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SUMMARY

The recording of raw or streameldta, as done by CGG during MEGATEM and HELITEM surveys, allows for the extractign of
passive EM responses, inadvertently recorded during AEM surveys. These include powerline responses in data setstiaequired in
vicinity of strong powerlines, VLF respges in data sets recorded with sufficiently high sampling frequencies and potentially AHMAG
responses in the frequency range6®® Hz

The recording of the threeomponent AEM data allows for the vector processing of these passive EM respcisdig the
derivation and modkng of the tipper data. Conductivity information can be derived from the tipper data with an apparent conduictivity
transformation and, more rigorously, with 2aphyand 3D inviersio

The extraction of passive EM responses is demonstrated on a number of data setsliAepapgarentonductivity gridderived
from a MEGATEM survey near Timmins, Canada indicates conductivity structures not evident in the correspondisgueaziéeM
data. VLF responsesdved fromSouth AmericartMEGATEM and North American HELITEM data showstong correlation to
topography. The formewere successfully motled with 2D and 3D inversions, anbet derived shallow conductivity structures
confirm and complement the information extracted from the astivece EM data
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INTRODUCTION

The recording of streamethta allows for the thorough analysis of EM data (Lera., 1998) for the reprocessing of the active
source EM data (Sattel and Battig, 20&6) forthe extractiorand modéing of passve EM responsefsom powerlines, naturalfields
and radio fields ranging from audfcequencies (AF) to veriow frequencis (VLF) and low frequencies (LF)

If there is enough c@rage of powerline signal insarvey area, the corresponding grou response at 50 Hz and odd harmonics
can be modelled and interpreted (Labson and Medberry,)1988lleeet al (2010)discuss powerline apparecdnductivity grids
derived from raw MEGATEM datayhich delineate structures not apparentthe standard MEGATENEM amplitude and time
constant grids. The Hfield emitted by powerlinesnay be horizontally polarized at distasa# several miles from the powire
(Ward, 1966). In that casépper data can be derived from the X, y artbmponent responses at 50 Hz and bdrmonics and be
treatedas AFMAG data.

Audio-frequency magneticAEMAG) is a geophysical method thabhalygs magnetic field data the frequency range- 1000 Hz
associated with the natural EM fisldf lightning discharges. An airborne AFMAG system, such as ZTEMguk 2012) measures
responses in the frequency range6®® Hz or 306720 Hz, depending on the frequency of the electric power gtaturd-field EM
responsesabovethe spectraldensity low at 12 kHz (Labsonet al, 1985)might also contain useful informati at frequencies in the

VLF (3-30 kHz) and LF (3800 kHz) range The VLF method relies on EM signals transmitted byR\Atations operated mavies
around the globe in the frequency range30%Hz The rmdiofrequency EMRF-EM)me t h o d ( B o erc2B05)exterdls thisl | |
rangeto frequencies in the LF rangehich includes radio fields transmitted for navigation and communication purposes by naval and
commercial radistations The recording of 3 componertbthe magnetic field data AFMAG, VLF and LF frequencieallows for

the derivation of tipper data and the application of 2D and 3D inverditmithém and Oldenburg, 2010; Sattel and Witherly, 2012;
Kamm and Pedersen, 2014

The digitisation rats of most activesource AEMsystems are high enough to anay4_F and even LF responses. &uof the examined
MEGATEM data sets provide usby the GSC wasecordedand stored at84kHz. The SkyTEM systemises a sampling rate of 5
MHz, but responses are gat in real time toeduce the data volungBlyboeet al, 2017) Therefore, AFMAG, VLFand LF responses
can potentially be extracted from streamed data recorded by-activee AEM systemsThemain challenges atbevariablereceiver
coil attitudeand the extraction ohese responsés the presence dhe strong activsource EM signal.

We hae examined powerline, AFMAG/LF and LFresponses for a number of AEM data sets, including MEGATEM data acquired
in 2013 in South Améra by BHP Billiton andVEGATEM ard HELITEM data acquired in various Canadian locations by the
Geological Survey of Canada (GSCThe information gainedrém these passive EMesponses is expected to complement the
conductivity structure derived from the actiseurce EM data.
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The powerspectrum of the SoutAmerican MEGA'EM data, recorded at higdlevation, is shown in Figure 1. It shows ewibtion

or aarth-field (EF) noise at frequencies below 25 Hz, the aetivarce signal at the bafrequency of 25 Hz (BF) and corresponding

odd harmonics, the powerline noise at 50 Hz (PL) and odd harmonics (lower in amplitude than treantieignal) and in ¢h
frequencyrange from 1&5 kHz the VLF responses. Peaks at powerline and VLF frequencies indicate that there is potential for
passive EM data processifay this data set
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Figure 1: Spectral density of y-component MEGATEM high-elevation
data (no ground response) acquired at a sampling rate of 51,200 Hz

PASSIVE EM PROCESSING

Generally, thepowerline and/LF signak recorded dring activesource EM surveys a@nsidered as noise, and attempts are made
to reduce the impact on the EM sign&M data contamination due to VLF noise is generally less obvious than powerline noise, but
can be significant at the earliest time channelscfda, 2015Rasmussemet al, 2017. The opposite approach is described herein,
where thepowerline, AFMAG andVLF signak arefirst extracted from the streamadtivesource EM data and then mdlee to
deriveconductivity structureof the surveyed areas

Earth-field Removal and Reverse tcking

Traditional EM data are stacked, when the responses of contiguowy¢ial of opposing polarity are subtracted from each other,
preserving the signal and eliminating any unsynchronized responses, such as powerline noise. With our objective beisitethe opp
our processing eliminates the acts@urce EM response (the primary and secondary EM response induced by the MEGATEM
HELITEM transmitter), in order to improve the S/N ratio of gmeverline,VLF and AFMAG signals. This is achieved by stacking th
raw responses of each haifcle in pairs of two without adjusting for the change in polarity. In order for the pulses of teecatine
half-cycles to be identical, the eadfibld respoise (coitmotion noise) isemoved before the reverse stackingetaglace. The power
spectraof x-component MEGATEM data before and after edid¢ld removal and reverse stacking are shown in Figure 2. Whereas
VLF responses can be iddied in the ycomponent powespectrum of Figure 1, thecomponent VLF responseannot be seen in

the unprocessed data (Figure 2, left panel), because of the stotigesource signal, due to the stronger coupling of themponent
receiver coil with the primary fieldFigure 2shows thatdue to the nearly perfect symmetry loé MEGATEM halfcycle pulsesthe
activesource signal gets removed enolgtthe reverse stacking for the VLF response to become cigsitije. For the HELITEM
system, e recorded pulses of consecutive hajtles show more variation, with revergacking not being as effective at reducing
the activesource signalFor those data, extracting the VLF response via MSK (minimum shift key) decoding, as suggested by Macnae
(2015 and Rasmussest al. (2017) might result in a cleaner VLF signal. Exclgptone VLF station (VTX2), all stations examined

in the case studies discussed bedmpear to havased MSK modulation.

Spectral Response Extraction

The spectral responses are extracted at selected frequencies as described byaPatlét99h). Powerline responses were extracted
at 50, 150 and 250 Hz or 60, 180, 300 Hz, depending on the powerline freqUéiMAG responses were processat frequencies

in the range 75600 or 90- 720 Hz Naturalfield and radiefield responses at VLF arid- ranges were extractértbm 5 kHzup to

the Nyquistf equency of t dtien rateywhitheranged froch il1g52 to 61skHz for the discussed datarsstsfor the
South American MEGATEM datacluded the derivation of narrowband and broadb¥ihF radiofield responses. The former
included 6 separate responses derived frotnHDwide frequency bands, cesd at the station frequencies; the latter made use of the
combined responses of the 6 VLF transmitters in the frequency rang25L8.8Hz Since the broadband responses covered a range
of azimuths, the S/N ratio was better than for the narrowband signals.
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Figure 2: Spectral density of xcomponent MEGATEM high-elevation data (no ground response)efore (left) and after (right)
earth-field removal and reverse stacking

Attitude C orrection

The attitudecorrection of VLF data acquired with a sensor attached to the survey aircraft is described by Bastani and Pedersen (1997).
For a toweebird sensor, a similar approach mightused. An attempt was made to derive the attitude of the receiver coil set from the
derived eartkield response and the horizontaimponent data from one or more VLF stations in order to apply an aftioudetion

to the data.

The eartHfield (EF) reponse is a function of the magnetic field vector, the heading and speed of the plane and the rate of change of
the receiver attitude. Model results show that the EF response is fairly insensitive to the actual values of the mdgresttorfie

which canbe approximated by regional IGRF values. Further, because of the relatively slow speed of the plane, responses due to
dragging the receiver coils through lateral magnetic field gradients are negligible when compared to the responses théuced by
relatively fast rotation of the coil set. Unfortunately, the EF response is insensitive to any sensor rotation occurring ie the plan
perpendicular to the magnetic field vector. A singualue decomposition inversion was used for recovering the receiver exfrioua

the EF response. Analysis of the eigenvectors and eigenvalues indicated that the coil pitch was well resolved, batwaramdbty
independently resolved. Requiring additional data to resolve the ambiguity between roll and yaw, the dirgfctioraion of the

VLF data was analgsl.

It has been suggested that the azimuths between the sources of VLF signals and sensor locations can be derived fomtathe horiz
components of measured electromagnegicl§ (Golkowski and Inan, 2008Therebre, it was tested if the apparent yaw of a receiver
coil could be derived from the VLFRadiofield respones as derived from the streanfeéduth American MEGAEM x and ydata,
since the actual azimuths between receiver locations and VLF stations are Rtofortunately,derived apparent azimuths showed
a strong sensitivity to the local topographyhis suggests that the secondary Bedfl the horizontal componentse too bigto be
negligible, and hence, the assumption that the responses of the tadremmponents are dominated by the VLF primary field is
incorrect. This was confirmed with synthetic modelling of the survey terrain usii@Dfwd (Holtham and Oldenburg, 2010).
Azimuths derived from the synthetic horizontal magnetic field responsesiadialues that are wrong by up te 3/degrees, as a
result of the topographyAn attempt was made to derive theededorimary horizontal VLF response&ia removal of the secondary
horizontal VLF responsg derivedfrom the vertical(secondary onlyMLF response via Hilbert transformati¢Macnae, 1984;
Nabighian, 1984) However, results were not encouraging amhce, tipper data were left uncorrected for receiver attitude.

Tipper Derivation
Stacked cross and atdpectra are computed at the &riyequencies, followed by the derivation of the tipper response (Vozoff, 1972):
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We used the same sign convention as applied to ZTEM(Hatmult 2012) in order to facilitate the use of our existing ZTEM
modelling software.
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Conductivity Models

Conductivity information can be derived from tipper data via grid filter operatgrd) as phase rotatiofiso et al, 2009, the
derivation of thepeaker(Pederseet al, 1994)andapparent conductivity transformat®fBecken and Pedersen, 2008he derivation
t Wwhich daro rpsalgin raappled/ conaldctivity highs s ur v

of thesegrid products des 6 t

take into
across mantains and conductivity lows across valleys. More reliable conductivity information can be extracted from 2D and 3D

account

inversionstakinginto accountthé e r r ai n 6 s Theseglgorihmsawvete priginally written for thiaversionof MT data, but
canbe applied for the modelling of VLF and AFMAG data (Sattel and With@dy2 Legaultet al, 2013. The 2D algorithm used

for this studyis based on the 2Bigorithm developed by Constable and Wannamaker (deGtediin and Constable, 1990; deLugao
and Wannamaker, 1996) he finiteelement algorithm modethe Tzx dateand takes into account the teri@ia

groundclearance of the receiver along the flight lifldhe 2D assumption impliegtructures, including the topography to danfinite

strike length.A 3D inversion jointly inverts th&zx and Tzy dataf multiple flight lines, also taking into account the terrain topography

and sensor elevation. The 3D algorithms used are described by Holtham and Oldenburg (2010) artc/HgH2).

MEGATEM South America

CASE STUDIES

The MEGATEM data were acquired at a bdsmjuency of 25 Hz using a digiion rate of 52 kHz. A closeup of the power

spectrum in the VLF fragency range is shown in FigureSRrong VLF signals wenecorded from VTX2 India, NPM Hawaii, NDT
Japan, NAA Maine, NLK Washington and NML South Dakota. The distances of these stations to the survey area range from around

7,000 km to over 17,000 km, and the spatial distribution of these stations providgsegrgzimuthal coverage.
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Figure 3: Close-up of Figure 1 showing spectral densityf the x-, y- and
z-component data in the frequency range 124 kHz.

Figure 4: Survey flight path.

Theflight path of the examined AEM data, including one tie line, is shown in Figure 4. In order to ettadusgpeatability of the

VLF tipper dataFigure 5 shows a comparisontbé tieline profile with the responses extracted along the tie line from the smoothed
VLF responses of the other survey lines. The extracted profile has a data point every H@Gamé as the line spacing) and the

extracted data were reassigned Tzx = Tzy and T-2gxto be consistent with the time data polarity. The unfiltered time profiles

show the effect of sensor motion.
repeatability.

Nevertheless, there is fairly good agreleeteaen the two data sets, suggesting good data
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Figure 5: Comparison of the VLF (21090 Hz) tipper profiles for the tielline of Figure 4 with tipper data derived from the
western block of the NNW.SSE survey lines (dotted lines).
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The tipper data for a range of frequencies were transformed to apparent conductivities using the method described loyl Becken a
Pedersen (2003)The results, shown in Figure 6, appear ttline structureselated to subsurfaceonductivitesa nd t h e
vertical relief, which is sever@d2004800m) The powerline along the southern border of the suaves appears to provide enough

50 Hz signal to result in eoherent conductivitynap However, results close to the powerline locatoa probably questiobie, due
to source effectsThe derivedAFMAG data have low S/N ratipsvhich resulted in less coherent apparent conductivity giide
shown example at 300 Hegppears to indate structures of elevated conductivitiest in the absence ofdependent verificatiotheir
existenceas uncertain.In contrast, th&LF naturatfield data at §00Hz and theV/LF radiofield dataat 21090 Hzhavemuch higher
S/N ratics, butarealsohighly sensitive to topographyThat sensitivity facilitates data calibration, et epparent conductivigrids,

which are not compensatedforh e t er r ai,@ré of limitedpatug r ap hy
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the 21,090 Hz grid.

Figure 6: Apparent conductivities derived from powerline, AFMAG and VLF tipper data. A powerline runs along the|
southern end of the area, as indicated by very high amplitudes on the 50 Hz grid A strong correl
topography is apparent for theVLF data at 9,600 ad 21,090 Hz. The 3D-inverted area, shown in Figure 8, is outlied on

terra

In order to model subsurfactcturesfrom the VLF 21090 Hz tipper data2D and 3D inversions were applied. The result of a 2D
inversion, using a 1000 Ohm halfspace as @&t model, is shown in Figure From our experience and published results (Legault

etal, 2012, Spies, 1989), 1.5 times the skin depth is a good estimate of the depth penetration for MT and AFMA® eftimated
depth range of the VLF datderived from 1.5 times the skin depth at 21,090isiimdicated by the dashed line on the cotiditg-

depth section. The strong VLF crossover response across the valley should be noted. The inversion result indicatgs ah#tehe

conductive layer can be mapped from the VLF datkso shown is the conductiviigiepth section (CDS) derived Viayeredearth
inversionsfrom the activesource MEGATEMdata. The latter has a deeper depth range than thed¥tived CDS, but the derived
conductivities agree well at shallow deptt8D inversion results of a survey subséthe 21,090 Hz Tzx and Tazlataare shown in
Figure8. The shallow conductivity slices compare well with the squaree processed channel 1 amplitu¢isttel and Battig, 2016)

confirming that valuable information can be derived from the VLF data.
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Figure 7: Conductivity-depth section derived by 2D inversiol
from VLF tipper data (top), corresponding observed and
modelled tipper profiles and 1D inversion result from square
wave processed activeource EM data (bottom). In the top|
panel, the EM bird elevation isshown with a dotted line, the
approximate penetration depth, which represents 1.5 ski
depths is indicated by a dashed line.
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Figure 8: Conductivity -depth slices derived by 3D
inversion from VLF tipper data and square-wave ADD-
corrected channel 1 amplitudes.




MEGATEM Timmins, Ontario , Canada

MEGATEM data acquiredear Timmins, Ontario, Canada by the Geological Survey of Canada {({G3@)2using a basérequency

of 30 Hz and a digitetion rate of 23,040 Hzere analysed for AFMAG and powerline EMpesses. The sampling frequency is too
low for extracting EM responses in the range of \fa#io fields The survg flightpath is show in Figure 8long with thechannel 10
z-component response of the acis@mirce EM data, as provided by CGG and thevddrapparent conductivity grids derived from the
tipper data extreted for 30 Hz (AFMAG) and 60 Hz (powerline\ major powerline crosses the area, the location clearly visible on
the channel 10 amplitude grid just east of the survey cefitne.30 Hz apparentconductivityg r i d  @ppeastao iddicate any
conductivity structure, besides the location of the powerline. In contrast, the 60 Hz appadkndtivity grid appears to outline
broaderstructures thaare less apparent from tB#1 channel 10 apiitude grid

Figure 9: Survey flightpath and grids of EM channel 10 amplitude TMI, apparent-conductivity grids at 30
and 60 Hzand the topography.

HELITEM Kluane Lake West, Yukon, Canada

The HELITEM data were ajuired at a basfrequency of 3Hz and a digitiationrate of 122 kHz. e powerspectrum in the VLF
frequency range is shown in Figure. irong VLF signals were recorded fremations as far away as NWC Australihe locations
of the VLF stations in relation to tharvey area are shown in Figure. The spatial distribution indicates excellent azimuthal coverage.

) ) ) Figure 11 VLF station locations in relation to
Figure 10: Spectral density of the x-, y- and zcomponent data in the |l survey area, indicated by yellow linegurvey linenot
frequency range 1626 kHz. drawn to scale).

Apparent conductivity griglderivedat various frequencies asdown inFigure 12 along with other survey result®icluding early
andlatetimeU (decay sdenvedtrenmittie activgouicalEM dataThe latter indicateonductivity structures striking NW

SE, perpendicular to the flight lineSipperresponses at 20.9 and 43.6 kHz wimsvard modelled with programiT3Dfwd using the

digital terrain model (DTM) andsauming al000 Ohrmm haltspace, followed by the derivation of apparent conductivifiée

observed apparent conductivgyid at 20.9 kHZ16.21 25.6 kHz rangeagrees well with the predicted values, thaws more spatial

detail, suggesi ng t hat the VLF responses are dominated by the terrai
conductivitystructure. Even thougtheLF response at 43.6 kHz relies watural fieldsa weakcorrelation between the predicted and
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