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Introduction 
The Hashin Shtrikman upper bounds (HS+) describe the compressional and shear velocities of grain-supported clean sandstones as function of brine-filled porosity quite well. Along with the fluid acoustic properties, grain sorting and mineral composition determine the zero and critical porosity endpoints. In-between, the data follow the respective quite linear HS+ bound. Plotting matrix-supported shale data alongside with the sands shows the shale Vp to typically plot just above a ‘concave’ compressional velocity-porosity lower Hashin Shtrikman bound (HS-) and at a given porosity significantly below the clean sand data, with silty mudrocks and shaly sands in-between. The corresponding shale shear velocity-porosity data plot in a very similar way, yet the shear velocity-porosity HS- bound cannot describe the data since it is exactly zero for all porosities > 0 if the porous fraction of the rock is modeled to represent brine with zero shear stiffness. That shale shear and compressional velocities instead behave similarly supports assigning a finite shear stiffness to the pore-filling water. 
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The ‘Metallica’ Miocene-age petrophysical well data set from the US Gulf of Mexico was investigated publicly by Kittridge et al. (2008) and subsequently appropriated by Gelinsky (2014) to show application of the HS+ bound to describe the clean sand data in that well. Following the approach outlined by Katahara (2008) we now petrophysically characterize the Metallica shales using neutron, density, resistivity, and sonic log cross- and depth plots. We identify two groups of matrix-supported shales with distinctively different petrophysical and elastic properties – more immature, younger shales presently colder than 75 C and more mature, older shales currently hotter than 95 C. Assuming that for the most clay-rich shale endmember data the bulk of the calculated porosity is associated with clay bound-water, we apply the finite bound-water shear stiffness model by Holt and Kolstø (2012) to calculate the HS- Vp and Vs values as function of porosity. We test the numerical predictions by Sayers and Den Boer (2018) for bound-water and clay mineral elastic properties and find good consistency between model, proposed bound-water properties, and our data (Figure 1). 
Discussion
The analysis we present here makes several simplifying assumptions. Actual shales are heterogeneous rocks, and here we simply describe a ‘claystone’ endmember that consists of two components. Component one is the ‘effective’ matrix dominated by ‘dry’ clay minerals mixed with only a small amount of embedded (and non-touching) silt grains. Component two is the porosity calculated from logged bulk density and the estimated effective matrix density. For our endmember claystone we assign this porosity to be 100% clay-bound water with a density similar to that of the brine in the surrounding effective pore space. The majority of our shale data do not conform to these endmember criteria – they have a significantly higher content in granular silt and some small but finite amount of effective porosity between touching grains. Actual shales are anisotropic – here we describe a model that is calibrated with sonic log data acquired in a vertical well with assumed horizontal bedding and we work with ‘effective’ bulk and shear moduli rather than with anisotropic effective medium bounds for the full elastic tensor. We do not consider here the possible frequency dependence of the bound-water moduli proposed by Holt and Kolstø (2012) and the related attenuation and velocity dispersion effects. 
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Figure 1: Vp-Por (left) and Vs-Por (right) crossplots coloured by present day temperature with HS- bound overlay for bound water shear moduli from 0.175-0.3 GPa. Only data with shale volume estimated to be larger than 70% are plotted. Marked are fitting bound-water shear moduli of approx. 0.275 GPa for the deeper data (black dashes) and 0.2 GPa for the shallower data (yellow dashes).
Conclusions
We have shown that for the clay-rich shales of our Gulf of Mexico well data the HS lower bound can be used as a closely-fitting bound to both the rock’s compressional and shear velocities as function of porosity if a finite shear stiffness is assigned to its clay bound water. Our data can be modelled with a bound water bulk modulus of 2.65 GPa and shear moduli that are in the range estimated by Sayers and den Boer (2018). Our dataset features two distinctively different domains – the shallower, younger data (T < 75 C) appear to be better described with bound water shear moduli of 0.175-0.2 GPa, whereas the deeper, older data (T > 95 C) are better described with a bound-water shear modulus of 0.25-0.3 GPa. For the model shown in Figure 1, we set the effective matrix bulk and shear moduli to 33 GPa and 21 GPa, respectively. When fitting a bound for the more mature low porosity data there is a trade-off between the value we assume for the (‘dry clay’) bound-water-less clay mineral shear modulus (plus sparsely embedded silt grains) versus the best-fitting value for the bound-water constituent. Quite intuitively, the less mature, higher porosity shear velocity data appear to be more dependent on the bound-water shear properties then on those of the mineral matrix. We consider the here observed difference between the elastic properties of shallow and deep shales to be related to clay diagenesis.
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