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Rock properties at cm-scale impact geological carbon storage by enhancing capillary and mineral trapping. Hence, it is important to accurately capture their distribution in geo-models which are used for numerically estimating the fate of injected CO2. However, there could be high variability in the cm-scale distribution of rock properties even close to wells which is not captured with traditional workflows. This study explores the impact of grid cell resolution, seismic inversion and placement of an additional well in proximity to CO2 injection well on improving the representation of cm-scale lithological heterogeneity in the near well bore region in geological models. We utilize wireline and seismic data from Parasequence-2 of the Paaratte Formation, Otway Basin, Australia, which is a shallow to coastal marine deltaic deposition comprising a high degree of lithological heterogeneity and a prospective unit for pilot scale geological carbon storage operations. The data was used to prepare a suite of reservoir models capturing the impact of above factors on the plausible distributions of facies, porosity and permeability in the formation. The analysis suggests that smaller grid cell size (1 m × 1 m × 0.3 m) compared to the typical industry standard (10 m × 10 m × 2 m) significantly improves the representation of cm-scale rock properties. Additionally, stochastic seismic inversion could play an important role in capturing rock property distribution even for smaller CO2 storage sites used for pilot scale injection operations. Further, we show that the placement of an additional well only 116-m away from the CO2 injection well can drastically improve the probability in the distribution of cm-scale rock properties in reservoir models.
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1 INTRODUCTION
Geological carbon storage is a promising technology aimed at mitigating the rising CO2 concentration in the atmosphere (Metz et al., 2005). It involves injecting CO2 in the sub-surface, typically deeper than 800 m, where the gas is stored via structural, capillary, dissolution and mineral trapping mechanisms (Benson and Orr, 2008; Metz et al., 2005). The presence of cm-scale fluid flow barriers, also known as intraformational baffles (Gibson-Poole et al., 2009; Yu et al., 2017), enhance capillarity (Boon and Benson, 2021; Boon et al., 2022) and fluid-rock reactions (Hermanson and Kirste, 2013; Higgs et al., 2015; Mishra et al., 2023), further improving CO2 trapping capacities. Hence, it is important to accurately represent cm-scale variations in rock properties in geological models, which are used as the basis for running numerical simulations for estimating CO2 storage capacities (Pyrcz and White, 2015). The neglection of intraformational baffles in geological models might manifest as erroneous prediction of fluid flow at the site of interest (Dasheng, 2010; Qi and Zhang, 2009; Preux, 2016).
Conventionally, rock property representation in geological models is based on the integration of multi-scale information including seismic, wireline and core data which allows capturing geological features from kilometre to centi-metre scale (Cannon, 2018; American Petroleum Institute, 1988). However, the resolution of geological models is typically limited to a few 10s of metres horizontally and a few metres vertically to keep numerical simulations computationally feasible (Christie, 1996; Ringrose et al., 2008). Such coarse grid cell sizes essentially result in an under-representation of intraformational baffles in geological models (Branets et al., 2009). However, recent success in the development of reduced physics methods presents an opportunity for using high-resolution geological models in simulations (Gupta and Li, 2022; Kim et al., 2017; Mishra et al., 2024; Ni et al., 2021; Thanh and Lee, 2022; Wen et al., 2021).
Apart from grid cell size, the distance between the wells used to model the reservoir can also significantly impact the distribution of cm-scale rock properties. Usually, the wells could be placed several hundreds of metres apart in large operation fields to manage high costs of drilling. This could lead to a large uncertainty in the distribution of intraformational baffles in the inter-well region where seismic data is the only source of information (Ani et al., 2016; Bentley and Woodhead, 1998; Demyanov et al., 2019; Pyrcz and White, 2015). However, seismic data can at best capture large scale geological bodies due to its coarser resolution (Ringrose et al., 2008).
This study explores the impact of grid cell resolution and the importance of drilling wells in close proximity on the distribution of cm-scale rock properties in geological models. The analysis is based on the data from Parasequence-2 of the Paaratte Formation which is located within the Otway Basin, Australia (Dance, 2013). The parasequence comprises a high proportion of intraformational baffles (Dance, 2013) and is a prospective site for pilot scale CO2 storage operation as part of the GeoCquest Field Validation project. The project aims at using advanced reservoir modelling and numerical simulation approaches to blindly predict the migration and trapping of CO2 in the lithologically heterogeneous parts of the Parasequence and validate plume migration against real-time post-injection data. The project would involve an injection of about 10,000 tons of CO2¬ at a rate of approximately 150 tons/day and monitoring CO2 plume migration and saturation variation using seismic and pulsed neutron logging techniques. The site has been characterised in detail using seismic and wireline log data from 8 wells prior to the project. The project also involved the drilling of a new monitoring well located only 116 m away from the injection well.
This paper presents the geo-modelling component of the project focusing on appropriately capturing the variations in the distribution of cm-scale rock properties between the injection and the monitoring wells. We employ different approaches for building geo-models ranging from industry standard approach to advanced geo-modelling method where smaller grid cell sizes and stochastic seismic inversion is utilized to obtain a more confident distribution of intraformational baffles. The additional value of having another well and respective core and wireline log data in close proximity to the injection well is also analysed.
2 STUDY AREA
2.1 Overview
The study is based on data from CO2CRC Limited’s Otway International Test Centre, which hosts a sub-surface CO2 injection facility for pilot scale projects. The site is located about 300 km southwest of Melbourne (Australia) and is part of the Otway Basin (Figure 1). In the sub-surface, the injection interval lies within the Parasequence-2 of the Paaratte Formation.
[image: Figure 1]FIGURE 1 | Location of the CO2CRC Limited’s Otway international test centre within the Otway basin (modified after Mishra et al., 2023).
2.2 Basin evolution
Otway Basin lies along the south-eastern margin of the continent of Australia and occupies an area of 150,000 km2 with a maximum thickness of 8 km (Dance, 2013). The basin originated in Tithonian-Barremian in a rift-to-passive margin setting coinciding with the separation of Australia and Antarctica (Dance, 2013; Holford et al., 2011; Willcox and Stagg, 1990). The rifting resulted in thermal and passive margin subsidence (Cande and Mutter, 1982; Dance, 2013). This was followed by six major cycles of sea level change between Late Cretaceous and Quaternary which led to the formation of five groups (oldest to youngest): Otway, Sherbrook, Wangerrip, Nirranda and Heytesbury. The Otway Group formed by tectonic activity where sediments ranged from volcaniclastic at the base to fluvial and shallow lacustrine at the top and comprised interbedded carbonaceous shale, basalts with interbedded volcaniclastic sandstone, mudstone and coal (Woollands and Wong, 2001). The Sherbrook Group was deposited under marginal marine conditions within a low stand system tract at the base to upper deltaic plain environment within a high stand system tract at the top (Boyd and Gallagher, 2001; Woollands and Wong, 2001). In terms of sediment composition, the group comprises shale, black pyritic mudstone, siltstone, interbedded calcareous sandstone and coarse-grained sandstone (Woollands and Wong, 2001). The Wangerrip Group consists of transgressive-regressive units deposited in a low energy marginal marine environment at the base to shallow-marine environment at the top and consists of carbonaceous claystone, mudstone and sandstone (Woollands and Wong, 2001). The Nirranda Group developed under open marine conditions and consists of mixed carbonates and siliciclastic sediments. The topmost Heytesbury Group deposited under inner shelf conditions at the base to mid-shelf conditions at the top. The group is characterised by open marine carbonate sequences (Woollands and Wong, 2001).
For the current study, the stratigraphic interval of interest is a part of the Paaratte Formation belonging to the Sherbrook Group. The formation occurs between depths of 1120–1570 m where the deposition took place under a lower delta plain environment (Boyd and Gallagher, 2001; Dance, 2013). Structurally, the Paaratte Formation is a low dipping faulted anticline with dip ranging between 2° and 5° towards the north (Dance, 2013). The formation comprises three member units, Unit A, Unit B and Unit C. Unit A (lowermost) comprises three-fourth order parasequences with Parasequence-1 at the bottom and Parasequence-3 at the top (Dance, 2013). The current study utilizes data from Parasequence-2 which is composed of coastal to shallow marine deltaic sequence (Boyd and Gallagher, 2001; Dance, 2013). In terms of lithology, the parasequence comprises sandstone, siltstone and mudstone with carbonate-cemented intervals (Woollands and Wong, 2001). The data depicts the presence of mm-to cm-scale lithological heterogeneity (Mishra et al., 2019).
3 AVAILABLE DATA
The data utilized in this study was provided by CO2CRC Limited and included facies and wireline logs and seismic data. The logs were available from the 9 wells in the study area: CRC-1, CRC-2, CRC-3, CRC-4, CRC-5, CRC-6, CRC-7, CRC-8 and Naylor-1. Out of these, CRC-3 and CRC-8 serve as CO2 injection and monitoring wells, respectively. Additionally, information on fault surfaces was also available. The following sections provide a detail overview of the available datasets.
3.1 Facies and wireline logs
The facies logs for the 9 wells showed the presence of 4 depositional facies environments: delta front, distal mouth bar, proximal mouth bar and distributary channel. Additionally, the presence of carbonate-cement, a post-depositional facies caused by the diagenesis of sandstones (Dance, 2013), was also identified. The reservoir section comprised primarily of 3 facies: proximal mouth bar, distributary channel and carbonate-cement. The delta front facies existed as a caprock unit while distal mouth bar was proportionally insignificant. The facies logs are shown in Figure 2.
[image: Figure 2]FIGURE 2 | Available facies logs for the 9 wells in the study area for Parasequence-2. The reservoir unit comprises three facies-proximal mouth bar, distributary channel and carbonate-cemented intervals.
The wireline data included sonic, gamma ray, density, neutron porosity and total permeability logs (Figure 3). The sonic and the density logs were available for Naylor-1, CRC-1, CRC-2 and CRC-3 wells while the other logs were available for all the wells. The logs had a resolution of 10 cm for the Naylor-1 well, 15 cm for CRC-1 and CRC-2 wells and 5 cm for the other wells.
[image: Figure 3]FIGURE 3 | Available wireline logs (DTCO: compressional wave delay time, GR: gamma ray, PHIT: neutron porosity, RHOZ: density and KTIM: total permeability) for the CRC-3 and CRC-8 wells. Similar logs were available for the other wells in the study area.
3.2 Seismic data
The available 3D seismic data (Figure 4) had a lateral resolution of 7.5 m × 7.5 m and a sampling rate of 2 milli-seconds. The high-resolution data was sampled with a dominant frequency range spanning from 8 Hz to 60 Hz. The high sampling rate along with wide range of frequency allowed picking up not only regional scale structural and stratigraphic features, but also fine scale features captured by seismic waveforms.
[image: Figure 4]FIGURE 4 | Available seismic data for the study area in (A) plan view; and (B) cross-sectional view. The yellow outline and circles in figure (A) show the boundaries of the modelled region and well-top locations, respectively. The cross-sectional view in figure (B) is shown for the composite line A-A′ represented in figure (A). The location of wells is superimposed. Wells CRC-6 and CRC-7 are deviated wells drilled from the same well-top.
4 METHODOLOGY
4.1 Modelled realizations and resolutions
Four different modelling approaches have been tried in this study. The first approach represents the conventional industry-standard geomodelling method where grid cell sizes are limited to 10 m laterally and 2 m horizontally. Additionally, seismic data was not used under this approach considering the argument that the coarser resolution of the seismic data might not be useful to improve rock property distribution for a pilot project site which is relatively smaller compared to a commercial scale CO2 storage site. The second approach uses the same grid resolution but includes seismic data. The third approach utilizes high-resolution grid with a cell size of 1 m laterally and 30 cm vertically and is aimed to better capture the distribution of intraformational baffles in the reservoir. However, seismic data was not included in this approach. The final approach utilizes the higher resolution grid along with seismic data. Additionally, the impact of having a monitoring well located only 116 m away from the injection well on rock property distribution is also presented for each of the approaches. Together, these approaches allow a holistic comparison of the plausible distributions of facies, porosity and permeability in the parasequence as well as an assessment of the impact of grid cell resolution, seismic inversion and the proximity of the wells. The rationale behind high-resolution scenarios was to capture the details of lithological variability while the low-resolution scenarios were aimed at achieving computational boost for subsequent dynamic simulations. The low-resolution models were developed independently to high-resolution models rather than upscaling the latter. The scenarios also allow to estimate the reduction in uncertainty of rock property distribution by including seismic data as well as the presence of monitoring well. Seismic inversion could be particularly important in detecting the distribution of carbonate-cemented intervals within sand- and siltstone units. Such cemented intervals could serve as baffles significantly affecting fluid and multiphase flow in reservoirs (Gibson-Poole et al., 2009). The total number of grid cells in the high-resolution realizations were ∼270 million while the low-resolution models comprised a total of ∼0.5 million cells. The modelling was carried out in the Petrel™ software package.
4.2 Seismic inversion
Inversion was performed on seismic data using the deterministic and the stochastic approaches. Deterministic seismic inversion strives to derive a singular, best-fit model for subsurface parameters by minimizing the disparity between observed and predicted seismic responses. This approach assumes that the subsurface is defined by unique and well-understood properties. In contrast, stochastic seismic inversion integrates well log data to generate a spectrum of plausible models instead of a single deterministic solution. This approach acknowledges the inherent uncertainties in subsurface conditions. It employs statistical methods to downscale the seismic data to address uncertainties in subsurface properties, contributing to a more thorough comprehension of subsurface heterogeneity. Both deterministic and stochastic inversion methodologies are integral to reservoir characterization and the selection between the two hinges on the geological intricacy of the region and the extent of uncertainty factored into the modelling process (Rashad et al., 2022).
Seismic inversion was undertaken using data from five vertical wells, namely CRC-1, 2, 3, 8 and Naylor-1. These wells were selected due to the availability of sonic, density, and check-shot information. The initial steps involved check-shot correction to refine the seismic data, followed by wavelet estimation and synthetic well tie processes. The deterministic and the statistical methods were both tested for wavelet estimation and the latter approach was chosen. Subsequently, a low-frequency model (LFM) was generated using a 12 Hz cut-off, setting the basis for seismic deterministic inversion. This was further used to derived 25 realizations based on a combination of geostatistical analysis and Bayesian inversion, leveraging both horizontal and vertical variograms of the acoustic impedance (AI) log. This comprehensive methodology enhances the reliability of our seismic inversion results, contributing to a more accurate representation of subsurface structures.
The acoustic impedance and porosity logs (Figure 5) were correlated to develop seismic porosity and facies cubes. The correlation coefficient was −0.73 indicating the existence of a strong relationship between the two variables. By leveraging this correlation, seismic inversion methodologies facilitate the estimation of subsurface porosity and ultimately seismic facies.
[image: Figure 5]FIGURE 5 | Correlation between porosity logs and acoustic impedance.
The stochastic inversion was implemented on the modelled domain discretised into a grid cell sizes of 1 m × 1 m × 0.3 m.
4.3 Property modelling
The distributions of three reservoir properties: facies, porosity and permeability were modelled for the domain of interest using the methods described below.
4.3.1 Facies modelling
The distribution of facies within the reservoir section of the model was derived using the Sequential Indicator Simulation (SIS) approach. The SIS method is widely utilized in reservoir characterization, specifically for the modelling of spatial distributions of categorical variables such as geological facies. The method relies on a training image that represents the spatial variability of the categorical variable, capturing intricate patterns and relationships within geological formations of interest. The categorical variable is transformed into binary representations through the use indicator variables, indicating the presence or absence of specific categories at each location. The SIS method involves simulations for each location along a random path through the model space. A crucial aspect of its effectiveness lies in the conditional simulation step, where the simulation at a given location is influenced by the observed data in its proximity, establishing a conditional probability distribution. The algorithm iteratively repeats this process for each location, gradually constructing a simulated distribution that replicates the spatial patterns observed in the training image and the conditioning data (Zhou et al., 2018). Post-processing steps may be applied subsequently to ensure the model aligns with statistical properties and the known spatial patterns. Further confidence in the accuracy and reliability of the generated facies model is gained through validation against well data.
The SIS approach relies on the implementation of variograms which were derived for each of the three facies comprising the reservoir section. A spherical variogram was fit to the facies log data for the two resolutions of interest to derive the major, minor and vertical ranges as well as azimuth were derived. Additionally, separate variograms were derived for pre- and post-drilling of the monitoring well (Supplementary Tables S1–S4). The high- and the low-resolution models had the same major and minor ranges and the azimuths. However, the vertical range had minor differences. The inclusion of the monitoring well slightly changed the variograms ranges (Supplementary Tables S1–S4).
4.3.2 Porosity modelling
Porosity distribution in the modelled domain was implemented using Gaussian Random Function Simulation (GRFS) which is a geostatistical method for simulating the spatial distribution of subsurface attributes such as porosity and permeability. GRFS is a conditional simulation method based on parallel kriging. GRFS utilizes gaussian distributions to generate spatially correlated values throughout the reservoir area. This is achieved by generating random values of porosity at each grid cell based on the average property value and a covariance function.
The distribution of porosity also requires variogram based parameters which were derived by fitting spherical variograms to the observed neutron porosity data for each of the three facies within the reservoir section. The major and minor ranges and the azimuth were same as the variogram parameters for the three facies models for both the resolutions. However, the vertical range for the porosity variograms were different (Supplementary Tables S5–S8). Again, separate variograms were derived for pre- and post-drilling of the monitoring well (Supplementary Tables S5–S5).
Additionally, porosity distribution was conditioned to facies distribution to ensure consistency across the two approaches. For the scenarios where seismic data was incorporated, the average of seismic porosity values was used as a secondary variable. This allowed integration of seismic trend and variogram parameters.
4.3.3 Permeability modelling
Variograms based on total permeability logs were derived to capture the spatial continuity of permeability within the reservoir. Similar to facies and porosity, spherical variograms were fit to the observed data with only the vertical ranges different for the two resolutions (Supplementary Tables S9–S12). The modelled porosity described in the previous section was used as a secondary variable to further constrain the distribution of permeability. This approach acknowledges the inherent correlation between porosity and permeability. Additionally, permeability modelling was conditioned to facies distribution (see section 4.3.1), ensuring that the generated permeability field honours the spatial distribution of geological facies within the reservoir. This integrated methodology provides a comprehensive representation of the permeability field, considering both the inherent correlations between porosity and permeability and the influence of facies on fluid flow properties. Separate variograms were derived for pre- and post-drilling of the monitoring well (Supplementary Tables S9–S12).
The vertical variograms for the high-resolution scenarios for the three facies and their porosity and permeability variations is shown in Supplementary Figure S1. The modelled variograms showed a close match with the observed lag distances for the 3 facies geo-bodies (Supplementary Figure S1A–C). However, there was slight mismatch between the two values for porosity (Supplementary Figure S1D–F) and permeability (Supplementary Figure S1G–I) distributions within the three facies. The mismatch was more pronounced for the carbonate-cemented facies (Supplementary Figure S1F, I) primarily due to the low sample size.
A summary of the modelling workflows and the mathematical background of different algorithms implemented in this study are provided in the Supplementary Material Section 1.
5 RESULTS
The results are shown for one realization from each of the four approaches to present the variation in the distribution of properties.
5.1 Seismic inversion, seismic porosity and seismic facies
Deterministic seismic inversion captured large scale distribution of geological bodies and did not vary much pre- and post-drilling of the monitoring well, CRC-8 (Figures 6A, B). On the contrary, stochastic seismic inversion was able to capture high-resolution variation of geo-bodies which was sensitive to the presence of the CRC-8 well (Figures 6C, D). It must be noted that the vertical resolution of seismic amplitude and acoustic impedance derived using deterministic inversion are the same. However, the application of stochastic inversion improves the resolution of acoustic impedance as the well log data is integrated. The inclusion of the monitoring well resulted in better capturing of fine layers with high acoustic impedance, especially between CRC-3 and CRC-8 wells (Figure 6D). The acoustic impedance map was transformed to the distribution of seismic porosity (Figures 6E, F) using the relationship shown in Figure 5. This was done by averaging seismic porosity maps for 25 realizations obtained after stochastic inversion. Hence, the obtained seismic porosity maps (Figures 6E, F) seem smoothened. The values for 25 realizations were averaged in order to remove the effect of noise in the subsequent porosity modelling step. The seismic porosity distribution showed high porosity values between the depths of 1,430–1,450 m close to the CRC-3 well and between 1,400–1,420 m close to the CRC-1 well (Figures 6E, F). A major low porosity body was identified between the wells CRC-3 and Naylor-1. Additionally, two low porosity streaks were captured around the depths of 1,425 m and 1,460 m around the CRC-1 well (Figures 6E, F). Seismic porosity was quite sensitive to the presence of the monitoring well. It was observed that the inclusion of CRC-8 well resulted in better capturing of the low porosity zones between CRC-3 and CRC-8 as well as CRC-8 and Naylor-1 wells.
[image: Figure 6]FIGURE 6 | Deterministic seismic inversion for the scenarios (A) before; and (B) after drilling CRC-8 well. Stochastic seismic inversion for the scenarios (C) before; and (D) after drilling CRC-8 well. Seismic porosity for the scenarios (E) before; and (F) after drilling CRC-8 well. Wireline porosity logs are superimposed on figures (E) and (F) for comparison.
The seismic porosity distribution was used to derive the probabilities of the three reservoir facies with high, mid and low values representing the presence of proximal mouth bar (Figures 7A, B), distributary channel (Figures 7C, D) and carbonate cement (Figures 7E, F). The proximal mouth bar facies was dominantly present in the shallower and the deeper sections between the CRC-3 and Naylor-1 wells while a dominant carbonate cemented body was characterised between the two wells. However, the distribution of the three facies, especially carbonate-cement, was sensitive to the presence of the monitoring well. The inclusion of CRC-8 well resulted in capturing thin streaks of the carbonate-cement facies between the CRC-3 and CRC-8 wells.
[image: Figure 7]FIGURE 7 | Probability of the proximal mouth bar facies for the scenarios (A) before; and (B) after drilling CRC-8 well. Probability of the distributary channel facies for the scenarios (C) before; and (D) after drilling CRC-8 well. Probability of the carbonate cement facies for the scenarios (E) before; and (F) after drilling CRC-8 well.
5.2 Facies and rock property distribution
The distributions of facies, porosity and permeability for one realization from each of the four approaches are presented in Figures 8–11. Overall, proximal mouth bar was the dominant facies followed by distributary channel and carbonate-cement. The first approach, which concurs with a more conventional industry standard choice of grid cell size and the exclusion of seismic data captures a very coarse scale distribution of the three geological facies (Figures 8A, B). With this approach, it was observed that the proximal mouth bar and distributary channel facies occur as continuous layers between CRC-3 and Naylor-1 wells if the monitoring well, CRC-8, did not exist. However, additional data of the newly drilled CRC-8 well altered the continuity and the thickness of these layers, especially for the distributary channel facies. The lateral continuity of the carbonate cemented facies was better captured in the scenario including the monitoring well. Consequently, the distribution of porosity (Fig, 8c,d) and permeability (Figures 8E, F) followed facies distribution in both the approaches. A high porosity-permeability layer was captured in the middle section of the reservoir for both the scenarios pre- and post-drilling of the CRC-8 well. However, the lower section of the reservoir showed lower porosity and permeability values in the realization including the monitoring well (Figures 8D, F).
[image: Figure 8]FIGURE 8 | Distribution of geological facies (A) pre-; and (B) post-drilling of the monitoring well. Distribution of porosity (C) pre-; and (D) post-drilling of the monitoring well. Distribution of permeability (E) pre-; and (F) post-drilling of the monitoring well. These results are shown for the approach with grid cell size of 10 m × 10 m × 2 m excluding seismic data. Wireline logs of the respective properties are superimposed for comparison.
[image: Figure 9]FIGURE 9 | Distribution of geological facies (A) pre-; and (B) post-drilling of the monitoring well. Distribution of porosity (C) pre-; and (D) post-drilling of the monitoring well. Distribution of permeability (E) pre-; and (F) post-drilling of the monitoring well. These results are shown for the approach with grid cell size of 10 m × 10 m × 2 m including seismic data. Wireline logs of the respective properties are superimposed for comparison.
[image: Figure 10]FIGURE 10 | Distribution of geological facies (A) pre-; and (B) post-drilling of the monitoring well. Distribution of porosity (C) pre-; and (D) post-drilling of the monitoring well. Distribution of permeability (E) pre-; and (F) post-drilling of the monitoring well. These results are shown for the approach with grid cell size of 1 m × 1 m × 0.3 m excluding seismic data. Wireline logs of the respective properties are superimposed for comparison.
[image: Figure 11]FIGURE 11 | Distribution of geological facies (A) pre-; and (B) post-drilling of the monitoring well. Distribution of porosity (C) pre-; and (D) post-drilling of the monitoring well. Distribution of permeability (E) pre-; and (F) post-drilling of the monitoring well. These results are shown for the approach with grid cell size of 1 m × 1 m × 0.3 m including seismic data. Wireline logs of the respective properties are superimposed for comparison.
The second approach, which follows the same grid cell size but includes seismic data, showed similar distribution of the three reservoir properties, except for capturing a large cemented body between CRC-3 and Naylor-1 wells (Figure 9). As a result, the reservoir showed a large blob of low porosity and permeability material in the middle section (Figures 9C, E).
The third approach, where higher resolution grid cells were implemented but seismic data was excluded, showed an improved representation of lithological heterogeneity (Figure 10). Specifically, the distributary channel facies was observed to exist as an amalgamation of several thin streaks often inter-tonguing with the proximal mouth bar facies (Figures 10A, B). The realization including CRC-8 well was able to capture several thin streaks of carbonate cements between the injection and the monitoring wells (Figure 10B). The petrophysical property maps showed the presence of a high porosity (Figures 10C, D) and high permeability (Figures 10E, F) layer in the middle of the reservoir. Additionally, low permeability zones were identified in the shallower and deeper sections of the reservoir. However, the thickness of such low permeability zones was more pronounced in the scenario incorporating the data from the CRC-8 well. Additional low porosity and permeability streaks were observed in the lower portion of the reservoir between the injection and the monitoring wells in the realization incorporating CRC-8 data (Figures 10D, F).
The fourth approach, with high resolution grid cells and inclusion of seismic data, showed similar results as the third approach with the additional presence of a large carbonate cemented body between CRC-8 and Naylor-1 wells.
The lateral distributions of the three reservoir properties are presented in Supplementary Figures S2–S7.
6 DISCUSSION
6.1 Impact of grid cell resolution, seismic inversion and a proximal monitoring well on improving near well bore heterogeneity distribution
The study shows that implementation of a high-resolution grid plays an important role in honoring sub-metre scale lithological heterogeneity in geological models. The low-resolution models (Figures 8A, B) presented a simplified distribution of the three facies bodies in the inter-well region, which mostly following a layer-cake geometry. On the contrary, the high-resolution realizations (Figures 10A, B) captured the details of lithological heterogeneity even at the facies level. These realizations showed intercalated facies comprising proximal mouth bar and distributary channel. Similarly, the distribution of carbonate facies followed a blocky pattern in the low resolution models while the high resolution models captured fine streaks of carbonates. The impact of resolution was more evident in the property models with the high-resolution models showing sub-metre scale variations in porosity and permeability (Figures 10C–F, 11C–F) while these variations were neglected in the models with conventional grid cell sizes (Figures 8C–F, 9C–F).
The results show the significance of including seismic data as it provides useful insights, especially in capturing the cemented body between the CRC-8 and Naylor-1 wells along with smaller carbonate cemented sandstones. This body would be missed if seismic data is excluded and facies distribution is solely constrained by wireline and facies logs. Additionally, fine scale variations in the distribution of carbonate-cement was picked up due to the implementation of stochastic inversion in contrary to deterministic inversion, which was largely unaffected by the inclusion of the monitoring well.
Furthermore, the importance of having a monitoring well only 116-m away from the injection well was highlighted. The geo-models incorporating data from the CRC-8 well better captured the presence of thin streaks of potential fluid flow barriers in the near well bore region of the injection well. The geo-models derived before drilling the monitoring well significantly under-estimated the presence of low porosity geo-bodies close to the injection well. In addition to the better representation of heterogeneity, the inclusion of CRC-8 well also helped in updating the lower boundary of the parasequence (Figure 12). It was found that the bottom reservoir boundary had a higher dip than previously though before drilling of the CRC-8 well. This could have important implications on the buoyancy driven migration of the injected CO2.
[image: Figure 12]FIGURE 12 | Porosity distribution derived before drilling of the CRC-8 well superimposed against the updated model boundaries (black outlines) defined after drilling of the CRC-8 well. Results show that the bottom reservoir boundary between CRC-3 and CRC-8 wells could have a steeper dip than previously thought.
The results presented in this study showed that it could be useful to develop reservoir models with sub-metre scale grid cell sizes as these models better capture the presence of high and low porosity and permeability streaks. Additionally, the inclusion of seismic data could be useful even if the reservoir domain is small and targeted only for pilot project scale CO2 injection operations as seismic data better incorporates the presence of inter-well geo-bodies. Finally, the drilling of the CRC-8 well showed that for reservoirs with a high degree of lithological heterogeneity, there could be a large uncertainty in the distribution of sub-metre scale rock properties even in the near well bore environment.
6.2 Uncertainty in the continuity of carbonate cements between the injection and the monitoring wells
The purpose of the pilot CO2 injection project is to assess the prediction capabilities of CO2 migration and trapping in siliciclastic reservoirs with a high degree of lithological heterogeneity. For this purpose, the lower section of the Parasequence-2 has been chosen as the CO2 injection zone as it comprises proximal mouth bar facies with cm-scale variations in the distribution of intraformational baffles (Figure 13). This interval is enveloped on top and bottom by carbonate-cements which could serve as potential barriers to the flow of CO2 and guide the gas towards the monitoring well. Hence, it is important to understand the continuity of the two cemented horizons between CRC-3 and CRC-8 wells.
[image: Figure 13]FIGURE 13 | CO2 injection interval and the distribution of carbonate cements as its top and bottom boundaries as modelled before drilling of the CRC-8 well. The right-most edge of the black box indicates the potential location of the CRC-8 well. These realizations were prepared using high-resolution grid and seismic data.
The modelling conducted pre-drilling of the monitoring well, CRC-8, suggested that the two cement units may not be continuous between the injection and the monitoring wells (Figure 13). This implies that the injected CO2 would more likely migrate upwards from the injection interval rather than flowing laterally towards the location of the monitoring well.
However, the geo-model realizations developed post drilling of the CRC-8 well suggested that the bottom carbonate horizon could be continuous between the injection and the monitoring wells (Figure 14). But there was uncertainty on the continuity of the top carbonate cemented interval. Different realizations suggested different degrees of continuity of the top cement unit between the two wells. To further explore this, we looked into well log correlation and core images.
[image: Figure 14]FIGURE 14 | CO2 injection interval and the distribution of carbonate cements as its top and bottom boundaries as modelled after drilling of the CRC-8 well. Different realizations suggest that the top cement body of interest may have (A) little; (B) partial; and (C) complete continuity between the injection and the monitoring wells. These realizations were prepared using high-resolution grid and seismic data.
Core descriptions and photos show that the lower Parasequence 2 section in CRC-3 and CRC-8 intersects a similar stratigraphic section, with both wells characterised by a sequence of heterolithic sands, silts and clays interbedded with laminated sands. It has been shown that the most texturally and compositionally mature sandstones are preferentially cemented in the Paaratte Formation found within proximal mouth bar settings (Bunch, 2020). Two carbonate cemented bands are correlated across the lower injection zone (Figure 15). In CRC-3, a thick (∼2 m) carbonate cemented sandstone interval is present at ∼1,460 m (SSTVD) (Figures 2, 15). A 1.5 m thick carbonate cemented sandstone is also present at the same stratigrahic level within CRC-8 at ∼1,449 m (SSTVD) (Figures 2, 15). In both wells, this band marks the base of the preferred injection zone and is approximately 6 m above the base of Parasequence-2. The proximity of the two wells in association with the stratigraphic thickness and facies suggests that this feature forms a laterally continuous barrier at the base of the injection zone between the two wells.
[image: Figure 15]FIGURE 15 | Well section for the proposed injection interval encountered with CRC-3 and CRC-8 wells showing gamma ray (GR), density (RHOZ), porosity (PHIT), permeability (KTIM) and facies logs. Core photos for the carbonate cemented sections at the top and the base of the injection interval are also shown.
The top carbonate cemented band is present at ∼1,456 m (SSTVD) in CRC-3 (Figures 2, 15). It is characterised by fine to medium sandstone with interbedded mudstone and is approximately 60 cm thick. In CRC-8, a 20 cm thick carbonate band of cemented fine sand along with heterolithic silts and a possible tuffaceous breccia is present at approximately the same stratigraphic height (∼1,445 m (SSTVD)). This unit is identified in cores from both wells (Figure 15). However, the variation in the lithology cemented by the carbonate and thin nature of the unit means the lateral continuity of this carbonate cemented band remains uncertain. It cannot be resolved by 3D seismic reflection survey data and are predicted as spatially sporadic (Bunch, 2020).
The analysis shows that the extent of carbonate cement, at least for the preferred injection zone, as predicted in the geo-models concurs with observations made in the core log.
6.3 Verification of the modelled properties
The modelled distributions of facies, porosity and permeability (Figures 8–11) were verified against property values quantified in logs (Supplementary Figure S8). The modelled proportions of the three facies showed a close match to their measured proportions in logs (Supplementary Figure S8A, D). A slight mismatch was observed for modelled and measured porosity (Supplementary Figure S8B, E) and permeability (Supplementary Figure S8C, F) distributions, though the discrepancy was small. This observation was consistent for the high- and the low-resolution models as well as the scenarios accounting for and neglecting seismic data derived pre- and post-drilling of the monitoring well. This provides reasonable confidence in the modelled realizations. Further, the impact of choosing a coarser vertical grid cell resolution in the models compared to wireline and facies logs was also assessed. This was done by upscaling the facies, porosity and permeability logs to 30 cm vertical resolution. A comparison of facies proportions (Supplementary Figure S8A, D) as well as the distribution of porosity (Supplementary Figure S8B, E) and permeability (Supplementary Figure S8C, F) showed a close match in the upscaled logs and the static models. This further provided confidence that the loss of information due to averaging of the properties from wireline log resolution to model grid resolution was minimal.
7 CONCLUSION
This study compares the distribution of facies, porosity and permeability for the Parasequence-2 of the Paaratte Formation by changing grid cell resolution, utilizing seismic inversion and including a new monitoring well located only 116-metres away from the injection well. The formation is located roughly between the depths of 1,400–1,500 m within the Otway Basin, Australia, and is a site for pilot scale geological CO2 sequestration operations. The available data included seismic, fault surfaces, facies logs, and a series of wireline logs which were used to generate static geological models of the Parasequence. These realizations principally followed four different approaches which involved inclusion and exclusion of seismic data as well as the variation of grid cell sizes implementing a low-resolution model with a cell size of 10 m x 10 m x 2 m and a high-resolution model with a cell size of 1 m x 1 m x 0.3 m. Additionally, the impact of having data from the monitoring well was considered. The results indicated that the stochastic inversion of seismic data was important as it helped in capturing a probabilistic distribution of three primary facies comprising the reservoir section: proximal mouth bar, distributary channel and carbonate-cement. The 4 scenarios revealed that the inclusion of seismic data was important as it captured the presence of relatively large carbonate-cemented zones between the wells. Additionally, the implementation of a higher resolution grid resulted in an improved representation of lithological heterogeneity in the realizations. Results also suggested that there could be a high degree of uncertainty in the distribution of rock properties and reservoir dip even within 116-metres of a given well in reservoirs with lithological heterogeneity. The modelled distributions of facies, porosity and permeability were verified against their distributions in the available and the upscaled logs. The static models developed in this study provide a robust framework for running single and multiphase fluid flow and reactive transport simulations by covering a range of possible rock property distributions. This could be especially important for the migration and trapping of CO2 which is highly susceptible to the presence of centi-metre scale lithological heterogeneities. Further uncertainty in the distribution of properties could be addressed by generating multiple realizations for each of the 4 scenarios presented in this study.
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