Opening Remarks (Lightning Slide, Slide 1)

Good morning ladies and gentlemen. My presentation to you today deals with the use of naturally occurring electromagnetic transients as an energy source for exploration purposes. As the slide implies, the energy source being exploited is due to lightning discharges.

The electromagnetic source field created by thunderstorm activity essentially consists of two components, namely, a low-level continuing component which is due to activity on a near global scale, and a transient component which is due to very strong and/or relatively nearby individual lightning discharges.

The purpose of this presentation is to illustrate the advantages of using the transient component alone, in conjunction with our Adaptive Polarization Stacking algorithm which we developed to work specifically with linearly polarized transient data.

We have shown previously that our APS algorithm yields essentially unbiased earth response estimates while using only four channels of data.

The effectiveness of our algorithm, and our instrumentation, will be displayed in the results of a transient magnetotelluric survey in the Shea Creek area of Northern Saskatchewan.

Introduction (Slide 2)
The geophysical technique which makes use of naturally occurring electromagnetic energy is called magneto-tellurics or MT for short.

Magneto refers to measurement of the magnetic field and tellurics to measurement of the electric field, hence the name magneto-tellurics. 

The ratio of horizontal components of electric and magnetic fields yields the wave impedance. By measuring the wave impedance as a function of frequency, depth information is obtained as lower frequencies penetrate deeper and higher frequencies are confined to more shallow depth’s. 

When the measurement bandwidth lies in the range above several Hz the modifier audio-frequency is added or simply AMT for short.

Typical AMT practice is to record data on a continuous basis for some averaging or integration time, however, the largest naturally occurring signals in the audio bandwidth are transient in nature and are thus time localized phenomena. Recording in a continuous fashion serves only to diminish the signal-to-noise ratio obtainable by recording  time localized.

Slide 3 (Transient plot) 

This is shown in this slide where we see a plot of the horizontal magnetic flux density over a 1 second duration.

Despite the fact that the SNR within the highlighted portion of the window is quite high, the SNR of the entire window as a whole is much lower due to the lower SNR of the continuing component which occupies most of the window. So as we see, there can be relatively long periods of time with no significant activity.

The lower panel shows a plot of the highlighted portion only on a zoomed in time scale, we see that the high frequency components of the transient can be well contained in a relatively narrow window thus maximizing the SNR.

Slide 4
Therefore, by recording only transient energy in a time localized manner, we obtain the best possible signal-to-noise ratio. 

However, each transient is strongly linearly polarized, and the polarization diversity of a group of recorded transients affects the estimation of earth response curves quite strongly as it impacts upon the stability of the linear system which that needs to be solved.

Slide 5 (Scatter Plot of a single event)
This slide shows what we mean when we say that the transients are linearly polarized. Shown here is a scatter plot of the horizontal magnetic flux density for a single event. We see that it forms an approximately straight line and is therefore said to be linearly polarized. Note that the bearing to the source is perpendicular to the direction of field oscillation. In this case, the transient originated in the Gulf of Mexico, more than 3200 km south-east of Saskatoon.

Slide 6 (Scatter plot 200 transients)
This slide shows the scatter plot of not just one event but rather slightly more than 200 hundred events. We see what is quite typical with transient data, namely a tightly clustered distribution of bearings with incoming energy confined to one quadrant only. It is only in times of very high source field activity that we may see a more scattered distribution of bearings.

Most of the time, this is the type of source field characteristics that we are challenged to work with. This was the main motivation behind the development of our Adaptive Polarization Stacking algorithm, which was designed to work robustly with this type of source field characteristics. It is difficult to do so as the extremal angle in the group of recorded transients influences quite strongly the stability of the linear system being solved. Our APS algorithm properly reflects the stability of the linear system in both it’s parameter and error estimates.

On the other hand, conventional estimation techniques assume a circularly polarized source field with infinite sample size, both of which are typically not well approximated. 

This make conventional RR estimates in general biased, with sometimes quite poorly estimated error bars.

Slide 7 (Theory)
Before we look at some data, I’d like to briefly show you how we model the earth response with AMT. Specifically, we assume a linear system where the impedance tensor Z(w) is the transfer function between magnetic and electric field oscillations.

Also shown at the bottom here is the magnetic field tipper which is the transfer function between vertical and horizontal components of the magnetic field. For those of you familiar with VLF data, this can be regarded as “super VLF” data, that is full tensor and measured across 3.5 decades of frequency bandwidth from 8Hz to 32 kHz.

In the case of the impedance tensor, note that we have four unknowns but only two equations so we need at least two independent measurements to solve for the four tensor elements. 

As I’ve alluded to, the estimation of the impedance tensor is at it’s simplest then, the solution of a pair of 2x2 linear systems.
Slide 8 (Example of a 2D Earth KEEP IT SIMPLE)  
Although the fundamental quantity of interest for AMT surveys is the impedance tensor Z, for presentation purposes we work mainly with the apparent resistivity and phase, which are essentially the modulus and argument of Z.

This slide shows the apparent resistivity of all four components of the tensor.

As we see here, (_xx and (_yy are zero to within the noise level of the data as they are much smaller than the principal elements, (_xy and (_yx.

This is an example of a 2D earth, with aligned measurement axes. In this situation, Maxwell’s equations decouple into two modes, known as TE and TM. 

The TE mode is purely inductive and shows a spatially smooth character with maximal response to vertically oriented conductors while the TM mode has a galvanic component in its response making it most sensitive to lateral changes in resistivity but with only weak response to vertically oriented conductors.

The ragged behaviour of the curves in the centre of the plot is due to the intense waveguide attenuation in this frequency range, this is the so-called AMT dead band which is only absent in cases when thunderstorms are less than 2000 km distant.

When dead band effects are present we interpolate linearly through the dead band for presentation purposes only.

Slide 9 (Colour contour plot of (_xy, (_xy) 
This slide shows the dead band interpolated TE apparent resistivity and phase curves. Evidence of the Saskatoon Lake conductor is clearly seen in the conductive response at low frequency, as is the shallow westerly dip of the associated graphitic package. We also note the large conductive zone at higher frequency, approximately 1 km wide, which may reflect sandstone alteration.

Slide 10 (Colour contour plot of (_yx, (_yx) 
This slide shows the TM apparent resistivity and phase curves. Once again we see quite clearly the Saskatoon Lake conductor at depth with the shallow conductive material above. As expected, evidence of a lateral contact between station’s 20W and 21 W is more clearly seen with the TM data with the classical overshoot undershoot behaviour seen there. 

Slide 11 (Tipper Data)
This slide shows the tipper data. Two main features are of note, firstly the large response to the dipping graphitic package at depth and secondly the large high frequency anomaly due to the lateral contact between station’s 20W and 21W.
Slide 12 (2D OCCAM Inversion TM)
This slide shows the 2D minimum structure inversion of the TM mode data. We see a shallow west dipping conductive package at depth which correlates very well in dip and location with known geology ascertained from drilling. We also see hints of a second poor conductor further to the east. At shallow depth is seen a wide conductive zone that may reflect alteration and/or fracturing within the sandstone. Note the abrupt change in resistivity at station 20W at shallow depth, also, any features shallower than approximately 60 m depth are purely extrapolated.

Slide 13 (2D OCCAM Inversion TM-Tipper)
The TM data alone is fairly unresponsive to near vertical conductive features. Inclusion of the tipper though enhances the

resolution of the inversion to near vertical conductive features.

In addition to the shallow west dipping conductive package we now more clearly see the Saskatoon Lake conductor with top at approximately 700 m depth centered on station 25W approximately. Also resolved, although rather poorly, is a secondary conductor of lower quality approximately 1.8 km to the east at station 7W, and at slightly shallower depth, approximately 600m.

The placement and depth extent of these two conductors agrees very well with UTEM data collected on this line.

Slide 14 (DC Resistivity, VLF-R and UTEM)

This slide shows DC resistivity, VLF-R and fixed loop UTEM data collected on line WAS-4. If we examine the CH2 UTEM anomaly, we would place the Saskatoon Lake conductor between 23W and 24W. This agrees very well with the TAMT data considering that the TAMT data may more strongly respond to the horizontal dimensions of the shallow west dipping package whereas the UTEM data may respond more strongly to the vertical structure in this conductive package.

The DC resistivity survey used a moving Schlumberger array designed to profile at a depth of 200-300 m. We note the conductive response near the poor conductor at station 7W. Also, VLF-R data show a similar response with a conductive response near the 7W conductor.

This is interesting in that the DC resistivity and VLF-R data do not indicate a conductive anomaly in the sandstone over the Saskatoon Lake conductor as the TAMT data does.

Slide 15 (Gravity)
However, the gravity data collected on line WAS-4 does agree very well with the TAMT data in terms of shallow structure. The gravity data exhibits a broad low, approximately 1 km wide which corresponds very closely to the shallow conductive zone defined by the TAMT data. The minimum of the gravity low occurs at approximately 21W where the TAMT data indicated a very strong lateral contact, observed both on the TM mode resistivity and the tipper. Based on the frequency of the tipper anomaly we would place the source of this anomaly at less than 150 m depth. We note that the lateral contact is very sharp at 20W indicating a near vertical dip as compared to at 30 W where it is much more gradational. This agrees very well with the interpretation of the gravity data which indicates that the depth to the body is less than 200 m and that the source of the anomaly is a wedge like structure that is tapered to depth. In agreement with the TAMT data, the eastern edge of the wedge is found to be steeper than the western edge.

Slide 16 (Conclusions)
In conclusion, the largest naturally occurring signals in the audio bandwidth are transients. Recording transients in a time localized manner results in the best possible signal-to-noise ratio.

Furthermore, our Adaptive Polarization Stacking algorithm properly incorporates the polarization properties of the source field in its analysis and thus provides very reliable estimates with solid error bars.

The effectiveness of our data processing algorithm, and our instrumentation, has been displayed in the imaging of two distinct conductors on line WAS-4, the placement and depth extent of which agree very well with large loop EM data. Furthermore, in agreement with known geology based on drilling, a shallow west dipping conductive package is seen to coincide with the Saskatoon Lake conductor.

At shallower depths within the sandstone, the TAMT data indicate a broad conductive zone approximately 1 km wide above the Saskatoon Lake conductor that may be related to fracturing and/or alteration. The shallow TAMT anomaly is coincident with a gravity low that is also interpreted to be due to fracturing and/or alteration within the sandstone.

However, further investigation is required to ascertain why the DC resistivity and VLF-R data did not respond to the shallow structure seen by the TAMT and gravity data. 
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