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Introduction
Shaly sand reservoirs are prevalent in deltaic depositional environments and in overbank and levee deposits of turbidites such as in Deepwater Gulf of Mexico, Brunei, and Malaysia. In these reservoirs, the sub-resolution sand-shale sequences are challenging to interpret using existing rock physics and seismic quantitative interpretation (QI) methods. For example, the conventional Gassmann rock physics fluid substitution is inconsistent with the established shaly sand petrophysical workflows and tends to overestimate the predicted fluid effect on acoustic data. This often leads to significant errors in seismic QI for modeling the hydrocarbon signature in sand-shale sequences and misleading information for exploration and appraisal decisions. We demonstrate a novel approach for modeling fluid substitution in shaly sand reservoirs that results in a more reliable QI model of the hydrocarbon signature. The new model overcomes many limitations of Gassmann and stays consistent with the conceptual models routinely implemented for petrophysical evaluations for estimating volumetric properties of sand-shale sequences, thus this work connects already established petrophysical workflows with quantitative interpretation of seismic data for modeling hydrocarbon signature in sand shale sequences. Such an approach can also be used to downscale seismic reflection for quantitative interpretation of sub-resolution complexities and hydrocarbons.
A Novel Fluid substitution model
Spatial resolution of geophysical and petrophysical tools (e.g., logs, seismic, controlled source electro-magnetic) is often much coarser than the total thickness of individual layers in a sand-shale sequence (Figure 1). Therefore, the measured responses are averages over multiple sand-shale layers. Predicting the sensitivity of seismic response to the presence of hydrocarbons (i.e., fluid substitution) in sub-resolution sand shale sequences can be complicated, particularly at the measurement scale. This is because many of the assumptions in the conventional approach of Gassmann fluid substitution are easily violated, including presence of thin shale laminations, mixed heterogeneous mineralogy due to presence of shale clasts, inhomogeneous load-induced pore pressures in the pore space, and presence of shale in sand pores. The new model overcomes these limitations, as it operates directly at the measurement scale without the need to downscale. This method is described here briefly.
[bookmark: _GoBack]Thomas and Stieber (TS) (1975) proposed a simple model for estimating porosity in sands and net thickness of laminations in sub-resolution interbedded sand and shale. Using the model, Net-to-gross (NG; the total thickness of sand with dispersed shale in sand-shale laminations) and dispersed shale volume (volume of shale filling the sand pores) can be calculated at any depth using well log data. The novel contribution of our new model is to utilize solid and mineral substitution approaches to extend volumetric interpretation of the TS model to seismic velocity. The graphical transformations of TS triangle from the volumetric space to elastic space (velocities and seismic impedance) are shown in Figure 2. This approach is then extended to model fluid substitution in sub-resolution sand-shale sequences.
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Figure 1: Shale, clean sand, sand with dispersed shale, sand with structural shale clasts. Seismic and well log wavelengths shown for comparison.
[image: ]
Figure 2: Porosity versus shale volume. Corresponding P-wave velocity plots are also shown.
 Results and Discussion
The new fluid substitution model is consistent with the volumetric interpretation of the Thomas-Stieber model. The new fluid substitution approach, which operates directly at the measurement scale, without the need to downscale, is recommended instead to first downscaling and then upscaling. This new approach stays consistent with the conceptual model of the Thomas-Stieber approach for estimating volumetric properties of shaly sands, thus this work connects already established petrophysical workflows with quantitative interpretation of seismic data for modeling hydrocarbon signature in sand-shale sequences. We find that predicted results using the new fluid substitution model can lead to significant differences in interpterion of seismic data when compared to using conventional Gassmann fluid substitution.
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