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Abstract
Due to the finite nature of hydrocarbons, it is more complicated and expensive to find them. Because of this, unconventional reservoirs have
become an important source of hydrocarbon production, such as Shale Gas, Oil Shale and Carbonates. In this context, carbonate reservoirs
could represent new opportunities; however, there is still lack of their understanding. Therefore, it is vital to integrate and apply new
technologies and knowledge to reduce the risk during the exploration phase. Now, by integrating rock physics, seismic data and regional
geology as an industry, geoscientists aim to characterize reservoirs in a more realistic and integrated way (Avseth et al., 2005). The AVO
technique was developed to analyze pre-stack seismic data to characterize reservoirs and evaluate anomalies related to hydrocarbon
accumulations (Rutherford and Williams, 1989). It is based on how the seismic amplitude varies with offset, which effect is linked to the rock
mechanic-elastic properties. These changes in the reflectivity are the result of the contrasts between the P-wave and S-wave velocities and the
density. Through its application, it is possible to generate models of properties, such as Poisson’s moduli, Bulk moduli, and so on, which also
control the seismic response. Using the seismic inversion, it is possible to turn the seismic amplitude into rock properties with the goal of
obtaining a 3D model of the subsurface to be calibrated with the seismic and well data available. This will allow reduction of the uncertainty in
the areas where there is no well data (Gharaee, 2013). The main objective of this study is to characterize carbonate reservoirs within the
Abenaki Formation by integrating rock physics and seismic data.
Introduction
The variation of amplitude with offset is due to the so-called energy partitioning. In this context, when a wave front reaches a boundary part of
the energy is reflected and part of it is transmitted. Now, for the case when the angle of incidence is not zero, the energy of the incident P wave
is further divided into reflected and transmitted P & S components. The amplitude of the reflected and transmitted energy depends on the
contrast of the physical properties across the boundary (Burianyk, 2000). On the other hand, extended exploratory projects have remarkably
improved the understanding of offshore basins, such as Southern Danish North Sea (Back et. al. 2011), which have been explored over the past
few decades in order to find the most profitable plays. In this context, the AVO technique provides vital information when defining the areas

and intervals where there might be hydrocarbon accumulation, especially gas. Now, the application of AVO in carbonate reservoirs is not as
straightforward as it is in sandstone reservoirs, since carbonates reservoirs have higher acoustic impedance values than those of sandstone
reservoirs. Mainly for this reason, the changes of amplitude with increasing offset are not that clear and depend on the physical properties of
the carbonate rock, especially on porosity and fluid saturation.
The goal of this study is to show how the results and interpretation of the integration of different advanced techniques of geological and
geophysical data led to the generation of a quantitative geophysical model that accounts for the characterization of the carbonates found in the
Penobscot Block Limestone complex of the Abenaki Formation.
Data and Methodology
For this analysis, a PSTM volume was used as well as the CMP gathers to get the PSTM model. The well dataset consists of two wells L-30
and B-41, but only the first one was used because it reaches the target formation.

The 3D-seismic data was acquired in the Nova Scotia offshore. It has a 12.5x25 [m] bin size, a sample interval of 4 [ms], an inline and
crossline length of 12004 [m] and 7497 [m], respectively, and a time range of 0 – 6000 [ms] (Figure 1). The CMP gathers have an offset range
of 175 – 3175 [m]. The well data consists of core descriptions and the logs available for this study are given in Table 1. Figure 2 shows the
workflow used to generate the final model. In the following sections, all the steps and results are briefly explained. It is important to mention
that the study area might not have relevance economically. However, the analysis made here contributes to the understanding of the carbonate
rock physics and seismic behavior which represent a step forward in building a methodology for reservoir characterization that might be
applied in this sort of play.
Regional Geological Setting
The Scotian Shelf is located in the eastern North American margin that was developed over the fractured continental edge of the North
American plate (Figure 3) (Quayyum et al., 2014). During the Late Triassic to Early Jurassic rifted highs, lows and depocenters were developed
(Welsink et al., 1989). The formation of a passive margin resulted in a postrift stratigraphic succession. The marine environments allowed the
development of large-scale carbonate bank, known as the Abenaki Formation, during this period of development of the Scotian Shelf (Eliuk,
1978; Jansa, 1981; Weissenberger et al., 2006). The Abenaki Formation corresponds to shallow-marine deposits and consists mostly of
limestones, dolomites, reefs, and mudstones. It is divided into four members, which are the Scatarie, Misaine, Baccaro and Artimon Members
(Figure 4) (Eliuk, 1989; Ellis, Crevello and Eliuk, 1985; Eliuk and Levesque, 1998, Wierzbicki, Harland and Eliuk, 2002). The Baccaro
Member is the best developed carbonate unit, and its lithology is mainly limestone with minor shale and sand intervals representing the
reworked remnants of lowstand events (Kidston et al, 2005).

Well Log Interpretation
The next step in the workflow is the well log analysis. Core descriptions were tied to the well log data in building the rock-type model. This
information was integrated with the implementation of methodologies, such as Vshale interpretation and crossplot classification (Figure 5) to
obtain a 1D facies model calibrated with core descriptions. By using crossplots the interpreter can associate up to three different rock properties
per crossplot, thus finding clusters of points in a crossplot that share similar ranges of the rock properties used as input data. Therefore, the
clusters defined during the application of crossplots interpretation will represent a specific rock type with a given range of porosity, shale
fraction, resistivity, density, P-wave and S-wave velocity, photoelectric factor, etc. By performing rock type classification using this
methodology, the interpreter will be able to differentiate an low-porosity limestone from a high-porosity limestone, which is crucial when
performing reservoir characterization in carbonate plays. Additionally, the classification of different types of claystone may also be performed
by applying crossplot interpretation. However, it is highly recommended to use stratigraphic columns generated from the description of core
and cuttings samples as input data to calibrate all of the interpretations of rock types made from crossplots or any other methodology. Figure 6
shows the resulting rock type profile for the correlation well calibrated with the rock types found in the core description. As mentioned in the
description of the dataset, the correlation wells have no S-wave information; therefore it was necessary to implement one of the correlations
found in the literature for this purpose. Once the rock type model is defined, it is possible to generate an S-wave velocity model using the
Greenber-Castagna relationships (Figure 7). It is important to mention that for each rock type a different Vs trend was assigned; that would
guarantee the shear impedance contrast between different rock types. This model was used along with the P-wave velocity and density logs to
estimate the elastic properties. Crossploting these properties allowed the feasibility analysis (Figure 8).
Gassmann Fluid Substitution
The Gassmann fluid substitution theory is a useful tool when studying seismic attributes, amplitude variation with offset (AVO) or 4D
response. It consists of modeling the effects of mineral, fluid and porosity on the seismic velocities based on empirical relationships and
theoretical formulations (Smith et al., 2003; Avseth et al., 2005).
Before doing the fluid substitution, a complete petrophysical model was generated for the correlation well (Figure 9). Now, two main
conclusions were made from the petrophysical model: the first one and perhaps the most important, the limestones in Abenaki Formation have
a 100% water saturation; the second one, the total porosity for most of the limestone is about 2%. In this context, based on the information of
water saturation that was obtained, a Gassmann fluid substitution was performed for different scenarios of water saturation and porosity in the
carbonates of Abenaki Formation, with the goal of understanding how these factors affect elastic properties of carbonates, such as acoustic
impedance and VpVs ratio. All the different scenarios of water saturation and porosity were modeled before a rock physics template for
carbonates was prepared where these variations may be interpreted (Figure 10). The compressibility of the dry rock can be expressed by the
following expression (equation 1):
1/𝐾𝐷𝑟𝑦=1/𝐾𝑀𝑖𝑛𝑒𝑟𝑎𝑙 + 1/𝐾∅

(1)

Where 𝐾𝐷𝑟𝑦 is the dry rock bulk modulus, 𝐾𝑀𝑖𝑛𝑒𝑟𝑎𝑙 is the mineral bulk modulus and 𝐾∅ is the pore space stiffness.

Analogously, the next approximation expresses the compressibility for a saturated rock (𝐾𝑆𝑎𝑡) (equation 2):
1/𝐾𝑆𝑎𝑡≈1/𝐾𝑀𝑖𝑛𝑒𝑟𝑎𝑙 + ∅/(𝐾∅+𝐾𝐹𝑙𝑢𝑖𝑑)

(2)

where 𝐾𝐹𝑙𝑢𝑖𝑑 is the pore-fluid bulk modulus. Figure 11 shows a particular example of the fluid substitution performed at 20% porosity and 40%
of water saturation. It can be clearly seen how the elastic properties change from the original condition (2% porosity and 100% water saturation
obtained from the petrophysical modeling made for well L-30) to the modeled condition.
AVO Modeling
Using the fluid substitution results, synthetic gathers were obtained for several scenarios using the Zoeppritz equation where total porosity and
water saturation were replaced to analyze how the seismic gathers would appear if the limestone interval was saturated with gas and had higher
porosity. Figure 12 shows an example of the synthetic gather modeling where the porosity and water saturation were modified to 20% and 0%,
respectively, compared with the original seismic gather at the well position. As a conclusion of the AVO modeling, a plot was made where all
the synthetic gathers pickings were compared with the original seismic gather (Figure 13). In his plot one can clearly see that the Abenaki
Limestone is 100% saturated with water (concluded from the behavior of the picking made on the original seismic).
Seismic Image Conditioning and Input Data for Horizons and Fault Interpretation
After performing the seismic-well tie process, the interpretation of the 3D seismic data began by conditioning the seismic image. This process
included interpretation of relative dip reflector and the enhancement of both the continuityof reflectors and faults. Based on the reflector dip
attribute called Dip Steering (which was calculated using Opendtect) a set of about 200 horizons were tracked; they follow nicely the reflectors
and therefore represent time lines that may be used in the following steps. Figure 1 illustrates the conditioned seismic image and the 3D horizon
corresponding to the top of Abenaki.
AVO Analysis
Once the seismic gathers were conditioned (Figure 14) and the velocity model was calibrated using well logs, a set of AVO attributes was
generated to analyze the possible anomalies present in the Abenaki limestones. Figure 15 shows the gradient-intercept crossplot made for the
Abenaki limestones. Based on the analysis of AVO attributes and the expected behavior concluded from the synthetic analysis, a gradientintercept anomaly was interpreted at a high structure on the Abenaki limestones (Figure 16). As it can be seen in Figure 17, the structure drilled
at the location of well L-30 is dry; both the AVO anomaly observed in the Scaled Poisson’s Ratio Change section and the petrophysical model
support it. On the other hand, an interesting interval was found in the Abenaki Formation (Figure 16) that might have gas saturation and/or high
porosity according to the anomalies identified in the AVO attributes. The difference between these carbonates is also shown in the Gradientintercept attribute (Figure 18).

Conclusions
Rock type classification by crossplot interpretation allows the integration of different rock properties and their tie to the core description
efficiently; this resulted in the identification of different lithotypes.
A better estimation of the S-wave velocity is achieved by including the rock classification since it allows the interpreter to use the adequate
trend for a given rock type.
A rock physics template was obtained from modeling of different scenarios in the carbonate properties calibrated for the study area.
The dry- and low-porosity carbonates show positive gradient and intercept values while an anomalous zone is characterized by a positive
gradient and a negative intercept; this zone shows a similar Poisson’s ratio change in response of the underlying sandstones.
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Figure 1. 3D seismic information and wells available in the study area.

Figure 2. Workflow applied to transform petrophysical and geophysical information into a 3D geological model.

Figure 3. Scotian shelf sub-basins and location of the Penobscot 3D, wells and nearby fields, and pipelines. From Campbell et al., 2015.

Figure 4. Generalized stratigraphic column of Nova Scotia basin. Modified from Kidston et al., 2005.

Figure 5. Final crossplot for the facies modelling.

Figure 6. 1D Facies model for the correlation well, obtained applying crossplot interpretation.

Figure 7. Greenberg- Castagna vs. Vp relationships for different rock types

Figure 8. Crossplot of elastic properties, prepared for feasibility analysis of Abenaki Formation.

Figure 9. Carbonate rock physics template made for Abenaki Formation.

Figure 10. Petrophysical model for the correlation well in Abenaki Formation.

Figure 11. Fluid substitution result for Abenaki Formation. Note the contrast between the change in properties in limestones (blue rock type)
for those in sandstones (yellow rock type).

Figure 12. Synthetic gather compared with original gather where both gas saturation and porosity effects on amplitudes can be seen.

Figure 13. Pickings made for both synthetic and original gathers at the well position.

Figure 14. Conditioned seismic gather at the location of the correlation well.

Figure 15. Gradient vs intercept crossplot for Abenaki Formation.

Figure 16. Change of Scaled Poisson’s ratio for Inline 1177. A typical AVO Class III anomaly for sandstone was identified at a structural high
in Abenaki Formation.

Figure 17. Change of Scaled Poisson’s ratio for Inline 1177. Note the response at the L-30 well and nearby areas for the non-porous, dry
carbonates, as represented by the yellow color in the Abenaki Formation

Figure 18. Gradient-Intercept crossplot used to highlight the different carbonate responses. In the section, as in the crossplot, the blue color
represents the carbonates of interest, and the red color represents the carbonates with low porosity and high water saturation, as in seen in the
well.

Table 1. Well logs available for the correlation well used to characterize the reservoir interval.

