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Introduction
Many rock physics models predict frequency dispersion of p-wave velocity and attenuation over wide frequency ranges1. Validation of these model predictions in the laboratory is problematic because current measurement technologies can only be applied over limited frequency ranges2, often outside the spectra used by exploration techniques3,4. I describe the development of a measurement system, both hardware and software, that is able to address this validation requirement by operating over an extended frequency range from 100 Hz – 10 kHz. The system employs new frequency domain data analysis strategies that enable hardware of a practical size to be used. I also describe the development of pressure and temperature tolerant system components that allow the system to simulate real-world conditions pertinent to the investigation of gas hydrate and carbon capture and storage. 
Methodology
The hardware component of the system is a water-filled pulse tube (Figure 1). A specially pressure tolerant acoustic source and miniature hydrophones capable of withstanding 60 MPa were developed for the system. Similar equipment has previously been used to measure p-wave velocity and attenuation in the range of 1-10 kHz5,6. However, the data interpretation methods used in those studies have either derived an average velocity and attenuation for this frequency range6 or have limited frequency resolution5. The lower frequency limit of both these methods was dictated by the inability to include the effect of reflections from the ends of the tube (i.e. a finite tube length). The key to extending the low-frequency measurement limit of the system and, coincidentally, frequency resolution, without increasing the length of the tube, was the development of a frequency domain model of the entire tube system. This model allows the multiple reflections from the ends of the tube to be included in the data inversion scheme, thus arbitrarily extending the low frequency measurement limit. While superficially similar methods exist for impedance tubes (the air acoustics equivalent of the water filled pulse tube) 7 the lack of effective anechoic tube terminations for water filled tubes resulted in the development of the scattering matrix method presented here. The scattering matrix method explicitly accounts for the effect of a finite length imperfect tube by measuring an error term that describes the contribution of the tube ends and any partial reflections from within the imperfect tube caused by ports etc. This leads to a powerful calibration technique similar to that employed in microwave measurement systems8 but without the requirement for known samples or terminations with specific impedance.   
Results and Conclusions
The scattering matrix method data inversion workflow was tested against finite element model simulations of the pulse tube and show good agreement with input values to the finite element model (Figure 1). While in practice the frequency range of 10 Hz – 10 kHz may not be achievable with the current acoustic source, in principle the technique could give valuable results from seismic to sub-bottom-profiler frequencies. 
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[bookmark: _Ref530056503]Figure 1)(a) Schematic diagram of the water filled pulse tube showing the positions of the principle components. (b) Inversion results, showing the ability of the scattering matrix method to determine velocity and attenuation over an interval of 10 Hz – 10 kHz.
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