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Marathon Passive Seismic Project
This report covers the data processing of the passive seismic imaging project near
Marathon, Canada.
This report covers the following data processing steps for the above referenced project:
1. Data format conversion and data QC, including producing PSD’s and spectrograms.
2. Beamforming on the micro-seismic noise surface wave direction determination using
the 3D passive seismic data.
3. Determination of cross-correlation functions (or Green Functions) between all stations.
4. Rayleigh wave tomography inversion using the Green’s functions derived in the previous step to produce a 3D Vs cube.

Executive Summary:
The records for the Marathon passive seismic project are of good quality
and show usable ambient seismic noise especially in the period band
[0.15 1.5]s (∼0.7-7 Hz) used for the tomography. The microseismic noise
at high frequency is mostly coming the Great Lakes. At lower frequency,
the noise comes from East-North-East direction (North Atlantic ocean).
The noise cross-correlations show essentially the fundamental mode of
the Rayleigh waves travelling at an average velocity of ∼3 km/s.
Due to the high velocity and the long wavelengths, we only used data
from station pairs more than 900 m apart. It resulted in ∼1300 dispersion
curves used for the inversion.
The 3D S-wave velocity model is presented together with its uncertainties. The top of the gabbro intrusive slab is clearly imaged.
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Seismic array and ambient noise records

The dataset consists of 26 days of ambient seismic noise recorded over 90 vertical component stations
from the 25/11/2017 to 20/12/2017 (Figure 1). The nominal distance between the sensors is 300 m.

Figure 1: Map of the 90 1-C stations on top of the local topography along with their serial number.
The blue lines show the surface extension of the gabbro intrusion (Good et al., 2015).

The Power Spectral Density (PSD) and spectrograms for each individual station are available in
the Station Book on the FTP site. They show for most station relatively stable seismic noise with the
distinct pattern of oceanic storms at periods above 1 s. In the period band used for the tomography
(0.15-1.5 s), the noise is made of discrete bursts, probably related to local weather.

2

Noise cross-correlations and noise source distribution

Correlation functions are computed from daily ambient noise records. Signals are first down-sampled
to 50 Hz and normalized in the frequency band (0.1-20) Hz. Figure 2 shows correlations between a
reference station (00035 and 00110 acting as a virtual source) versus the other stations in the array.
Correlations are sorted as a function of distance from the reference station. Propagation of Rayleigh
waves is clearly visible across the array. Most of the noise energy is coming from the South-West
(acausal energy on station 00035 correlations and causal energy on 00110 station correlations) in
the direction of the Great Lakes (Xu et al., 2017). Some low frequency energy is coming from the
North-East. This is confirmed by the beamforming analysis performed in different frequency bands
(Figure 3). In the following we will work on the symmetric components of the correlations, i.e., the
average of the causal and acausal parts.
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(a) Virtual source 00035

(b) Virtual source 00110

Figure 2: Noise cross-correlations for stations 00035 and 00110 acting as a virtual source, versus the
other stations for the frequency-band [(0.1-20) Hz].
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Figure 3: Beamforming analysis, averaged over the 26 days of acquisition, in 5 different period
bands.
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Average dispersion curves over the entire network

We now build an average seismic section by binning the correlations in fixed distance intervals (every
50 m). Doing so, we assume that the underlying velocity model is mostly 1D. By stacking the large
amount of data in each distance bin, the signal-to-noise ratio (SNR) is highly increased, which allows
us to extract the fundamental mode average propagation characteristics (Figure 4).
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Figure 4: Stacked section of noise cross-correlations filtered between (5-10) Hz. The fundamental
mode of the Rayleigh waves is clearly apparent.

A frequency-wavenumber (FK) analysis of the stack section allows us to accurately pick phase
velocity dispersion curves (Figure 5a). The mean group velocity dispersion curve is calculated as a
derivative of the mean phase velocity dispersion curve. These mean dispersion curves are presented
on Figure 5b). We verified that the mean group velocity dispersion curves of calculated from F-K plots
are coherent with the mean group velocity dispersion curves from FTAN picking. The derivation of
group velocity from phase velocity involving a differentiation, we smoothed the phase velocity prior
to the computation to obtain a stable group velocity dispersion curve. We therefore get an average
group velocity dispersion curve which exhibits the correct average velocity value but lacks some
variation along the different periods (see Figure 6a)
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(a)

(b)

Figure 5: a): FK analysis of stack sections of noise-correlations with picked phase velocity. b): Mean
phase dispersion curve calculated from F-K plots: Phase velocity dispersion curve and group velocity
dispersion curve of Rayleigh waves (fundamental mode).

4

Group velocity dispersion curve picking and quality control

The Rayleigh wave group velocity dispersion curves for the 4005 possible ZZ correlations have been
automatically picked using the FTAN algorithm. We then rejected all the dispersion curves for station
pairs separated by less than 900 m to avoid larger uncertainty measurements due to near source effects.
Finally, after computing the statistics of all remaining dispersion curves (Figure 6a) we rejected all
the dispersion curves for which at least one point falls outside the boundaries defined in Figure 6b),
i.e. the values larger (or smaller) than the most probable velocity value (called mode) ± 1 km/s. In
Figure 6b, the mode value is shown by the blue curve and the 1 km/s limits by the dashed white
curves. The background of the figure shows the probability density function of the Rayleigh wave
group velocity dispersion curves, before 6a and after 6b the quality control.
The number of dispersion curves left at each period and used for the tomography is shown in
Figure 7. It goes up to 1380 dispersion curves for the periods (0.15-1.5)s. The number of pairs is
limited due to the large (900 m) minimum inter-station distance rejection criterion.
The azimuthal distribution of the Rayleigh wave paths at each inverted period is shown in Figure
8. We can see that the azimuths in the South-West/North-East direction are dominating due to the
orientation of the line of receivers, but also because the dispersion curves kept during the QC are also
mostly oriented in this direction (the direction of the main noise sources).
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(a)

(b)

Figure 6: a) Probability density distribution of all Rayleigh wave group velocity dispersion curves.
The red, black and blue curves show the mean, median and most probable dispersion curve, respectively. The green curve is the average group velocity dispersion curve derived from the FK analysis.
b) Probability density distribution of the Rayleigh wave dispersion curves left after the rejection procedure. The red, black and blue curves show the mean, median and most probable dispersion curve,
respectively. The dashed blue curves are the limits used to reject outlier dispersion curves.

Figure 7: Number of measurements kept at each period after the quality control.
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Figure 8: Azimuthal distribution of the Rayleigh wave paths used for the tomography at each frequency. The outer circle value is given by the number on the right. The inner circle value is half this
number.
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Tomography at different frequencies

The dispersion curves are inverted in the period band [0.15-1.5]s (with a regular step of 0.1 s) and
regionalized into a regular grid of 100 m by 100 m rectangular cells (in longitude and latitude directions) using Mordret et al. (2013) approach. Figure 9 shows the results for the Rayleigh wave group
velocity maps.

Figure 9: Rayleigh wave group velocity maps inverted at different periods. The blue dots show the
station locations, the black contours show the surface extent of the gabbro intrusion.

Figure 10 shows the density of rays in each cell of the model at each period for Rayleigh waves.
The density of ray of more than 20 rays per cell permits to achieve a nominal lateral resolution of
about 250 m for most of the area with a minimum resolution of about 500 m at the edges of the area
(spatial resolution maps per frequency for Rayleigh waves are available on the ftp site). The density
is higher (up to 120 rays per cell) in the middle of the array.
Maps for Rayleigh wave show evolving structures with increasing periods. The map at 0.25 s
correlates particularly well with the surface extent of the gabbro intrusion.
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Figure 10: Ray density maps at each period for the Rayleigh wave group velocity.

February 23, 2018

Marathon Passive Seismic Project

10

6

Depth inversion and estimation of the model robustness

The full set of group velocity maps describes local dispersion curves at each single cell of the map.
These local dispersion curves are then inverted at depth to obtain local 1D Vs profiles. The ensemble
of every best local 1D model constitutes the final 3D Vs model. We used a Monte-Carlo approach to
invert the dispersion curves at depth because of the strong non-linearity of the problem and the absence
of accurate a priori starting velocity model. This Monte-Carlo approach is based on a Neighborhood
Algorithm (Sambridge, 1999) and is described in details by Mordret et al. (2014). This algorithm
has the advantage of exploring entirely the model space using a Voronoï cell discretization while
increasing the focus on its most promising areas as the number of iteration increases. The ensemble
of best models can be used to estimate some uncertainties on the model parameters. We jointly
inverted both Rayleigh group velocity dispersion curves and mean phase velocity dispersion curve to
stabilize and complete the inversion. In total, we invert 2 dispersion curves for each single cell. These
curves are defined in Table 1.
Wave type
Rayleigh
Rayleigh

Velocity
Mode
Periods
Phase Fundamental 0.1 - 1.2
Group Fundamental 0.15 - 1.5

Measurements
FK
FTAN

Table 1: Dispersion curves used in depth inversion for each point of the grid.
For each dispersion curve presented in Table 1, we define error bars. The error bars of the mean
dispersion curves calculated with F-K analysis are twice as high as the error bars calculated with
FTAN analysis (FK: +/- 200 m/s and FTAN: +/- 100 m/s). This equalizes the contribution of the
mean dispersion curves in the inversion. The depth inversion searches for the optimum parameters
that minimizes the difference between the synthetic dispersion curves and the observed ones. The
1D model is discretized with 3 homogeneous layers with various thickness. During the inversion, the
P-wave velocity is scaled to Vs using a Vp/Vs ratio of 1.73 and the density is scaled to Vp using the
empirical relationship of Brocher (2005). In total, we invert for 5 parameters: velocities in 3 layers
and the thickness of the 1st and the 2nd layer (Table 2).
Parameters
Vs1
Vs2
Vs3
Depth1
Depth2

Units
Min
Max
m/s
2500
3500
m/s
2800
4000
m/s
2800
3800
m
5
700
m
Depth1+100 Depth1+1000

Table 2: Parameterization of the local 1D Vs models
We sampled a total of 21000 models. The final model is the average of the 1000 best models
(with the lowest misfits). This Monte-Carlo technique also allows us to estimate uncertainties for our
model as the standard deviation of the distribution of the 1000 best velocity models at each depth. We
interpolate the 3-layers 1D models every 1 meter at depth to obtain the final velocity cube.
Figure 11 shows two examples of local depth inversion along with the final misfit map. We see
that there is a band of higher misfit in the middle of the model (Fig. 11b11c). In this area, the high
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misfit comes from the poor fit of the average phase velocity that we measured assuming a 1D average
velocity model. The dipping slab in this area violate this assumption: the data are sensitive to the
thickness of the gabbro intrusion slab and to the material below it, introducing a lower velocity layer
which is poorly constrained in term of velocity. However, the local group velocity is sensitive to the
slab geometry. We chose to keep narrow ranges for the inversion parameters to reduce the non-unicity
of the solutions and avoid over-interpreting our results. Although the misfit is larger in these areas,
the inverted model parameters are still robust. Given the periods that we used for the inversion, the
model is resolved between ∼100 m and 1500 m depth.
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(a)

(b)

(c)

Figure 11: Local depth inversion. The data are in red, the sampled models and associated synthetic
dispersion curves are in gray (the shade depends on the misfit value) and the best model is in green.
a) The point corresponding to the green star. b) The point corresponding to the red star. The fit to the
average phase velocity curve is poor because in this area the 1D assumption we took to estimate the
average dispersion curve does not hold. c) Map of the average normalized misfit for the 1000 best
models at each geographical point.
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Final 3D Vs model

In the following figures we present horizontal and vertical slices into the final 3D cube. We observe
that the gabbro intrusion slab is well resolved as a higher velocity layer, dipping toward the West. The
top of the layer is well resolved but he bottom is less clear and seems to be picked up by the data only
in the middle of the array. However, in this area, the misfit is higher so the interpretation of the slab
bottom should be made cautiously.

Figure 12: Slice at 250 m depth in the velocity model. The locations of the vertical slices presented
in Figure13 are shown by the black lines. The red contours show the surface trace of the gabbro
intrusion.
A high velocity anomaly at ∼700 m depth is associated with larger uncertainties (Fig. 15). Its true
nature is unknown. In order to have a better view of the slab upper surface, we plot the isovelocity
surface at 3250 m/s in Figure 16.
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Figure 13: Vertical slices in the Vs model. The locations of the slices are presented in Figure12.

Figure 14: Slice at 250 m depth in the uncertainty model. The locations of the vertical slices presented
in Figure 15 are shown by the black lines.
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Figure 15: Vertical slices in the Vs model. The locations of the slices are presented in Figure14.

Figure 16: Isovelocity surface at 3250 m/s. The color indicates the depth of the surface. We clearly
image the dipping of the slab toward the West.
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Conclusion

We used 26 days of passive seismic records to retrieve the fundamental mode of the Rayleigh waves
propagating in the subsurface of the Marathon area. Most of the noise is coming from the Great
Lakes.
We inverted jointly local group velocity dispersion curves and the average phase velocity dispersion curve to obtain a robust 3D shear-wave velocity model of the studied area resolved down to 1.5
km. We are able to image the upper surface of the intrusive gabbro slab which appears as a higher
velocity body dipping toward West. It is unclear if we can resolve the actual thickness of the slab in
some parts of the model because where it seems we can, we have also more trouble to fit the data.
Our results suggest a thickness of ∼500-700 m in the center of the model.
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