Opening Remarks (Lightning Slide, Slide 1)

Good morning ladies and gentlemen. The title of my talk is Deep Uranium Exploration with Transient AMT, mapping basement conductors and sandstone alteration in the Virgin River Area.

The results of two surveys at Stewardson Lake and about 30 km to the south at Wide Lake will be discussed. 

We will show that transient AMT, especially the tipper, is a cost effective method for mapping deep conductive features and shallow sandstone structure in order to prioritize areas for future uranium exploration.

However, since the AMT response is dominantly one of current channelling, even a moderately conducting zone embedded in a resistive earth may saturate the response.

Introduction (Athabasca Basin Picture, Slide 2)
The Athabasca basin, located in Northern Saskatchewan, consists of terrestrially derived sediments of more than 800 m thickness. Uranium deposits occur at the unconformable contact between undeformed overlying sandstone and the metamorphosed basement. The deposits are associated with structurally enhanced graphitic pelitic schist, which constitutes the so called basement conductor, and are furthermore surrounded by hydrothermal alteration halos which may be conductive or resistive depending on the local geologic environment.

Introduction (Athabasca Basin with conductors, Slide 3)

The typical exploration recipe involves controlled source, time domain electromagnetic methods to map basement conductors, as indicated by the red lines on this slide. Alteration halos in the vicinity of these conductors are then typically explored for with DC resistivity.

However, for deep exploration, greater than 700 m or so, controlled source methods become increasingly expensive due to the difficulty of working with large arrays, large Tx loops and large source-receiver offsets, the main reason for the lack of coverage in the central, deep portions of the basin. These difficulties do not affect the audio magnetotelluric method which employs mother nature as an energy source, i.e.- thunderstorms, and achieves great depth of penetration by simply collecting data across a wide frequency bandwidth.

Therefore, the Virgin river area of the Athabasca basin was chosen for a transient AMT survey to assess the methods ability to map sandstone alteration and deep basement conductors in a region of thick sandstone cover.  

AMT Background (Slide 4)

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

The ratio of the horizontal components of electric and magnetic fields results in a measurement of impedance. By measuring this as a function of frequency, resistivity-depth information is obtained because lower frequencies penetrate deeper while 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 AMT for short.

Slide 5 (What is Transient AMT ?)

Transient AMT refers to the recording of naturally occurring EM transients in a time localized manner. This is contrasted with conventional AMT where data is acquired continuously for some period of time under the assumption that there is a constant influx of energy. 

While the continuing component is appreciable in certain frequency ranges, most notably below 100 Hz, the largest naturally occurring signals in the audio bandwidth are transients and are thus time localized phenomena.

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

Despite the fact that the SNR around the location of the transients is quite high, the SNR of the entire window as a whole is much lower due to the long periods of relative inactivity which occupy most of the window.

Therefore, by triggering on individual transient events, and recording narrow time windows around each, we obtain the best possible signal-to-noise ratio. 

This gives us the best possible AMT resolution of shallow and deep conductors. Furthermore, our Adaptive Polarization Stacking algorithm, designed to work specifically with transient data, provides earth response curves and error bars that properly reflect the polarization diversity and SNR of the data. 
Slide 6 (Basic Theory)
This slide shows 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 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, measured from 5 Hz to 32 kHz and without directional coupling issues because we observe the response with electromagnetic waves arriving from many different directions. Furthermore, if you’re familiar with VLF-R, the impedance measurement we make in AMT is again exactly the same as VLF-R with the previously mentioned enhancements, namely wide frequency bandwidth and no coupling issues.

For field work we typically define a co-ordinate system with positive x pointing north, positive y to the east and z vertically down.

E_x in this case would refer to the measurement of the electric field in the N-S direction for example.

Slide 7 (Geology – Virgin River Area – TF Mag SW Basin)

The Virgin River Area lies within the Snowbird Tectonic Zone, a northeast trending crustal scale shear zone of early proterozoic age. Post Athabasca activity along this structural trend or zone of weakness is indicated by the Dufferin Lake Fault. With a 250 to 300 m offset and a strike length of more than 100 km it is perhaps the largest fault system in the Athabasca Basin making it a very attractive target for exploration. To put things in context, the P2 fault at McArthur River has about 90 m of throw, the Collins Bay fault about 50 m.

Slide 8 (Geology – Virgin River Area – Anticline)

The basement rocks within this zone form an egg-carton like pattern with north and south dipping anticlines with saddle structures caused by northwest trending folding. The saddle itself is a 2 km wide, weakly conducting structure, with highly conducting zones located on the outer limbs, denoted the C and E conductor trends. All mineralization encountered thus far at Wide Lake has been associated with the C conductor trend.

Slide 9 (GEOTEM data)
This slide shows the partial results of a GEOTEM survey that was flown in the Virgin River area. We note the anomalous response in the Stewardson lake area, indicative of conductive sandstone. In contrast, the alteration signature at Wide Lake is more resistive with kaolonite, dravite, chlorite with silicification. 

Slide 10 (TAMT Area Map)
Ground follow up on the conductive GEOTEM anomaly in the Stewardson area commenced in 1995 with a UTEM III moving loop survey which resolved two distinct conductors, both on strike with the C and E trends from Wide Lake. However, a fixed loop UTEM III survey in 1996 did not confirm the conductors. Nevertheless, Virgin River-01 was drilled to investigate the conductive sandstone anomaly and intersected a clay rich, illitized, porous sandstone from 680 m to 1135 m depth.

Therefore, a transient AMT survey was initiated in 2004 to find basement conductors in the area, map the spatial extent of the illite anomaly and locate the Dufferin Lake Fault. At Wide Lake, the response of the C conductor and the Dufferin Lake fault were to be tested.

Slide 11 (Edited Zxy and Ty, Stewardson Lake with arrows) 
This slide shows the edited TE mode impedance and tipper data for Stewardson Lake. The main emphasis of this survey was on the tipper, collected at roughly 300 m station intervals, while the impedance tensor was collected at every fourth station or approximately 1.2 km in order.

We note the shallow structure on the resistivity and tipper at stations 48E and 134E, most likely indicative of disturbed sandstone up dip from a deeper fault. We also see the large conductive layer at depth which is the illitic layer intersected in VR-01. Last but certainly not least, we note the basement conductor in the vicinity of 162E, seen mainly on the phase and the tipper. Note also the screening effect of the conductive illite layer on the tipper as the anomaly due to the basement conductor gets pushed to lower frequency. Mention the 3D crossover on the tipper at 91E/94E.

Slide 12 (2D OCCAM Inversion Stewardson Lake)
Here we see the results of 2D minimum structure inversion of the TE mode impedance with the tipper.

Disturbed sandstone at 48E aligned with deep contact between resistive and conductive basement materials. This feature may be associated with a fault, possibly the Dufferin Lake Fault, which has disturbed the sandstone up dip. However, based on the UTEM III moving loop data, we could pick the Dufferin more to the west based on the association of the fault with the C conductor. If present, the response of C conductor has been obscured by the illite anomaly in the TAMT data.

On the eastern edge of the illite layer at 134E another disturbed sandstone anomaly is present indicating the possibility of a fault there as well. It therefore appears that the illite layer is bracketed by faults on both edges. We can see the good agreement regarding the depth extent of the illite layer between inverted results and drillhole VR-01.

At 162E, about 2.5 km east of the illite layer, we see a basement conductor at approximately 1.2 km depth. This feature is on trend with the E conductor from Wide Lake and may very well be the northern extension of this trend. To improve the resolution of this feature, wind noise events were manually removed from the low frequency data so as to tighten error bars in the 10 Hz to 100 Hz range.

Slide 13 (Area Map with Interp) Remove for SEG TALK ??
This slide gives us an aerial view of the Stewardson Lake interpretation. Discrepancy between UTEM III Dufferin pick and my pick. Fault control of the illite layer. E conductor on strike with UTEM III moving loop pick and Wide Lake work.

In terms of future exploration, I recommend another line 5 km to the north of Stewardson Lake and/or about 15 km to the south where the expansive illite layer is mostly absent, the C conductor will then stand out and the location of the Dufferin or western fault system by extension will be better established. 

Slide 14 (Edited Zxy, Ty Wide Lake with arrows)
Now we’re going to move 30 km to the south to Wide Lake where the unconformity depth is approximately 850 m. Similar to Stewardson Lake, the main emphasis was on the tipper, collected every 200 m, while the impedance tensor was collected every 800 m. 

On the tipper data we see shallow structure indicated by the high frequency crossovers at 182E and between 228-230E. The crossovers in the vicinity of 218E are indicative of 3D structure.

In the basement we see a very wide conductive package, seen both on the impedance and the tipper. Note that the tipper colour scale has been clipped so as to not obscure the smaller high frequency anomalies. This makes the low frequency tipper anomaly look spatially sharper than it is, in fact the low frequency crossover around 50 Hz occurs over a distance of about 1.6 km. 

The 2.5 km wide structure of graphitic pelitic schist, or meta-pelite, produces a very strong tipper anomaly, close to 50 percent on the real part of Ty and nearly 30 percent on the imaginary part. This large response dominates the TAMT data at Wide Lake and obscured the response of the basement conductors on the limbs of this structure, at 185E and 210E.

Slide 15 (2D TE-Tipper inversion Wide Lake)
This slide shows 2D minimum structure inversion of the TE mode impedance with the tipper. Immediately we note the very large conductive feature in the centre of the plot. Once again, the C and E conductor trends were “washed out” by the large response of the weakly conducting pelitic schist.

However, the high frequency crossover at 182E corresponds to the up-dip extension of the Dufferin Lake fault which is aligned with station 178E at a depth of approximately 500 m. Similar to Stewardson Lake a second fault further to the east may be present in the vicinity of 228E as evidenced by the disturbed sandstone in that region.

Resistive basement material known to be felsic gneiss occurs on the extremeties of the survey line.
Slide 16 (Conclusions)
In conclusion, TAMT can be used to map basement conductors at depths exceeding 1 km, opening up virtually the entire Athabasca basin to exploration. 

However, basement conductors need to be suitably isolated from other conductive structures in order to be resolved. This arises because, as with VLF, the AMT response is dominantly one of current channelling. Therefore, large, even weakly conducting structure within a resistive earth can effectively saturate the AMT response and obscure the response of any highly conducting zones that may be nearby.  

So in a resistive environment like the Athabasca Basin, searching for a strong conductor within a large, even weakly conducting zone, does not appear to be possible with AMT. 

However, shallow structure within the sandstone can be well mapped with TAMT which as we’ve seen is very helpful in identifying the location of faults. This is important as the one unifying aspect of all deposits to date appears to be structural control as provided by faulting. Conductive alteration within the sandstone can also be reliably mapped.

Therefore, TAMT is a cost effective exploration tool for mapping isolated basement conductors, sandstone alteration and structure in remote rugged areas where little prior knowledge exists. However, it will not replace controlled source EM and electric methods for drill target definition at depths less than 500 m.

Slide 17 (Vertical E)
This slide shows an upcoming EMpulse advantage, namely, the outstanding SNR enhancement that can be gained over existing induction coil technology in the collection of the vertical electric field.

We have a transient which has propagated for more than 3000 km, yet there is still detectable dead band energy seen on the vertical electric field while there is very little indication of it on the coils.

With induction coils of today, we are limited to detecting dead band signals from within about 2000 km for daytime propagation.

We are hopeful that the vertical electric field will at least double this distance and thus alleviate dead band effects in most cases, although this remains to be demonstrated.

Slide 18 (Acknowledgements)
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Thank you very much.

Put another way, although better than VLF due to the lower frequencies involved, AMT still lacks conductor discrimination as compared to TEM. The AMT response saturates at some point based on the background to anomaly contrast. Increasing the contrast or adding highly conducting discrete zones will have very little effect.  

This is the same operating principle as VLF or VLF-R, except that we make measurements across a broad frequency range and with EM waves arriving from many directions. This removes the directional coupling issue with VLF data and allows us to explore many times deeper than VLF.

