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Abstract

:

Mechanical and chemical processes experienced by carbonate rocks result in a complex network of natural fractures and dissolution features that have direct implications on porosity, permeability, and connectivity in reservoirs. Characterization of natural fractures is best done in core; however, it can be time-consuming due to the large amounts of individual features present and the long list of attributes typically collected for each feature. Additionally, karst features in core, such as vugs and small cavities, are seldom characterized in a quantitative way or are overlooked. We introduce a new methodology, called the non-matrix quick pass (NMQP), which allows for the collection of non-matrix features in a rapid yet quantitative fashion at a rate of 12 to 20 m of core per hour. The NMQP methodology offers enough vertical resolution so that observations can be integrated with other wellbore data types (e.g., wireline logs, well tests, and production logs). This method also yields estimates of density and porosity that are rigorous enough to provide the technical basis to build first-generation dual-porosity models describing the non-matrix component of a carbonate reservoir and its potential impact on field performance.
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1. Introduction


Conventional core is a key dataset used to understand the geologic processes occurring within a reservoir. The wealth of information gained comes from observations made on the core and subsequent analyses done on core samples. Geologic descriptions from core focus on understanding how the processes of sedimentology, stratigraphy, and chemical and mechanical diagenesis have evolved over time [1,2]. Such observations typically evaluate changes in rock fabric, grain size and sorting, stacking patterns, porosity, and structural discontinuities. This information is critical in deciphering the geologic history of a reservoir, such as developing a sequence stratigraphic framework or modeling the intensity and distribution of natural fractures [3,4].



In carbonate reservoirs and aquifers, geologic core has been instrumental in addressing the complexity of the carbonate pore system, which can be separated into two main categories of matrix and non-matrix porosity. Matrix porosity is represented by pore types that are equal to or smaller than the surrounding host grains. The matrix pore system has been studied using core by a number of methods, including by classifying pore types by genetic origin [5], differentiating pore types by connectivity of the pore space [6,7], relating pore space to petrophysical rock properties [8,9,10,11], characterizing pore throat size and distributions [12,13], quantifying pore types and geometries [14,15,16,17], and characterizing and defining microporosity [18,19,20,21,22,23,24].



In contrast to matrix porosity, non-matrix porosity is represented by pore types that are larger than the surrounding host grains and can extend several orders of magnitude larger in size compared to matrix pores. The two processes responsible for non-matrix porosity are through the development of natural fractures and karstification, which results in features including joints, faults, touching vugs, and caves. Although the multiscale nature of the non-matrix pore system often requires multiple datasets for proper characterization [25,26], there is a wealth of knowledge to be gained from utilizing geologic core for characterizing fractures and karst because of the ability to address the processes responsible for their development [25,26,27,28,29,30,31,32,33,34]. For example, Tinker et al. [25] utilized more than 8500 m of core and complimentary wireline logs to quantify the contribution of karst porosity within the Permian Yates field in southwest Texas, USA. Ibrayev et al. [34] used a combination of static (e.g., core, wireline, and image) and dynamic (e.g., drilling data and well tests) datasets to develop a genetic-based understanding of fracture development in the Carboniferous Kashagan field in the North Caspian offshore, Kazakhstan. Ahdyar et al. [26] incorporated static (core, wireline, image, and 3D seismic) and dynamic (drilling data, production logs, and pressure transient analysis) datasets to characterize the distribution and pore volume associated with non-matrix processes within the Oligo-Miocene Banyu Urip field onshore, Indonesia.



Non-matrix features are often observed and described in core [28,30,34]; however, typically, only the fracture portion of the non-matrix pore system is cataloged in a systematic way that addresses fracture geometries and spacing [33,35]. Although karst features are commonly recognized in core, such observations are rarely cataloged along with and in addition to the fracture observations to understand the impact that these combined features may have on the non-matrix pore system. Instead, observations of karst features are often used to support the building of a sequence stratigraphic framework or to understand the diagenetic processes that likely occurred in the reservoir [30,36,37]. Nonetheless, the non-matrix pore system is a combination of chemical and mechanical processes that often occur in similar locations, e.g., along the margin of carbonate platforms. Consequently, in order to be predict the magnitude and distribution of all non-matrix features and their associated pore volume within a given field, systematic cataloging of these different non-matrix features is warranted.



In this paper, we present a methodology that arose from the need to collect an integrated karst and fracture dataset from a large amount of core in multiple wells, i.e., total lengths in excess of 5000 m per study. We were tasked with collecting quantitative data from non-matrix features observed in cores that could be used for reservoir characterization and development of initial geologic concepts. The description of such large amounts of core had to be achieved using a rapid yet adequate quantitative data collection strategy so that business deadlines could be met while ensuring the technical integrity of our work. Therefore, detailed data collections strategies such as those employed in traditional fracture characterization [2] were not an option, as they cover less than about 20 m of core per day [38,39]. The data collected should also be quickly processed and suitable for integration with other wellbore-based datasets (e.g., drilling data, wellbore images, wireline logs, and seismic and production data) while providing some basic inputs for geostatistical reservoir models. The fast and quantitative yet simple data collection approach allows a team of two to cover more than 100 m of core in less than two days of work. The final methodology described herein has been successfully implemented as standard practice for the characterization of non-matrix in cores collected in several carbonate reservoirs that we have worked. Obviously, non-matrix observations collected using this method are not free of sampling bias inherent to core. For example, bias due to fracture spacing and the likelihood of intersecting a fracture must be considered [40,41].




2. Methodology and Workflow


Non-matrix quick pass (NMQP) is based on a set of rules and methodologies that ensures consistency within and between cored wells. This workflow was developed based on a balance between time spent on the core and ensuring that sufficient observations were made and recorded to capture the variability in non-matrix features observed in core, which can be used to compliment additional datasets. This method does not replace detailed data collection. Instead, it provides a means for describing large amounts of core that can identify specific areas for further detailed work. The methodology is designed to be run in teams of two. Although each individual reports on the observable non-matrix features, one person is tasked with measuring (i.e., quantifying) each feature, and the other person inputs the data directly in a computer.



2.1. Ground Rules


In order to ensure consistency, the first step of the data collection process is to establish some ground rules and clearly define how the data will be collected, as well as the amount of detail required to meet the objectives of the study. The list below highlights some key rules that we have found useful in collecting the appropriate amount of detail while optimizing the time spent on each core interval described with the NMQP methodology:




	
Always utilize the whole core whenever possible, i.e., use both sides of a slabbed core to ensure maximum core coverage. Refrain from using core photos. Most core descriptions are performed on a 1/3 slabbed portion. Although this portion of the core is sufficient for making observations on sedimentology, NMQP works best if non-matrix observations are made on the 2/3 portion of the core. The logic is simple. The larger sample size allows for the recognition of non-matrix features that are often under-sampled in the 1/3 portion. We have also found that many non-matrix features are often found on the backside of the core due to the core being slabbed to avoid intersecting non-matrix features that can compromise the integrity of the 1/3 slabbed portion. In the case of fractures, the spacing, orientation, and angle of the fracture with respect to the core can lead to significant sampling bias.



	
Define a collection interval. For simplicity, we use the length of core that fits in the box used to store the core. This length is usually one meter and provides enough resolution to identify trends and intervals of interest for further analyses or data collection. Alternatively, the user can define custom intervals that could be driven by lithologic or mechanically distinctive units or simply a smaller regular interval for higher-resolution results.



	
Evaluate the integrity and layout of the core. This step is meant to account for core handling and previous sampling efforts, which can create issues with core quality, incorrect orientation (e.g., upside-down core), mislabeled core boxes, and missing core. Core integrity is also a flag for reliability or confidence with respect to the collected data, analysis, and derived results. In our experience, non-matrix features are easily overlooked when core integrity is low. Low core integrity can result from the presence of non-matrix features but also from poor core handling or drilling operations.



	
Define a target maximum amount of time to be spent on each interval (or core box). We have determined that no more than five minutes per core box (assuming one meter) is a target sufficient to capture the proper amount of information. Of course, there might be core intervals with a large amount of features and complex relationships that might require more than the maximum specified time, and this is appropriate as long as the majority of the core intervals are completed within five minutes. If the analysts spends more than an average of five minutes per interval, too much detail is being collected and perhaps the ground rules need to be revisited. Figure 1 shows the distribution of times spent collecting data in more than 300 boxes of core with different levels of non-matrix abundance and complexity. On average, we spent just under three minutes to collect all the information we deemed necessary in a typical interval. Boxes that took longer than five minutes usually corresponded to a high density of non-matrix features or low core integrity, which required some degree of core reconstruction. The time per interval reported in Figure 1 includes data collected by different analysts with varying degrees of experience with the NMQP methodology.



	
Define a minimum size and amount of features to be characterized. We typically log only fractures that are >2 cm in length with apertures ≥0.05 mm and more than 10 cm cumulative length per box. In the case of karst features, we only log features that are >1 cm2 with evidence of dissolution, i.e., molds and other depositional pores, such as fenestrae, are excluded. For simplicity in the NMQP, we refer to any dissolution-enhanced pore as a vug. A touching vug implies that multiple dissolution-enhanced vugs are connected in the core [42]. The lower limits of recorded observations, e.g., vug >1 cm2 and fractures >2 cm in length, were set to increase efficiency while on the core. The main idea here is that smaller features, regardless of abundance, are not expected to significantly contribute to the non-matrix pore system flow.



	
Agree on the threshold between fracture and karst feature. Although this might be an overstatement, we have run into many situations where fractures are enhanced so much by dissolution that they develop vug-like aspect ratios (e.g., Figure 4C in [43]). Therefore, it is critical to make appropriate observations on cross-cutting relationships, such as by establishing whether a vug was intersected by a fracture or developed along a fracture. In any case, do not capture the same observation twice, i.e., classify as both fracture and karst.









2.2. Data Collection


Measuring tape, a small ruler or a comparator [43], a hand lens, a computer, and a clean core surface are the minimum requirements to get started. Figure 2 illustrates the spreadsheet format we use to collect the information that is reported during an NMQP. Data are easily recorded using an alphanumerical system that can easily be translated into other software packages optimized for well log analysis. Table 1 shows an example key that can be used to record information in the spreadsheet. With a bit of practice, the alphanumeric key can be easily remembered by analysts, which reduces the time spent on each interval. Each row in the spreadsheet represents a single core box. For each core box, the top and base of the interval are recorded, along with the core dimensions, which include the core diameter and cut, such as the 1/3 or 2/3 portion of the slabbed core. Core integrity is typically input on this first pass of the core, together with the top and bottom of each interval (or core box). The core integrity scale ranges from 1 to 5 (Figure 3). Once the depth, dimensions, and quality of the core have been captured, each core box is evaluated for the presence of fractures and karst features.



2.2.1. Fracture Metrics


In an ideal situation, some sort of fracture paragenesis work should have been done prior to collecting these data. This can be achieved by using geochemical techniques that analyze cement types and paragenesis or more simply by observing the type of cement fills and cross-cutting relationships. When a fracture paragenesis exists, the first step is to identify the genetic fracture types present in the analyzed interval. Genetic types refer to the relative timing and processes responsible for fracture development, which also has implications for the type of fill that may be present. For example, early fractures that form contemporaneously with sediment deposition are commonly open at the surface [34]. Consequently, such fractures are often filled with carbonate debris and soil-derived clays. Conversely, late fractures that develop during burial often crosscut the early fractures and are filled with calcite cement. Conducting NMQP within a fracture-paragenetic sequence allows the user to distribute properties and fracture types in a model using a genetic-based approach. This effectively means being able to define areas with a higher probability of finding certain types of fractures and assigning different properties of each fracture generation. NMQP can also be performed in the absence of fracture paragenesis work; however, there will be uncertainty on understanding what controls fracture distribution within the reservoir. Regardless, NMQP can still be used to identify general distribution trends and sweet spots or make inferences about mechanical stratigraphy. The following fracture metrics should be collected independently for each fracture generation (or type):




	
Count: number of fractures of a given genetic type that meet the conditions defined by the ground rules. When counting fractures, one should avoid counting the same fracture twice at the intersection with the slabbed face and the back of the core. The user should not forget that the number of fractures sampled by the core is highly dependent of fracture spacing and orientation; therefore, the core is only a partial representation of fractures in the subsurface.



	
Cumulative Length: summation of all fracture trace lengths of the same fracture generation.



	
Characteristic width: a rough estimate of an average or most representative width of each fracture type observed in the core interval. Width is defined as the distance from wall to wall of a given fracture, regardless of whether the fracture is filled or open. A simple measuring scale or comparator [44] can be used.



	
Maximum width: the maximum observed width of a given fracture type. In reservoirs with evidence of dissolution, maximum widths correspond with vugs that developed along fractures.



	
Openness: the amount of visible open space in a fracture under the naked eye. We use a Likert-type scale [45] with 5 classes (Table 1) that covers non-uniform ranges in an attempt to account for human bias and the inability to visually quantify the proportion of the fracture that is open. The classes range from 0 (completely filled with cement) to 4 (more than 90% of the fracture is open).



	
Fill type: describes the different types of cements that can be observed with the assistance of a hand lens. In the case of multiple cement generations, the order in which they are recorded in the spreadsheet represents the relative timing of the cements, from late to early. For example, in box 7 (interval 1915.17–1916.27 m), the numeric codes 1,2 depict two cement generations observed, where the fractures are coated by calcite cement, followed by a lining of bitumen (Figure 2). As this is a general description over a meter-long interval, the fill sequence described here would be the one that is most commonly observed.



	
Distribution: defines in which third(s) of the core the described features occur. This attribute is an attempt to further refine the vertical distribution of features within a box. For instance, a 1,3 distribution means that the fractures occur in the upper and lower thirds of the interval under consideration; a 1,2,3 distribution implies that fractures occur throughout the entire box.








One advantage of the NMQP approach is that it is highly adaptable. For example, in our experience, we typically have wireline image logs that cover the cored intervals. In such cases, we use the image logs to determine dip and orientation of fractures as a way to optimize our time on the core. Conversely, if image logs do not exist over the cored intervals, then recording orientation and dip information can easily be added to the NMQP workflow; however, time allocation per interval will need to be considered.




2.2.2. Karst Metrics


For this workflow approach, we define karst as either an early epigenic process associated with subaerial exposure and meteoric water or a late hypogenic process during burial that results from acids and fluids decoupled from the overlying surface [46]. Although there is difficultly in differentiating between early meteoric karst features and late burial-related karst features solely from core, there are some key observations that can be made to distinguish the two karst types. For example, meteoric karst features are associated with an exposure horizon in core. Additional lines of evidence for meteoric karst includes the development of touching vugs (i.e., multiple vugs that are connected [42]), the presence of cave deposits, such as speleothems or collapse breccia associated with early fill, and rubble zones associated with karst voids. Evidence of burial karst features can be more challenging to determine in core. Nonetheless, some observations that point to porosity generation during burial include vugs that develop along stylolites or burial fractures, as well as further enlargement of syndepositional fractures and early meteoric karst features.



Because of the time consumption that can happen with detailed differentiation of early and burial karst processes during the NMQP process, we focus efforts on the quantitative geometric description of these features that arise from such processes. Qualitative observations of early versus burial features are recorded as comments. Deciphering of the relative abundance of early versus burial karst comes after the NMQP and requires integration with additional datasets, including a sequence stratigraphic framework, optical petrography, and diagenetic studies [31,37]. The following karst metrics should be collected for each karst type:




	
Count: number of karst features of a given genetic type that meet the conditions defined by the ground rules. The most common example of karst at the core scale is a combination of isolated dissolution-enhanced voids and touching vugs, reflecting the earliest stages of coastal karst development [47,48], which are often associated with carbonate reservoirs [26,27,28,37,41,49].



	
Average size: an estimate of the mean cross-sectional area of the same karst type, which is calculated by multiplying the approximate length of the short and long axes that define each feature.



	
Maximum size: the maximum measured cross-sectional area of a certain type of karst feature.



	
Openness: amount of visible open space in a karst features. We use the same Likert-type scale [45] used for fractures.



	
Fill type: describes the different types of cements that can be observed with the assistance of a hand lens. Rules for fill type reporting and data collection are similar to those described in the case of fractures.



	
Distribution: similar to the fracture metrics, distribution indicates which third(s) of the core contain(s) the features being described.










2.3. Data Processing


The data collection strategy described in the prior section is geared towards this step of the workflow, where information is processed to provide reasonable estimates of non-matrix properties and their vertical variations. The main objective of the data processing step is to deliver a quantitative interpretation of density and porosity associated with the non-matrix pore system. Although there might be a certain degree of uncertainty with respect to the absolute values, this methodology provides early insights on non-matrix variations along the core and in between wells.



Fracture density. The fracture density derived from this workflow yields a P21 (as defined by [50]), which is calculated as the summation of all fracture trace lengths (of the same generation) divided by the core surface area:


   P  21   =     ∑  1 n  L  A  ,  



(1)




where L is fracture trace length, and A is the core surface area.



Fracture porosity. Fracture porosity (P22, [4]) is calculated as the product of the cumulative fracture length multiplied by the characteristic fracture width, minus the amount of pore space occupied by any filling cement:


   P  22   =   ∑  1 n  L × α ×   1 − f   ,  



(2)




where L is fracture length, α is characteristic width, and f is the proportion of the fracture filled with cement (defined as the midpoint of the reported interval range). Potential fracture porosity (P22pot) is defined as the porosity that would result from removing all fracture-filling cements (i.e., f = 0 in Equation (2)).



Karst porosity. Karst porosity (   ∅ k   ) is derived from the average vug size multiplied by the number of vugs over a given area:


   ∅ k  =      K A   ¯  ×  K n   A    1 − f   ,  



(3)




where      K A   ¯    is the average vug size, Kn is the total count of vug features, and A is the core surface area. The area should include the slab face area and the area of the core outer surface to account for the vugs in the back of the core. Potential karst porosity (   ∅  k p o t    ) is defined as the porosity that would result from removing all filling cements (i.e., f = 0 in Equation (3)). A different approach to estimate karst porosity involves calculating an equivalent radius (based on average vug cross-sectional area) and the volume of the vugs, assuming that they approximate spheres, and therefore taking into account the volume of the core interval. We found that this approach, which is an oversimplification of the vug pore geometry, tends to produce lower porosity numbers than the method in Equation (3). Nonetheless, incorporating both estimations provides a range of karst porosity that can be useful for addressing uncertainty.





3. Results and Discussion


The following section is dedicated to showcasing three examples where NMQP was used to describe core. These cases are not related to each other. They are intended to show how NMQP can be applied in different scenarios. The first case is an example of core from a single well with a variety of non-matrix features that includes both fractures and karst features. The second case is an example of multiple cores wherein epigenic karst is the main diagenetic process, resulting in a high density of vug features with variable vertical distribution. The third case illustrates how to compare NMQP with additional datasets, including borehole acoustic image log and previous fracture interpretation, as well as the beginning of an interval in the well where total losses occurred. We will use these examples as an opportunity to discuss some of the details and direct implications of this methodology for aquifer/reservoir characterization purposes.



3.1. Case 1: Single-Well NMQP


Case 1 represents a detailed example of the NMQP workflow. Figure 4 illustrates the type of dataset that captures the variability expected within carbonate reservoirs. In our experience, carbonate reservoirs can exhibit a range of non-matrix features, whereby some reservoirs are mostly karst-dominated [26], fracture-dominated [51], or a mix of both karst features and fractures [41,52]. This dataset reflects what one can expected to find in core from a carbonate reservoir that has experienced both karst and fracture processes. Figure 4 demonstrates how the NMQP methodology provides a holistic view on the magnitude and distribution of non-matrix features observed in core, which can be compared with numerous datasets, including sedimentary core descriptions, wireline and image logs, and dynamic data, such as production logging tools (PLTs) and well tests. Together, the integration of these datasets provides key insight on the controls driving the total carbonate pore system within a given reservoir [24,26,41]. The following subsections step through the types of observations and classifications that can be made on the core, as well as what considerations should be made to understand the potential impact of non-matrix features within the reservoir.



3.1.1. Core Quality


Results from NMQP show that the overall core quality is good with 88% ranging from fair (22%) to good (31%) to excellent (35%). Only 12% of the core is of poor quality. In reservoirs where non-matrix features are known to exist, missing core and rubble intervals need to be evaluated to determine the cause of little-to-no core recovery. Although drilling operations and wellbore conditions can commonly lead to poor core retrieval, these intervals may reflect non-matrix features, including fracture zones or karst. An evaluation of the core integrity demonstrates 97% core recovery, with two intervals that account for 3.5 m of missing rock from 1981.00 m to 1982.5 m and from 1992.0 m to 1994.0 m. These two missing intervals may indicate non-matrix features, which needs to be corroborated with additional data, such as caliper, image log, or a PLT run showing flow. Our experience has shown that numerous rubble zones and missing intervals are indications of non-matrix features that were previously misinterpreted as the result of coring operations or wellbore integrity (e.g., breakout) during drilling.




3.1.2. Non-Matrix Types


Non-matrix types within this example include a combination of fractures and small-scale dissolution features that can be diagnostic of incipient karst processes. Fractures account for 68% of the observed non-matrix features. We classify fractures based on their relative timing, e.g., syndepositional, early burial, and late burial [34]. Similarly to the proposal of Ibrayev et al. [34], first-generation fractures correspond to fractures that developed contemporaneously with sediment deposition. These fractures often exhibit large apertures (≥1 cm) and are filled with carbonate debris derived from the platform top and early marine calcite cements. Second-generation fractures develop during early burial due to loading and compaction. Such fractures typically have apertures of less than 1 mm and are often associated with stylolites. Late fractures can often be differentiated by cross-cutting relationships with earlier fractures due to continued burial or tectonics.



Breccia accounts for 6% of the observed non-matrix types. Karst-related breccia observed in core typically results from cave collapse or exposure, i.e., epikarst. Dissolved vugs and touching vugs account for 20% and 3% of the observed non-matrix features, respectively. Although such features may not be explicitly defined as karst, e.g., small-scale vugs that have experienced varying degrees of dissolution, their presence provides insight into areas within the reservoir where dissolution may have been favorable for karst development under the right flow conditions. This type of understanding can be extremely useful when predicting where karst processes may impact reservoir properties, such as connected pore volume and high-permeability zones. Consequently, we also flag any vugs that are present within the breccia and along fractures, as such observations may indicate possible flow paths within these features.




3.1.3. Fracture Properties


The fracture properties collected during NMQP include a total count and summation of the total fracture length per box, as well as the degree of open pore volume, average and maximum aperture, and fill material. Per Rule 5, the minimum total sum of fractures > 2 cm in length with apertures ≥ 0.05 mm must be at least 10 cm per box.



At 1920 m, core box 12 has eight fractures with a combined total of 160 cm in length (Figure 4). Another core box at 1982 m (core box 80) also has a total fracture length of 160 cm with a fracture count of sixteen. This core box is also next to an interval with no core recovery, whereas there is a box just above the missing core interval at 1979 m with twelve fractures for a total of 120 cm (core box 78). Given the high values of total fracture lengths above and below the missing core interval, additional data should be evaluated to determine whether the interval has any non-matrix features. One straightforward approach would be to examine drilling data to determine whether any losses were recorded during coring at this depth. If so, the volume versus rate (VvR) plot described by Fernández-Ibáñez et al. [52] would be of use, as it utilizes information collected within lost circulation zones to determine whether the mud losses are due to fractures or karst (see also Case 3 below). If no losses occurred, then an evaluation of image logs would help to determine whether this missing interval is the result of non-matrix features [33].



Second-generation fractures account for 91% of all fractures observed, with 70% of these fractures with an average width in the range of 0.05 to 0.1 mm. The remaining 20% of second -generation fractures have an average width ranging from 0.15 to 0.5 mm. Maximum width is useful to understand the variability of the fracture sets within one box. For example, core box 3 has 40 cm of total fracture length with both an average and maximum width of 0.5 mm. Conversely, core box 32 also has 40 cm of total fracture length, but the average and maximum width are 0.1 mm and 1 cm, respectively, and the number of fractures is less than that observed in core box 3 (Figure 4). Recognizing such variation and distribution of fracture density and width in core can provide insight that can help to address the impact that these features have on variations in non-matrix flow [53].



First-generation fractures account for 9% to the total observed fractures. This type of distribution between first- and second-generation fractures is common in many carbonate reservoirs that we have studied [34]. Although first-generation fractures are often fewer in number compared to second-generation fractures, their commonly wider apertures and vertical extent can have a significant impact on large-scale flow in certain portions of a reservoir [54]. An evaluation of fracture fill material shows that all but one box (core box 109) have less than 30% open pore volume per fracture. Most of the fracture fill is in the form of bitumen and calcite crystals.




3.1.4. Karst Properties


The karst properties collected during NMQP include a count of individual karst features per box, as well as the degree of open pore volume, average and maximum size of each feature, and fill material. According to Rule 5, only vugs that are greater than 1 cm2 and show evidence of dissolution are recorded, i.e., molds and other isolated pores are excluded. The idea is that vugs that have experienced dissolution are in the earliest stages of karst development. All large karst features, such as caves, start out as small-scale pre-solution openings that include bedding-plane partings, fractures, and/or pores associated with the matrix host rock. Depending on the hydrogeologic conditions under which caves form, the result may be angular or curvilinear conduits, maze-like networks, or meter-scale isolated voids [46]. Although not all vugs that have experienced dissolution are sensu stricto karst, their presence indicates specific locations within the reservoir where karst processes may have occurred beyond what can be explicitly viewed in core. Touching vugs, on the other hand, demonstrate areas where dissolution has progressed enough to generate a well-connected pore system at a local scale, i.e., core.



There are 74 individual karst features observed in the core, with a maximum count of five features in a box. The average and maximum size is about 12 cm2 and 130 cm2, respectively. The 130 cm2 feature is in core box 77 and is a karst breccia that still has an open pore volume estimated at 30%. In core boxes 19 and 20, the observed features are one touching vug and one isolated vug, respectively. Although there is only one feature per box, their proximity and size (about 50 cm2 each) suggest that sufficient dissolution and fluid flow could have been favorable for karst development within this portion of the reservoir. The degree of open pore volume within the karst features ranges from less than 10% to 90%, with 65% of all features ranging between 25% and 70% open. In our reservoir studies, we have used such observations of open pore volume to guide estimates of field-wide karst porosity [41].




3.1.5. Density and Porosity


Estimates of non-matrix properties and their vertical variations are evaluated through a quantitative interpretation of density and porosity (Equations (1)–(3)). Such values provide an understanding of the potential impact that non-matrix features may have on flow and storativity at the core scale. Fracture density (P21) was calculated using Equation (1). Fracture density over the entire cored interval has an average of 0.005 fractures/m, with a minimum and maximum density of 0.001 and 0.018 fractures/m, respectively. There are two intervals where density is elevated above the average range: from 1911 m to 1920 m and from 1973 m to 1983 m. Within the interval from 1973 m to 1983 m, the fracture density reaches a maximum above and below a section with missing core (Figure 4), suggesting that the missing section may have resulted from poor core recovery due to the presence of non-matrix features.



Fracture porosity, as estimated here, represents an attempt to capture the range of pore volume associated with fractures as observed in core using Equation (2). The range of pore volume associated with fractures is estimated by observing the amount of open pore volume seen on core (P22open), i.e., accounting for fill within the fractures, and estimating the maximum amount of fracture pore volume, assuming no fill (P22pot). The average values of fracture porosity is a P22open of 0.02% and a P22pot of 0.1%, suggesting that 80% of the fractures are filled mostly with a combination of bitumen and calcite (Figure 4). Maximum values for P22open and P22pot are 0.2% and 0.5%, respectively. Similar to fracture porosity, karst porosity evaluates the range of actual pore volume (   ∅ k   ) versus maximum possible pore volume (   ∅  k p o t    ) associated with karst features in core using Equation (3). The average values for    ∅ k    and    ∅  k p o t     are 0.9% and 2%, respectively, indicating that only 56% of karst is filled. Maximum values for    ∅ k    and    ∅  k p o t     are 4% and 15%, respectively. Combined, these average and maximum values of non-matrix porosity provide insight into uncertainty related to pore volume estimates as observed at the core scale.





3.2. Case 2: Using NMQP to Correlate across Wells


NMQP results can also be used to evaluate lateral and vertical trends between wells. In the Case 2 example, NMQP was used to quantify the distribution and porosity associated with the non-matrix features observed in core from a shallow carbonate aquifer. In this case, non-matrix features are in the form of dissolution-enhanced vugs, i.e., karst. Wells in this aquifer are drilled to an average depth of ~25 m, and core is collected in every well with core recovery >95%. Lateral distance between wells ranges from about 0.5 to 1 km.



Figure 5 shows the karst porosity distribution from core collected in seven wells using a common depth scale reference to mean sea level. Vug size and count were used to estimate    ∅ k    and    ∅  k p o t     for each well. The NMQP results highlight a preferential concentration of vugs around 12 m below mean sea level (m bmsl). There is also an increase in vuggy features below ~20 m bmsl. Whereas the vugs at ~12 m bmsl in most of the cases are open, the features located below ~20 m show a varying degree of openness, which appears to reflect a regional trend. For example, the cluster of wells located in the northern part of the field that run west to east (to the left of Figure 5) show a mostly open, vuggy pore system. Conversely, the cluster of wells in the south part of the field run north to south and shows a vug system that is mostly occluded with cement (Figure 6). We interpret the concentration of vug porosity at two distinct levels as the result of freshwater lens diagenesis. The observations and regional trend derived from NMQP in these wells provide a general framework for describing non-matrix distribution in the aquifer, as well as to impose a decreasing aquifer porosity and permeability trend towards the south.




3.3. Case 3: Combining NMQP with Additional Datasets


The integration of NMQP results with additional datasets can provide key insights with respect to how non-matrix features enhance dynamic performance, including mud losses during drilling or flow potential during production. For example, Case 3 shows the results of NMQP over 33 m of core from a carbonate reservoir, which also has a borehole acoustic image log, associated fracture interpretation from image log, and lost circulation zone (LCZ), where severe losses during drilling started at 5075 m (Figure 7). The fracture interpretation suggests that fractures start where losses initiated, i.e., 5075 m, and continue within the LCZ. Conversely, results from NMQP show the presence of vugs throughout the core, with an increased concentration of vugs starting at 5068 m, where minor losses were recorded, and just above the LCZ, where total losses occurred (Figure 7). Equations (1)–(3) were used to estimate the fracture density and porosity of both fractures and karst. The increase in observed non-matrix features in the core just above and at the start of losses suggests the presence of a well-connected non-matrix pore network that promotes high flow rates. Interpretations using only image logs indicate that fractures alone are the main feature responsible for the losses; however, integration with NMQP clearly demonstrates the occurrence of dissolution-enhanced vugs that also play a role.



Recognizing the difference between fracture and karst development is critical when characterizing reservoirs and developing conceptual models. For example, predicting the magnitude and distribution of fractures away from well control requires an understanding of local and regional paleostress regimes that could be responsible for their development. Conversely, the development of dissolution-enhanced vugs and other karst features require processes including controls on fluid flow and dissolution reactions, which are often tied to exposure horizons and freshwater lens diagenesis. Although karst processes are commonly superimposed on fractures, e.g., dissolution-enhanced fractures, the development of karst pore volume does not require a pre-existing fracture network [47]. Consequently, the integration of multiple datasets, as illustrated in Figure 7, provides insight into the processes responsible for the development of non-matrix features and how to accurately model their presence in the subsurface.





4. Further Applications


The NMQP method provides a fast-pass, semi-quantitative characterization of non-matrix features in core. It requires minimal prior expertise and delivers an integrated approach to extracting basic metrics of both karst features and fractures. NMQP is especially useful in fields with long lengths of core distributed between many wells, as it offers a glance at the types and distribution of non-matrix features. In our experience, this is one of the first tasks to be completed when core is available. The following subsections highlight some benefits and additional applications of the NMQP approach.



4.1. Time Management and Efficiency


Other non-matrix data collection methods, especially those designed for detailed fracture characterization, are typically tedious and time-consuming. Having a NMQP log available first has helped us to target further detailed fracture data collection efforts. Detailed fracture work includes recording properties for individual fractures of all types, lengths, spacing, width, openness, and roughness; as well as exhaustive information on the lithology of the host rock. Although results from such efforts deliver world-class databases used to generate robust statistical inputs to fracture models, the pace at which data is collected is extremely slow, i.e., between 0.5 and 5 m of core described per hour, depending on the complexity of the non-matrix network. When these types of meticulous core descriptions are performed, it is often difficult to decide when a sufficient amount of data has been collected or whether the selected wells are appropriate. Such efforts often result in scope creep and overspending of time and resources.



In our experience, having an available NMQP log provides an opportunity to develop a detailed data collection strategy that allows for targeting of specific intervals in the most representative cored wells. NMQP can help optimize time and resources in situations where business needs typically set a limited time for acquiring core data. For example, consider a case in which we have only one week to characterize 120 m of core. With the standard times per meter reported in Figure 1, one should be able to become familiarized with the main non-matrix core types and complete NMQP within the first few days. This information can then be used then to target detailed data collection in certain intervals of interest (e.g., areas of increased fracture density or areas with a certain type of non-matrix feature). By doing so, we ensure a balanced dataset that contains enough detailed measurements to develop suitable statistical distributions of properties while describing, at a more general level, the non-matrix properties throughout the available core.




4.2. Rapid Data Acquisition and Testing of Concepts


NMQP allows for rapid acquisition of data that can facilitate the testing of concepts in real time, such as by determining whether the presence of increased fracture density represents clusters, corridors, or fault zones. Another example of rapid integration of the NMQP approach is to compare fracture width populations between multiple wells as a proxy for strain. Figure 8 shows an example of how NMQP results can be quickly evaluated to observe differences in fracture widths between wells. In this example not related to any case discussed above, a box plot of fracture widths from four different wells shows that wells B and D have wider fractures, on average, compared to wells A and C (Figure 8). Such differences could be interpreted as variations in the amount of strain experienced by the rocks and thus provide insight into how fracture properties vary spatially within a given reservoir or aquifer.



NMQP results can also be used test concepts of mechanical stratigraphy. In this situation, the mechanical units can be smaller than the selected interval (core box), in which case the interval could be further subdivided using the distribution attribute and compared with sedimentological core descriptions to observe changes in lithology. Additional uses of NMQP results include areal controls on non-matrix density or types, impact of proximity to platform margin, or relations to paleotopography and stratigraphy.




4.3. Input for Numerical Modeling


Data collected with the NMQP approach can also be used to develop early realizations of discrete fracture network (DFN) models, which can later be upgraded with more detailed fracture data collection or calibrated to a well test. Figure 9A shows a cumulative frequency distribution of fracture width constructed using NMQP characteristic width data from 185 core boxes. A similar approach can be employed to model vug distribution (Figure 9B). The collection of width values fits a log-normal distribution (dashed line) that can be use as input for a DFN model (Figure 9).



Additionally, carbonate reservoirs with abundant non-matrix features and high-permeability contrast typically require dual-porosity, dual-permeability formulations for more accurate forecast during reservoir simulation and performance prediction. Dual-permeability simulations require a non-matrix porosity input to initialize the models. NMQP is a reliable source for quantifying non-matrix porosity, not only for the fracture component but for the karst component of the total non-matrix systems.





5. Summary


	
NMQP is a comprehensive method for collecting non-matrix (karst and natural fractures) quantitative information in a rapid yet adequate fashion that allows a group of two researchers to describe 12–20 m of core per hour.



	
NMQP provides a first-pass approach to understanding non-matrix types and distribution that can be used for reservoir characterization purposes. It also provides useful context for designing and targeting intervals of interest for further detailed data collection.



	
NMQP offers enough vertical resolution to define trends and integrate observations with other wellbore data types, such as borehole image logs, losses during drilling, mechanical stratigraphy, or upscaled log properties.



	
NMQP-based porosity and density logs provide reasonable values that can be used as input to discrete fracture network models and to initialize dual-porosity, dual-permeability reservoir simulations.
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Figure 1. Histogram showing the distribution of time spent collecting non-matrix observations on more than 345 boxes of core using the NMQP method. 
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Figure 2. Example of a spreadsheet format used in the NMQP methodology. A detailed explanation of the non-matrix metrics that are recorded is provided in the text. 
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Figure 3. Examples showing variations in core integrity. (A) rubble, (B) rubble with intact sections, (C) partially intact, (D) mostly intact, (E) completely intact. Core intervals with missing pieces or being broken does not impact the core integrity call. 
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Figure 4. Single well showing the vertical distribution of non-matrix observations obtained with the NMQP methodology. 
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Figure 5. Cross section of multiple wells showing the lateral and vertical distribution of dissolution-enhanced vugs (karst) observed using the NMQP methodology. Attributes displayed correspond to φ22pot and φ22 (Kpot and Kopen, respectively, in log headers), with the well name preceding each of them (e.g., C1 Kpot). The blue fill represents the proportion of vug porosity that is open, and the green fill corresponds to the proportion of vug porosity filled with cements. 
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Figure 6. Images showing increase in cementation and decrease in vug size moving from north to south, as shown in Figure 5. Both images are from thin sections collected at 25 m depth from each well. Blue represents porosity. (A) Well C9; (B) Well C16. 
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Figure 7. Single well showing the vertical distribution of non-matrix observations using the NMQP methodology compared with additional data, including borehole acoustic image log, fracture interpretation from image, and lost circulation zone (LCZ). From left to right: depth, core integrity, vug count, vug porosity (V-P22) and vug potential porosity (V-P22pot), stratigraphic unit, fracture count (Fx-count), fracture density (Fx-P21), fracture porosity (Fx-P22) and fracture potential porosity (Fx-P22pot), acoustic image log (amplitude), tad poles to image log fracture interpretation and fracture frequency, and top and base of lost circulation zone with volume lost (LCZ). In the vug and fracture potential porosity tracks, the blue fill represents the actual open porosity, and the green represents the proportion of space filled by cements. 
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Figure 8. Box plot of fracture widths for four different wells using NMQP data. 
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Figure 9. Cumulative frequency distributions of fractures (A) and vugs (B) based on NMQP of 185 core boxes. Blue lines represent width data collected on core. Dashed lines represent log-normal distributions of widths. 
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Table 1. Example key of the alphanumerical system used in the NMQP methodology.
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	Core Integrity
	Non-Matrix Types
	Distribution
	Openness
	Fill





	1–Rubble
	1–1st Gen Fractures
	1–Upper 1/3
	0–Closed (<10%)
	1–Bitumen



	2–Rubble w/intact sections
	2–2nd Gen Fractures
	2–Middle 1/3
	1–Slightly Open (10–30%)
	2–Calcite cement



	3–Partially intact *
	3–Breccia
	3–Lower 1/3
	2–Partly Open (30–70%)
	3–Clay



	4–Mostly intact *
	4–Vug
	
	3–Mostly Open (70–90%)
	4–Debris



	5–Completely intact †
	5–Touching Vugs
	
	4–Open (>90%)
	5–Anhydrite



	
	6–Vugs on Fracture
	
	
	6–Stylolite residue



	
	7–Vug in breccia
	
	
	7–Breccia clasts







* Can have missing pieces; † may be broken.
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