple and Choi, 2007).
F13 was distal offshore deposition (FA9) in a mixed tide- and wave-influenced setting dominated by fair-weather deposition with remnant distal tempestites above storm wave base. Glauconite deposits are widespread on present-day continental shelves (Odin, 1985). Thus, the presence of glauconite indicates open marine, very slow sedimentation.
Tidal flats (mud flats, mixed flats, and sand flats) and tidal bars were very developed in the reservoir, among which tidal bars and sand flats were high-quality reservoirs, mainly developed in the upper member of the McMurray Formation.
5 ARCHITECTURE ANALYSIS RESULTS
5.1 Profile Characteristics of Architecture Elements
According to Miall’s architecture surface division scheme (1985, 1988), we defined third and fourth order surfaces in seismic profiles (Figure 4A). The third-order surface was the accretion surface of the same lithofacies association, both sides of the surface had the same lithofacies association; The third-order surface represents the deposition of the same facies association in different periods. The fourth-order surface was the top surface and bottom surface of the architecture elements, such as surfaces of tidal bars and point bars.
[image: Figure 4]FIGURE 4 | (A) The left one is 2D seismic profile of the cross-section in the vertical provenance direction, the Gr curve on the right side of the logging curve, and the RESS curve on the left side. The right one is the location of the profile. (B) Architecture element analysis of the connected well profile in the direction of cutting provenance direction.
Seismic reflection characteristics can be a good indicator of the periods or boundaries of architecture elements. Inclined reflections from seismic profiles reflects the inside periods or boundaries of architecture elements. The periods or boundary surfaces can be recognized when combined with lithofacies and logging data.
It can be seen that the Mid-McMurray was severely eroded through the analysis of the cross-section in the direction of vertical provenance (Figure 4). In U2, there was lateral accretion in mixed flat and vertical accretion in mud flat. The mud flat and the mixed flat were in lateral splicing contact, and they were erosion-filling deposits. In U1-2, the inclined reflection structure of the architecture elements can be seen from Well A1 to Well A4 (Figure 4A), it was a tidal bar compound lateral accretion structure. There were architecture elements boundaries between Well A4 and Well A5, it changed from tidal bar to sand flat and then to mud flat. In U1-1, apparent boundaries of architecture elements can be find. Still, it is not apparent about their internal structure. The sand flat covered the bottom of U1-1, and the tidal bar covered the top of U1-1 from Well A1 to Well A4, and it mainly was vertical accretion due to the environment of deep water.
The direction of vertical provenance was closer to the marine, the fluvial incised degree was smaller than the section of A1–A5. So the Middle McMurray Formation survived between wells B1 and B5 (Figure 5). Tidal flat was mainly deposited in U2. In the seismic slice interpretation of U1-2, there was a very obvious lateral-migrated feature inside the architecture elements between wells B2–B7. The logging curve was reverse rhythm, which means it was a compound tidal bar. In U1-1, tidal bars covered the top of sand flats.
[image: Figure 5]FIGURE 5 | (A) The left one is 2D seismic profile of the cross-section in the vertical provenance direction, the Gr curve on the right side of the logging curve, and the RESS curve on the left side. The right one is the location of the profile. (B) Architecture element analysis of the connected well profile in the direction of cutting provenance direction.
In the cross-section along the provenance direction (Figure 6), the Middle McMurray was eroded by fluvial incision, and the sediments remained incomplete. In U2, the sand flat and the mud flat deposited laterally, and we can see the boundary of architecture elements between wells C6 and C7 (Figure 6A). Sand flats were lateral-migrated, and it was lateral splicing with mud flat. The mixed flats would be destroyed by storms or enhanced tidal hydrodynamic. The tidal bar in U1-2 contacted with the sand flat laterally spliced. According to the seismic interpretation, the internal structure of tidal bars was lateral accretion, and the sand flat was the forward accretion. In U1-1, tidal bar and sand flat contact deposition can also be observed.
[image: Figure 6]FIGURE 6 | (A) The left one is 2D seismic profile of the cross-section in the provenance direction, the Gr curve on the right side of the logging curve, and the RESS curve on the left side. The right one is the location of the profile. (B) Architecture element analysis of the connected well profile in the direction of vertical provenance direction.
Middle McMurray deposits are fluvial (channel, salt marsh, and fluvial point bar) and tide way deposits (tidal point bar, salt marsh). U2 is mainly tidal flat deposits, U1-2 and U1-1 mainly occurred tidal flat and tidal bar deposits. The evolution sequence of the study was estuarine coastal plain-inner estuary, inner-middle estuary and outer estuary.
5.2 Horizontal Characteristics of Architecture Elements
The McMurray Formation mainly developed the system of tidal bar and tidal flat (Figure 7). The main tidal bar is disturbed in the main axis of incised valley, with a length of about 14 km and a width of about 4 km, and are composed of multiple lateral accretions of different periods. There are many tidal bars in the north landward, which are smaller and more unstable because the river current here is still relatively strong, coupled with the compound action of the bi-direction tidal current, the transformation is relatively strong, and their distribution direction is related to divergent tide currents’ distribution directions. The sand flats is distributed on the edge of tidal bars and have lateral accrertion with inclined mud interlayers. Due to the limited data conditions, only the dense well pattern area with high resolution data is divided into the sedimentary periods of the architecture elements in the north side. From the land to the sea, the muddy interlayer decreases land then increases, indicating that the hydrodynamic force increases first and then weakens. It mainly because the superposition of tide and river current when occurs ebb tide. Mixed flats deposite on the outside of sand flat, with more mud interlayer and bioturbation. Mud flat has higher mud content and stronger bioturbation.
[image: Figure 7]FIGURE 7 | Map view of the architecture pattern in U1-2 of McMurray Formation. The blue dotted line in tidal bars represented the periods of tidal bars, indicating that the large-scaled tidal bar compounds consisted of lateral accretion.
Architecture elements can be analyzed by combining horizontal map and profile. Architecture elements in section of B1–B7 change from mud flat, mixed flat, to sand flat, tidal bar, and then to sand flat (Figure 7), which is consistent with the interpretation of profile’s architecture elements (Figure 5). The architecture elements are lateral stacking.
The eroded zone in U1-2 of McMurray Formation (Figure 7) is a succession deposit that occurred after the early deposition of the Upper McMurray. Long-term transgression results in the sedimentary system’s landward retrogradation, but residual areas may still remain caused by short-term retrogradation to preserve.
5.3 The Architecture Patterns Between Tidal bar and Sand Flat
The seismic profile summarized the superposition pattern between the lateral-migrated tidal bar and sand flat. There were four superposition patterns (Figure 8) between tidal bar and sand flat. The tidal bar was lateral stacking with lateral-migrated sand flat (NO-T1) or forward-migrated sand flat (NO-T2). These two patterns often occurred in U1-2 normally. The following two patterns often occurred in U1-1. The tidal bar was vertical stacking with lateral- migrated sand flat (NO-T3) or forward-migrated sand flat (NO-L1).
1) NO-T1: Tidal bar is vertical stacking on the lateral-acctrtion sand flat, and its internal structure characteristics are not obvious due to the limitation of seismic data resolution. However, the hydrodynamic force is weak at this time because the sea level has risen to a relatively height, and the edge of tidal bar may be with a small dip angle or a foreset accretion. The sand flat has a lateral accretion architecture and a small lateral dip angle, indicating a strong hydrodynamic environment. As a result, sea level is rising.
2) LO-T2: Tidal bar is also vertical stacking on sand flat, but the sand flat is forward-accretion. At the bottom, the sand flat deposited incised valleys with lateral accretion. The sand flat at the top is in vertical stacking with tidal bar, and its bottom shape is flat with vertical accretion. It suggests weakened hydrodynamic forces and rising sea levels.
3) LO-T3: Tidal bar and sand flat are in lateral stacking, which are lateral accretion. The dip angle of tidal bar is larger than sand flat. The shape of the tidal bar is like a channel influenced by an incised valley, reflecting a short-term of regression. The incised valley was filled by the tidal bar subsequently indicates the occurrence of transgression. The clay content is less than sand flat. Erosion and filling may exist in tidal bar and sand flat, indicating a strong hydrodynamic environment.
4) LO-L1: Lateral stacking between lateral accretion tidal bar and forward accretion sand flat. The lateral structure of tidal bars caused by high energy hydrodynamics, which is the superposition of tidal energy and river energy. Forward accretion sand flats are generally affected by one kind of current energy or weak superimposed current energy.
[image: Figure 8]FIGURE 8 | The superposition patterns between tidal bar and sand flat. The superposition patterns are based on profiles of seismic interpretations.
5.4 The Scale of Architecture Elements
Through the analysis of seismic slices and architecture elements (Figure 6), the Middle McMurray had residual thickness between Well B1 and Well B5 and the distance was approximately 2,600 m. The residual thickness between Well B2 and Well B4 was relatively large, and the width is about 1,000 m; the internal stratum was flat and developed, mainly vertical accretion, and point bars with small incision and filling. The U2 sublayer is incised and filled, with a lateral sand flat in the east and a tidal flat in the west; the U1-2 layer had noticeable incision filling characteristics, mainly mixed flat outside the river valley, and tidal bar in the river valley. The strong seismic reflection structure (Figure 6) can be seen from Well B2 to Well B7 as a lateral accumulation structure. The scales of lateral accretion bodies vary greatly, ranging from 160 m to more than 360 m in width, and dip angles range from 9 to 12°. U1-1 is dominated by tidal bars that became thicker from the south to the north, showing an obvious facies transition along the source; the lateral deposition angle is 6–8°. Corresponding to dip angles of lateral accretion, the mud interlayers into tidal bars and sand flat also has high dip angles that should be noticed because they can negatively influence reservoir quality. Using the same method, the seismic slices of four sections and the elements scale of connected well facies were analyzed, and the scale data of sand flats (Table 2) and the scale data of tidal bars (Table 3) were obtained.
TABLE 2 | The table of sand flat scale data.
[image: Table 2]TABLE 3 | The table of tidal bar scale data.
[image: Table 3]According to Table 1, the lateral angle of sand flats is 1.8–5.9°, the length is about 314.8–2,492.1 m, and the width is about 69.2–498.8 m. The lateral angle of the tidal bar is 1.7–12.3° from Table 2, the length is about 834.7–2,426.7 m, and the width is about 99.6–549.3 m. Compared to the modern estuary tidal bar (Figure 11A), the scale is reasonable. Sand flats generally have a smaller lateral angle than tidal bars.
6 CHARACTERISTICS OF ARCHITECTURE ELEMENTS EVOLUTION
It is common to analyze the sedimentary evolution of transverse and longitudinal sections and plane maps. This paper analyzes the sedimentary evolution of architecture elements through the fence diagram of transverse and longitudinal sections.
From the 3D fence diagram (Figure 9), the McMurray formation was deposited in the Devonian carbonate basement. There were regional unconformities in the carbonate basement, and the ancient geomorphology is rugged. Paleo-valleys developed where the early deposition of the Middle McMurray Formation took place. In Middle McMurray, mainly salt marsh and point bar deposited, channel deposits can also found accidentally. In Upper McMurray, tidal flats and tidal bars deposited and the distribution range of tidal flat and tidal bar system became more extensive and moved to the southeast direction during the evolution process, indicating that the marine area expanded during this period. The superposition pattern of tidal bar and sand flat changes from lateral stacking to vertical stacking. The lateral-migrated tidal bar and sand flat direction is consistent with the direction of ebb tide in the longitudinal profile, indicating that the ebb tide mainly controls the formation of tidal bar. The tidal flat system filled in U1-2; the tidal flat and tidal bar existed in U1-2 and U1-1. Two periods of large composited tidal bars appeared in the seaward northwest, and in U1-1 moved seaward compared with the earlier one in U1-2. The small tidal bars spread landward and divergent flows controlled the spread direction. The spread area of the later layer in U1-1 was wider than the early layer in U1-2, which means the marine area expanded during this period. It can confirmed the deposits developed all over the study area in U1-1. So the sedimentary system evolved landward in total. At the top of McMurray, offshore deposited all over the area, indicating open marine. It was an evolution from estuarine coastal plain to inner-middle estuary, and last to outer estuary. The sedimentary evolution of architecture elements was mainly retrogradation with rising sea levels. The sedimentary system moved to the landward.
[image: Figure 9]FIGURE 9 | 3D fence diagram of architectural elements. A large lateral-migrated tidal bar was deposited in the northwest seaward; occasional erosion and filling in the southeast landward existed. The Middle McMurray wasn’t our main study layer, we simplified its architecture elements: points bar including tidal point bar and fluvial point bar, salt marsh including salt marsh and channel.
7 DISCUSSION
An estuary is a transgressive coastal environment at the mouth of a river that receives sediment from both fluvial and oceanic sources. Tidal bar is one of the important parts of the estuary. Lateral accretion seems to be a key process of sediment accretion (Billy et al., 2012). We believe that sand flat also has the characteristics of lateral-migrated deposition. Modern estuarine sediments can provide evidence for lateral-migrated tidal bars.
The middle and late Holocene Columbia River was described as an estuary (Jay and Smith, 1990; Baker et al., 2010), and it was a marine transition that is located in North America. Columbia River Estuary is dominated by flood-tidal function, and its sedimentary system is affected by plate tectonics and sea level. Columbia River Estuary is deposited in the bedrock valley, and the valley has been filled with Pleistocene and Holocene fluvial and estuarine sediments (Sherwood and Creager, 1990). The Columbia River estuarine sedimentary environment is very similar to our study area, which is essential for interpreting the subsurface architecture of the McMurray Formation. A satellite image of the modern deposition of the Columbia Estuary (Figure 10A) shows the development of multiple tidal bars at the mouth of the estuary and a large lateral-migrated tidal bar at the outer estuary. As shown in Figure 10B, the large tidal bar is elongated and consists of multiple lateral accretion bodies in different directions that agree with our opinion. But it is difficult for sand flats to prove for sand flat generally locate underwater, and theoretically, we think there is lateral accretion inside sand flats.
[image: Figure 10]FIGURE 10 | (A) Google Earth satellite image of a modern tide-controlled estuarine sedimentary system (Columbia River Estuary); (B) The low tide level at the Columbia River mouth is a large composited tidal bar.
According to the horizontal distribution characteristics and the patterns of modern deposition, the horizontal distribution model of the architecture elements was presented (Figure 11). The channel and point bar was upstream of the estuary, and salt marsh deposited on the sides of the fluvial. There was also salt marsh on the sides of tidal flat. Tidal currents came into being tideway and encircled with salt marsh. Near the mouth of the estuary, influenced by hydrodynamic force from fluvial and tidal, the sediments were reformed strongly, and only small tidal bars were left. The hydrodynamic force became weak in the seaward and tidal currents transported marine sands into there, for which the sediments more easily remained and a large tidal bar deposited. In this situation, high angle continuous lateral accretions in different directions formed together as a giant tidal bar. It is a tidal-dominated estuary system around tidal bars, and deposited in a sand flat, mixed flat and mud flat sequence from tidal bar and coastal plain.
[image: Figure 11]FIGURE 11 | The horizontal distribution pattern of the architecture.
The formative process of the tidal bars is fascinating and worthy to study. Inside the estuary, it is mainly controlled by the ebb tide, allowing the river to superimpose itself on the tide. But how do tidal flows affect the buildup still needs to make a deep study. Also, the sea level fluctuated frequently, and it considerably affected the stratigraphic framework; starting with the sea level cycle can be a good method to study the evolution of the estuary.
8 CONCLUSION
This paper provides a detailed description of the McMurray Formation in the study area using the core data, logging data and seismic characteristics. We demonstrate that 14 kinds of lithofacies and 9 kinds of architecture elements. The nine types of architecture elements are channel, salt marsh, fluvial point bar, tidal point bar, mud flat, mixed flat, sand flat, tidal bar, and offshore deposits. In vertical view, fluvial point bar, tidal point bar, salt marsh and channel were in the Middle McMurray Formation; tidal bar and tidal flat (sand flat, mixed flat, and mud flat) deposited in Upper McMurray Formation, and their distribution range widened from bottom to top; later, the offshore covered the top of McMurray. It was a process from estuarine coastal plain to inner-middle estuary, then to outer estuary. The sedimentary system moved in the landward, corresponding to increased sea level. In map view, fluvial point bars and salt marsh are developed on sides of the channel. And tidal flat, tidal bar, tidal flat and offshore are developed in the seward of the channel. Salt marshes are distributed along estuarine coastal plain connecting with tidal point bar, which spreads outside the tidal flat.
Tidal bar and sand flat have low Gr with reverse rhythm shows that tidal bar and sand flat are high-quality reservoirs. Sand flats and tidal bars have four types of superposition patterns. The tidal bar in dense well pattern was lateral stacking or vertical stacking with lateral-migrated or forward-migrated sand flat. Lateral stacking often occurred in U1-2 and vertical stacking often occurred in U1-1. The tidal bars of the main sedimentary area were wide-band with typical high-angle continuous lateral accretion located in the incised valley of the main tide. Fluvial currents hardly influence it. It is a large complex with a lateral angle of 6–12°, a width of 100–550 m, and a length of 800–2,400 m. The landward tidal bars reformed by powerful bi-directional currents, resulting in smaller scale than compounds seaward. Sand flats often superimposed with mixed flats. Erosion and filling occasionally occured inside sand flat. The lateral angle of sand flat is 2–6°, and the length is about 300–2,500 m.
The McMurray formation deposited in unconformities of Devonian carbonate basement. Its sediments gradually transitioned from fluvial to tidal sediments. In Upper McMurray, tidal flats and tidal bars became more extensive and moved to the northwest direction in the process of evolution, indicating that the marine area expanded.
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