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Abstract

:

The sweetness seismic attribute is a very useful tool for proper description of the depositional environment, reservoir quality and lithofacies discrimination. This paper shows that depositional channels and turbidity sandstones deposited during the Upper Pannonian and Lower Pontian in the Sava Depression can be described using porosity–thickness and sweetness seismic attribute maps. Two studied reservoirs are of Neogene stage (“UP” reservoir of Upper Pannonian age and “LP” reservoir of Lower Pontian age) and located in the Sava Depression, Croatia. Both reservoirs contain medium to fine grained sandstones that are intercalated with basinal marls. A comparison of the sweetness seismic attribute and porosity–thickness maps show a good visual match with correlation coefficient of approximately 0.85. A mismatch was observed in areas with small reservoir thickness. This work demonstrates the importance of using porosity–thickness maps for reservoir characterization. The workflow presented in this work has wider applications in frontier areas with poor seismic data or coverage.
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1. Introduction


A description of the depositional environments of turbidite reservoirs is necessary for field development. If the hydrocarbon reservoirs are in the final stage of production, knowledge of the reservoir itself must be completely thorough. This is very important because in that way, residual hydrocarbon saturation can be defined in a way to assume that fluid contacts will rise rapidly in the channel center with better properties than in the channel lobes with low porosities and permeabilities.



The use of seismic attribute for reservoir and geomorphological characterization are well described in several papers [1,2,3,4]. Three dimensional (3D) seismic data and seismic attribute are frequently used for proper description of the depositional environment, reservoir quality and lithofacies discrimination in combination with well log data [5,6]. Of importance is sweetness seismic attribute as a very useful tool for turbidite channel interpretation since it can reliably describe reservoir quality and the deposition of different lithofacies. According to Taner et al. [1], the definition of the attribute is instantaneous amplitude (reflection strength) divided by the square root of instantaneous frequency [1]. It is very useful for the identification of isolated sand bodies, which have stronger reflections in comparison to their surrounding mud rich strata [7]. Sweetness improves the imaging of sand intervals or bodies, and also identifies oil and gas prone places called “sweet spots” [2].



Very old fields in Sava Depression have low seismic coverage or the seismic is of poor quality, which makes the interpretation of field sedimentology very difficult. For that reason, a different way of seeing turbidity channels had to be found.



Methods used for turbidity channel visualization were ordinary kriging for porosity distribution and isochore maps representing zone thicknesses in 3D static model. Porosity–thickness maps are average porosity maps multiplied by isochore maps. The basic idea is that both variables (porosity and thickness) can describe reservoir quality, i.e., higher porosities and greater thicknesses could point to the channel center, and lower porosities and thicknesses to its edge [8].



The scope of this study is to prove that porosity–thickness maps can also describe reservoirs from a sedimentological point of view and reliably describe turbidity channels, which are correlative to those obtained by seismic survey. Of course, those maps can only describe reservoirs covered with wells, but any extractions cannot be done without seismic data.



1.1. Geological Settings of the Sava Depression


Neogene sediments of the Sava Depression can be described by 3 megacycles, which are separated by regional unconformities [9]. According to Ćorić et al. [10], the evolution of the Sava Depression started in the Middle Miocene, i.e., Badenian (see Figure 1), and it continued during the Miocene to the Quaternary [10,11,12]. Badenian is an age when pull-apart basins were opened due to stronger transtension. The end of Badenian is marked with a calmer environment due to transtension weakening [10]. The beginning of Sarmatian is related to a calm shallowing condition, and its oldest strata can be hardly separated from the top of Badenian. According to Velić et al. [9], Badenian and Sarmatian sediments belong to the first megacycle, which refers to the period of the first transtension and the first transpression [9,12]. During the Pannonian and early Pontian, the second transtension dominated and the second transpression began in the Late Pontian [12]. Pannonian and Pontian sediments belong to the second megacycle [9]. In the Late Pannonian, as well as in the Early Pontian, pull-apart structures were formed inside the Sava Depression, creating a new accommodation space [12,13,14]. Pliocene and Pleistocene sediments belong to the third megacycle [9]. During this period, structural inversion and fault reactivation began. Climate changes and basin inversion are substantial for Quaternary [15].



According to Vrbanac (1996) and Rögl (1996, 1998), the majority of Northern Croatia during Badenian was exposed to marine sedimentation [14,16,17,18]. High mountains, such as Kalnik, Papuk and Psunj were islands. Siliciclastic material, originated from Paleozoic and Mesozoic basement rock, and deposited in the shallow sea through alluvial deltas [19]. Other material sources were shallow sea reefs. The end of Badenian is marked by deposition of calcite marls and clayey limestones. During Sarmatian, a stronger terrestrial influence led to the deposition of clayey limestone and sandstone [16,17,18].



The Lower Pannonian is characterized with brackish filling, represented by clayey limestone, silty marl, marl and sandstone interlayering [16,17,18]. There were smaller deltas at the marginal parts of the depression. Late Pannonian sedimentation with a domination of turbidite current mechanisms occurred with considerable environmental changes [11,12,14,17,18,20,21,22,23]. Sedimentation was through cyclic turbiditic flows in brackish to freshwater environments [14,16,17,18]. Large quantities of sands and silts had been periodically deposited during activity of turbidite currents. Among those events, the depression had been filled with mud and clay material, later compacted to marls. Turbidite channels follows the NW-SE direction [11,14,22,24]. Transported detritus has its origin in the Eastern Alps and had been redeposited several times before it finally entered the Sava Depression [22,24]. Lower Pannonian beds are defined by marls, silts and sandstones [25,26,27].



Early Pontian sediments (see Figure 1) consist of sandstone and marl interlayering [26,27]. The sandstones were deposited through turbiditic currents into the deepest part of the depocentre with sediments also sourced from the Alps [11,14,17,18,23]. The calm period, when turbiditic currents were inactive, led to the deposition of marls. In Upper Pontian, local depositional mechanisms (deltas), recognized by the slow filling of the depositional area, were active. Upper Pontian sediments are represented by clayey marls, marly clays and clays, which are characteristic for the fresh water lacustrine environment [11,14,17,18]. In the Pliocene and partly in the Pleistocene, sedimentation continued in Pannonian Lake residuals, filling it with marly clays, marls and rarely sandy marls, and locally with sands in deltas. In the Sava Depression, these sediments consist of clays and fine-grained sandstones interbedded with thin coal layers, gravel, sand and cly (see Figure 1). During the Quaternary, the deposited sediments are typical for glacial and interglacial areas [15]. The youngest beds are unconsolidated loess, clay, humus, gravel and sand.




1.2. Stratigraphy and Depositional Mechanisms of the Selected Area within the Sava Depression


Interpreted reservoirs are located in the Sava Depression (see Figure 2) and their description generally fits the basin evolution. The two studied reservoirs are from the Neogene and include deeper reservoir, “UP” of Upper Pannonian age and a younger and shallow reservoir, “LP” of Lower Pontian age. Both of them belong to the hydrocarbon field “A” (Figure 2). The structure of hydrocarbon field “A” is one of pull-apart forms, where sedimentation started with the deposition of turbidity sandstones. Two of those sandstones are described in this paper as the oil-prone “UP” reservoir, and the gas-prone “LP” reservoir. Based on the wells cuttings, they consist of a medium to fine grained sandstones in constant intercalations with basinal marls. The porosity is intergranular.



A normal sequence of chronostratigraphic units of the Sava Depression, determined from the deepest wells in the field, is as follows: Quaternary, Pliocene, Upper and Lower Pontian, Upper and Lower Pannonian and Middle Miocene (Figure 3). The lithology includes conglomerates, sandstones, shale sandstones, limey marls, sandy marls and their transitional forms (see Figure 3).





2. Mapping of the “UP” and “LP” Reservoirs


Seismic survey was recorded in 1998 and 1999 with more or less standard acquisition parameters (combination of dynamite and vibroseis sources, linear 16 s sweeps with frequencies between 8–80 Hz, line spacing from 300 to 400 m, distance between shot points and receiver groups of 50 m, nominal fold around 40 and bin size of 25 m × 25 m). Line orientation are SW–NE with azimuth of 144.85°. Both vertical and lateral resolution are 30 m and SEG (Society of Exploration Geophysicists) display convention is positive standard polarity.



Seismic data reprocessing was done in 2010 using up to date processing techniques, starting with the carefully designed match filter and 3D pre-stack noise attenuation techniques continuing with reliable and globally consistent long wavelength refraction static solution and ended with Kirchhoff pre-stack time migration flow. Also applying new, highly sophisticated methods in post-stack processing such as 3D Tau-p filter, coherence and signal continuity are highly improved. The new image allows for a much easier interpretation of complex geological structural–tectonic relationships and a better insight into stratigraphy.



The sweetness seismic attribute is a combination of two attributes (Envelope and Instantaneous Frequency) and is usually used for the identification of seismic features where the overall energy signatures change in the seismic data [1,7]. This combination results in a clearer picture in relation to the individual images of the basic seismic attributes.



The “UP” reservoirs are at a depth of −1800 to −2100 m and the “LP” reservoir at −1500 to −1750 m. Input data for porosity and thickness mapping were well data (222 wells in the “UP” reservoir and 277 wells in the “LP” reservoir). Quantitative log analysis of porosity derived from Neutron–Density and Spontaneous potential logs. The “UP” and “LP” tops and bottoms were defined by well to well correlation. Differences between tops and bottoms of the reservoir represent zone thickness used for isochore mapping. Porosity–thickness maps show the multiplied average porosity map and isochore map. Both of these variables (porosity and thickness) describe the quality of the reservoir [8]. The assumption is that better reservoir quality is located in the channel center rather than in the edges, i.e., the center of the channel should have higher values of porosity and thickness. The flowchart shown in Figure 4 describes the methodology of the study.



2.1. The Sweetness Seismic Attribute


The mathematical definition of the sweetness seismic attribute is basically Instantaneous Amplitude (reflection strength) divided by the square root of Instantaneous Frequency [1]. It is very useful in fluvial systems for the identification of isolated sand bodies because they generate stronger and broader reflections than the surrounding shales [7]. It becomes less useful in environments where sands and shales are highly interbedded or where contrasts in acoustic impedance between sands and shales are low [7]. Sweetness improves the imaging of sand intervals or bodies and identifies oil and gas prone places called “sweet spots” [2]. Radovich and Oliveros (1987) noticed that in young clastic sedimentary basins, sweet spots imaged on seismic data tend to have high amplitudes and low frequencies [2]. Hence, they arrived to the conclusion that high sweetness values most likely indicate oil and gas. According to Koson (2014), a plain view image of the sweetness attribute has been proven to show great detail on geomorphic features, such as sand bodies from point bars and distributary channels [3].



Mapped horizons of the “UP” and “LP” reservoirs are shown in Figure 5 in a seismic section. A positive flower structure is shown in Figure 5a). Poor quality of the seismic data is considered to be caused by structural movements, due to a heavily faulted area and possibly signal absorption related to fluid migration.



Figure 6 represent calculated sweetness seismic attribute in time windows of 4 and 8 ms around the “UP” and “LP” seismic horizons. Both of the horizons are interpreted, interpolated and plotted in Petrel (R). Figure 6a shows the sweetness attribute extracted parallel to the interpreted horizon “UP” in a range of 8 ms (4 ms above, and 4 ms below) around the horizon.



Figure 6b shows the sweetness attribute extracted parallel to the interpreted “LP” horizon in a range of 16 ms (8 ms above and 8 ms below) around the horizon. In the central part of the observed area, as mentioned above, seismic data is of poor quality but in the surrounding area, higher values of the attribute are visible in the shape of a channel-like reflection, which is associated with the sandstone distribution deposits of the “LP” reservoir.




2.2. Porosity—Thickness Maps


A geological model was constructed using PetrelTM software (Schlumberger, Houston, TX, USA). The input data set used for geological model construction for both the “UP” and “LP” reservoirs is comprised of 3D seismic interpretation for the structure definition, well log data, quantitative log analysis, core data and production data. All of this data has been integrated and analyzed in order to provide an accurate geological model. A 3D structural model enabled the construction of isochore maps. Zone is defined based on well logs data, i.e., by well to well correlation of the Spontaneous potential logs. Difference between top and bottom of the zone defined on the well logs represents zone thickness. Isochore maps were plotted by the “convert zone to isochore” option in Petrel (see Figure 7).



After structural model definition, a petrophysical model was defined. The analysis of petrophysical parameters was performed using the following data: (a) Quantitative log analyses of porosity, water saturations and shale volumes and (b) cored intervals–porosity measurements, khor and kver. Three sets of wells were used for the quantitative log analysis of porosity. The first set were “key wells”, which had Density–Neutron logs and cored intervals for porosity estimation. Selected wells were equally distributed through the field. The second set were wells with Neutron-Density logs, without cores. Porosity was calculated from Density–Neutron and corrected based on the first set of wells. The third set were old wells without Density–Neutron and cores. In those wells, porosity was calculated based on the Spontaneous potential log and corrected by the first two sets of wells. Log porosity was also corrected for overburden pressure, based on measurements made on the cores. The corrected porosity logs were then upscaled in the model representing input for porosity modelling. Upscaling is a process of averaging input data as a minimum, maximum or arithmetic in the model cells. In the upscaling process of the field “A” reservoirs (“UP” and “LP”), the scale-up method was an arithmetic average. Nevertheless, there are some uncertainties and errors derived from the scale-up method, i.e., if there were some thin sandy layers (thinner than the cell) with high porosity values, they would be ignored in the upscaling process and the average value at this location would be low. For porosity distribution of the “UP” and the “LP” reservoirs, variogram parameters such as model, range, sill and nugget were defined (see Figure 8).



Porosity was distributed using the deterministic ordinary kriging method, which is a mathematically advanced deterministic interpolation method for estimating variable values at the grid point [30,31]. The method is used to determine the spatial relationship between measured data and locations without any measurements where the values should be estimated. Since it uses local variance, the difference between the expected and estimated values is minimal. Geostatistical methods and their application in reservoir description are very well described in many papers [30,31,32,33,34,35,36,37,38,39,40,41]. From the distributed porosity in 3D model, average maps were created (see Figure 9).



The assumption was that both variables (porosity and thickness) can describe depositional channels, i.e., better porosities and higher thicknesses are positioned in the channel center, while lower porosities and thicknesses represent transitional lithofacies towards the basinal marls. Porosity–thickness maps were obtained by multiplying the average map of distributed porosity with isochore maps. It is clearly visible that those maps can better describe depositional channels than porosity or thickness maps separately (see Figure 10).





3. Results


Porosity–thickness maps were compared with the sweetness seismic attribute. Visually, there is a good match between them. The sweetness attribute as well as porosity–thickness maps reliably describe reservoir quality and locations of depositional channels in both the “UP” and “LP” reservoirs (see Figure 11 and Figure 12). Both of them show transported material in the general direction of NW-SE. Nevertheless, there are some differences in the mapped properties. Most of the mismatches are in areas of decreased reservoir thickness or without reservoirs, i.e., in the areas where basinal marls were deposited. It could be explained with a low resolution of seismic survey. Due to the seismic scale, seismic reflex covers a wider area, which means that the reflex could be affected with lower and deeper reservoirs. In the central part of the observed area, seismic data shows poor quality which is possibly caused by faulting or gas appearances in the shallow deposits.



It is visible especially in the areas where the observed reservoirs are very thin or absent. Therefore, it is possible to conclude that porosity–thickness maps are even better at describing depositional channels and reservoirs quality since they are a direct result of the data measured in the wells. Of course, this can apply only to areas covered with wells, but any extraction of the channels to a wider area cannot be done without seismic interpretation.



In order to prove a visual match between the sweetness seismic attribute and porosity–thickness maps, correlations between them was determined. Correlation was determined only for the “LP” reservoir. Values of the sweetness attribute at the well location, and the multiplied porosity and thickness values, also at the well locations, were normalized and compared for three cases. The first case is a comparison of all well data at the field (see Figure 13). The determination coefficient “r2” is 0.25 (correlation coefficient “r” is 0.5).



The second case represents only the north-eastern part of the reservoir where a clear depositional channel is visible (see Figure 14). This part of the reservoir is more representative than the whole reservoir in the first case because of higher thicknesses which means that the seismic attribute cannot be contaminated with deeper and lower sandstones. In this case, the general trend is much clearer and the determination coefficient “r2” is 0.42 (correlation coefficient “r” is 0.65).



The third case also represents the north-eastern part of the reservoir with a clear depositional channel, but all the noisy parts of a seismic survey are eliminated from the analysis (see Figure 15). This part of the reservoir is even more representative than the first two cases due to the high thickness of the reservoir and good seismic quality. Determination coefficient is “r2” is 0.73 (correlation coefficient “r” is 0.85).




4. Conclusions


Generally, this study proves that in case of a lack of seismic data, porosity–thickness maps, created from an abundant amount of well data, can be used to describe depositional channels of turbidity sandstones deposited during the Upper Pannonian and Lower Pontian periods in the Sava Depression. This applies only to areas covered with wells. Any extraction of a turbidity channel cannot be done without seismic data.



The analyzed reservoirs “UP” and “LP” of field “A” deposited in the Sava Depression through turbidity currents sourced from the Eastern Alps. Location of the depositional channels could be only assumed based on the average porosity or isochore maps. By multiplying them (porosity–thickness maps), depositional channels become clearly visible. The sweetness attribute and porosity–thickness maps confirm the existence of the turbidity channels and the regional material transport direction.



A comparison of the sweetness seismic attribute and porosity–thickness maps show a good visual match for both the “UP” and the “LP” reservoirs. Still, there is a mismatch, especially in areas with decreased reservoir thickness or in areas where basinal marls were deposited. The reason for that is a low resolution of seismic data. If the analyzed reservoir is thin, that interval could include deeper or shallower sandstones deposited below or above the analyzed strata. Unlike the sweetness attribute, porosity thickness maps are based on the well data. From that point of view, locations of the depositional channels and different lithofacies can be better described with porosity–thickness maps. An important condition is an abundant amount of well data, which makes a petrophysical model reliable.
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Figure 1. Stratigraphic column, megacycles, environments, tectonic phases and lithology in the Sava Depression [28]. 
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Figure 2. Location of the analyzed area [22]. 
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Figure 3. General chronostratigraphy–lithofacies column of field “A”. 
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Figure 4. Flowchart of applied methodology. 
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Figure 5. Seismic section of the mapped horizons (a) “UP” (Upper Pannonian) reservoir and (b) “LP” (Lower Pontian) reservoir. 
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Figure 6. Sweetness attribute showing (a) an interval of 4 ms above and 4 ms below “UP” horizon and (b) an interval of 8 ms above and 8 ms below “LP” horizon [29]. 
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Figure 7. Isochore map of the (a) “UP” reservoir and (b) “LP” reservoir. 
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Figure 8. Variograms of the porosity of the “UP” and “LP” reservoirs. 
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Figure 9. Porosity map of the (a) “UP” reservoir and (b) “LP” reservoir. 
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Figure 10. Porosity–thickness map of the (a) “UP” reservoir and (b) “LP” reservoir [29]. 
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Figure 11. Comparison of the sweetness attribute and porosity–thickness map of the “UP” reservoir. 
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Figure 12. Comparison of the sweetness attribute and porosity–thickness map of the “LP” reservoir [29]. 
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Figure 13. Correlation of the sweetness attribute and porosity–thickness map of the “LP” reservoir [29]. 
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Figure 14. Correlation of the sweetness attribute and porosity–thickness map of the north-eastern part (NE part) of the “LP” reservoir [29]. 
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Figure 15. Correlation of the sweetness attribute and porosity–thickness map of the best part of the “LP” reservoir with clear seismic survey measurements. 
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