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Aaron J. Girard∗ and Jeffrey Shragge, The University of Western Australia SUMMARY



METHODS



Direct imaging of ambient seismic data will require body waves to be extracted from the recordings. We use a dataset from an mine site in Manitoba, Canada, and a number of data analysis techniques aimed at extracting body waves from ambient seismic recordings. The four tools used here are data audification, power spectral density plots, cross-correlations to identify plane wave energy, and plane-wave dip spectra plots. Together, these tools will assist in preprocessing the ambient seismic recordings and identifying plane wave energy. The results from these methods show that it is possible to quickly define energy in the recordings that can be extracted for use in a direct ambient imaging method.



We have conducted several experiments to explore the body waves in the Lalor Lake dataset to extract the information from the ambient recordings. Ambient recordings were measured for more than eight days in March 2013 at the Lalor Lake mine site in Northern Manitoba, Canada. The first step was to extract some records from the dataset and try to find the optimal times from which to extract information. It is known that there were regularly scheduled mine blast events that were done during construction of a shaft. Two example records are shown during an moderately quiet period (Figure 1) and during a mine blast (Figure 2). Each figure shows a 2D data representation indexed by station number. However, each line clearly shows itself, particularly during the



INTRODUCTION Ambient seismic imaging has been explored almost exclusively with interferometric methods (Draganov et al., 2006) or surface wave methods (de Ridder and Dellinger, 2011) to date. Direct wavefield migration of ambient data was explored by Artman (2007), but with limited results due to proximity of a producing gas flare. We are working towards a direct imaging approach to ambient seismic data, which will require a different preparation of the data before imaging. To do this, we start with investigating the many of different types of energy in the ambient seismic recordings, including surface waves and body waves from natural sources such as earthquakes and ocean swell and anthropogenic sources. Since we are working toward using ambient recordings for seismic migration, we would like to extract and focus on body waves. It is important to identify and separate the different energy types and to isolate the data components that are beneficial for imaging. The tools we use to identify body waves in the ambient recording are audification to listen to the data, cross-correlations, Power Spectral Density (PSD) plots (similar to Draganov et al. (2013)) to determine which records and times carry the most beneficial information, and plane-wave dip spectra plots to determine the directionality and slowness of body wave energy. Using those tools, it has been possible to identify possible body waves in the Lalor Lake ambient data recorded at a mining site in Manitoba, Canada. Imaging of this data has been investigated by Cheraghi et al. (2015) who use interferometry for delineation of deeply seated mineral deposits and have some interferometric imaging results. Herein, we examine some methods for identifying body wave energy in the ambient records that may be extracted for use in a direct imaging method such as Girard and Shragge (2015).



Figure 1: Noise panel with no mine blast.



Figure 2: Noise panel with mine blast.
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Extracting body waves from ambient seismic recordings



Figure 3: Power spectral density of one receiver (246) of the Lalor Lake data for an entire day on March 8, 2013. Each vertical trace represents the frequency spectrum for six minutes of time and the horizontal axis shows time of day in hours.



blast in Figure 2. Audification of Seismic Data An effective way to identify these blasts, as well as other times of anomalous wavefield arrivals, is to convert the seismic recordings to sound files and play them over headphones at a speed of 60 times faster than the true data sampling rate (i.e., one hour of data is compressed to a one minute audio file). When using this method to explore the data, notable events such as the mine blasts, surface truck traffic, mine site drilling activity and others can be easily identified and marked for further inspection. Power Spectral Density During the data investigation via audio file, it was important to consider the frequency content of the data while listening. To visualize this, a PSD plot was made, as shown in Figure 3. The frequency was calculated from six minute windows of time and concatenated over the entire dataset, allowing for a joint visual-audio examination of the data. Cross-correlations The audification and PSD analyses facilitated identification of the quietest times generally associated with a more optimal window for recovering ambient body-wave energy. The next step was to extract one of these quiet hours and compute surface-based data cross-correlations to build interferometric pseudo-sources. Cross-correlations were made for one longer line during one of the blasts and one of the quiet hours (hours two (a) and three (b) in the PSD of Figure 3) as an example. Two different cross-correlations were done in 4.0 s windows and summed over an entire hour on a line, shown in Figure 4. The ‘cross’ shape in Figure 4a would be desirable for interferometric imaging, but occurs in an hour with a mine blast. Conversely, in Figure 4b, there is no ‘cross’, but a unidirectional energy that correlates, and is likely the type of body wave energy we are looking for. It is important to note the similarity of the results in Figure 4b to interferometric pseudo-source data, but more importantly that there is a dominating repeated signal with moveout that peaks at about 1.5k km along the crosscorrelation. This occurs in both cross-correlations and is the
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Figure 4: Cross-correlation showing virtual source location at trace 256 of line S122 during hours 2 (a) and 3 (b) of the ambient dataset. Each trace is 100 m apart and the center of the ‘cross’ is trace 256.



clear signature of a man made signal. Plane-wave Dip Spectra The last analysis used in this abstract to investigate body waves is a plane-wave dip spectrum that has been converted to slowness in the x- and y-directions (px , py ). To build this, we use a beamsteering operation (Cole, 1995) that calculates data coherency over the selected range of dip components (after incorporating geometry). When stacked over the selected time interval, this approach generates a map of apparent slowness in the x- and y-direction. Since we were unaware of the effects that acquisition geometry would have on the plane-wave dip spectra, we needed to test results first on a synthetic data with a set of plane waves to verify the results of our plotting method before moving on to the real data. RESULTS When exploring the data, we observe four ‘white’ spectra lines in the PSD (Figure 3), which peaks corresponding to mine blasts. For this study, we do not consider mine blast records because they are not ambient energy. The second thing that is obvious in the PSD are the peaks in frequency that occur in the long time periods between the blasts at set intervals about 50 Hz. This is most likely electrical interference from the electronics around the recording site, and can be removed via notch
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Figure 5: 3D synthetic dataset of two plane waves, created in the space of the Lalor Lake dataset.



Figure 7: The acquisition geometry mask of the ambient receivers from the Lalor Lake dataset, used to make the synthetic recorded data approximate the Lalor Lake data. The mine is 780-826 m deep and located at about 800 m East and 1.5 km South in this plot.



filtering. Lastly, the PSD shows that the majority of the energy is between 4-45 Hz and we can selectively choose what frequencies carry body waves or are otherwise important to the imaging scheme to be used. This is expected since the survey was carried out with geophones that record best in that range.



in our grid.



When examining the cross-correlation in Figure 4, it is readily apparent that there is a man-made 5 Hz noise source that is likely attributable to generator noise. This is the clear signature of a man made signal at about 5 Hz that might be difficult to filter out, as that is likely to be a region of the spectrum carrying desirable body wave information. It could, however, be forward modeled and removed with adaptive subtraction. Second, and less obvious, there is a second peak on this event, which shows up at the same location when any trace is correlated. This means that there is a constant source of this energy



Figure 6: Plane-wave dip spectrum of the synthetic dataset, showing the two plane waves as hot spots. Black dots show expected locations.
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Synthetic Plane-wave Dip Spectrum To find evidence of body wave information and direction of the source, it is important to explore beamsteering methods, or similarly create a plane-wave dip spectrum of the data. However, prior to doing so we must examine the impact of the array response on recovered plane-wave dip spectra. To explore what plane waves will look like in plane-wave dip spectrum, we built a 3D dataset with the same specifications as the Lalor Lake dataset. The volume, with two plane waves of different amplitude and different approach angle, can be seen in Figure 5, which has a recording time of 10 s. Even though the recording time is very short, the plane waves amplitudes



Figure 8: Plane-wave dip spectrum, stacked over time, of the synthetic dataset after application of the mask. Black dots show expected locations.
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Extracting body waves from ambient seismic recordings been applied to this dataset, it has not been stacked over long time periods, and the smearing effect of the acquisition geometry has not been corrected to approximate the geometry used for the plane-wave dip spectra in Figure 6. However, there is already some evidence of plane waves in the plane-wave dip spectrum, and we intend to explore it in more depth with frequency stepping approaches. DISCUSSION As seen in the plane-wave dip spectrum smearing differences from the synthetic dataset in Figures 6 and 8, it is expected that there is some smearing associated with the acquisition geometry. This must be considered when investigating plane-wave dip spectra from the field data. Figure 9: Plane-wave dip spectrum, stacked over time, of the Lalor Lake dataset for a quiet six minute interval. are relatively high and we can approximate a sum over many times by having one high amplitude event. When the 3D beamsteering process is used on the synthetic dataset, the result is a plot that has the slowness p = (px , py ) that has been summed over times and normalized, shown in Figure 6. The results in the plane-wave dip spectrum clearly show two events at two different amplitudes, arriving with different apparent velocities in the x- and y-directions. We created the two waves with p = (0.64, 0.64) for the high amplitude wave and p = (−0.032, −0.16) for the lower amplitude wave, which correlates exactly with the results from the planewave dip spectrum in Figure 6, with the black dots denoting p = (px , py ) for each plane wave. However, this example used the full set of traces in Figure 5 to run the beamsteering analysis. To test the effect of array geometry on the results, we used a mask of the locations that have receivers (Figure 7) and used only those traces as inputs for the creation of a new plane-wave dip spectrum. The results of the second calculation, as seen in Figure 8, are very similar to the results in Figure 6, but smeared out and less focused. This is expected because we have drastically reduced the information input into the analysis. The major implication is that the Lalor Lake array geometry is conducive to extracting body waves. Field Data Plane-wave Dip Spectrum A plane-wave dip spectrum for the Lalor Lake dataset is seen in Figure 9. The plane-wave dip spectrum for the small window of data shows a focus around the zero crossing of both px and py when calculated over the entire six-minute time series, suggesting the presence of very fast wavefield components arriving at near vertical incidence. This observation suggests that this data may be good for illuminating the subsurface in an imaging method; however, we cannot discount the scenario that most of the energy is not coming from the mine itself. There is also more smearing toward the positive px and py directions, which tells us there is likely some directionality to the energy as well. It is important to note that even though minimal filtering has
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Future data analysis steps include: • Exploring a frequency filtering or stepping method to optimize the results; • Building a Hessian type operator to help account for the acquisition geometry effects on the data; • Exploring the optimal time window that should be used to stack over to create an appropriate px , py plot that shows the body waves (using convergence plots); • Using a direct imaging type method to image the ambient seismic data after extracting the body waves. This is intended to be an imperative first step to a direct ambient seismic imaging method for resource exploration. CONCLUSIONS Ambient seismic recordings carry body wave energy that can be used for imaging, but the data needs to be explored in depth to extract the energy. One method to speed up initial explorations of the data is to use audio conversion and listen to the data while simultaneously visually inspecting a figure such as a PSD. Once the prospective time windows have been identified, they can be used to create pseudo-shots with interferometry, or simply cross-correlations to determine if there are repetitive or otherwise unusable signals. Once the undesirable energy is removed from consideration, it is possible to use plane-wave dip spectra or beamsteering to determine the source direction and apparent slowness of the waves. Further use of the body wave energy can assist in creating ambient seismic images of the subsurface for exploration purposes. This could be used alongside surface wave and interferometric imaging methods. ACKNOWLEDGMENTS We wish to thank the Centre for Energy Geosciences and David Lumley for access to everything, as well as UWA for letting me publish here. The Geological Survey of Canada, Gilles Bellefleur and Saeid Cheraghi have also been very helpful in providing the data for this study.
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