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Executive Summary

Airborne time-domain electromagnetics (TEM) is usatiensively in mineral exploration for
locating conductors. In this study, we examine t@aiextent airborne TEM may also be used for
guantitative geological interpretation, the resiolut capabilities of various airborne TEM
systems and the comparison of the resolved stregtorground EM data.

Three airborne surveys (MEGATEM, GEOTEM, and VT EMare flown for Uranium One over

a calibration site near the Grand Canyon as a actal condition to much larger surveys.
Ground TEM data (PROTEM) was later collected alamith other ground EM data. The
geology at the site is a thick, flat-lying sedinagt sequence. Our objective was to determine the
ability of the ground data to resolve the sedimsnsequences and whether the airborne data
would calibrate with the ground TEM. We wished tadarstand thoroughly the differences in
resolution between the different systems and regsoin any, for different structural
interpretations from the different systems.

An excellent model was developed to fit the grodiitM data with corroboration of the other
ground EM data. The model was in agreement withndyid ata, other information at the site and
general geological knowledge. The wide-offset ogunriation of the ground TEM data was
critical for resolving the deeper geology.

The ground TEM model for the resistivity depth samee which was confirmed by drill results
and other ground EM data, was then used to evathatsl EGATEM and GEOTEM. Using the
waveform files supplied by Fugro Airborne head adfi the pulse width, dipole moment and
window positions were carefully determined. M odglof the freespace response also enabled us
to check the geometry of the system such as ingmumffset and tilt as well as to study the



bandwidth of the system. When using low upper feeqy bandwidths of 4 kHz and 6 kHz for
the MEGATEM and GEOTEM respectively, the ground elofit the airborne data over the
ground loop centered at 5200N. Farther south, #@30N south to 3000N, these two airborne
EM surveys show a slight but definite increase Mrallsw conductance though this is not
observed in the PROTEM data. The most likely pdktgibs a layer of lower resistivity within
the Moenkopi or at its base to which the PROTEMvewris not particularly sensitive at these
offsets. The other ground EM data was not of sieffic quality to determine if such a small
increase in conductance existed.

VTEM waveform files were provided by the surveyvertor the flight. The waveform file is a
time derivative series and thus is likely the sgstesponse at high altitude. This is not known
precisely although the questions have been ask&etofech personnel.

Careful study with the waveform files led us to dode that the nature of the pulse was
different from what U1 had requested. Precise monddtudies determined that while the nature
of the system turn-on has a small effect on thpaese, the turn-off, particularly the rate of turn-
off at the very end of the pulse, has a very sanit effect on the response. By integrating the
waveform file, it was found that the turn-off wastra quarter sine as initially thought, but
approximately the last 77% of a quarter sine tufn-&Jsing a representation of the integrated
waveform the simulate the data, the response tgriwend model is too low at early times and
too high at mid-late times when the time windowspasvided by Geotech are used. If the
windows are shifted 0.03 ms earlier or slightly entihan one sample width of the waveform,
then there remains a static 1.15 scale factor ketwee VTEM model response and data.

The time shift is slightly more than one time saenpfl the waveform and thus may relate to how
the contractor determines the end of the pulse.aiglitude shift, we hypothesize is likely due
to how the data is reduced by dipole moment. We limtermined a number of possible errors
related to this normalization. To properly undenstéhe discrepancy between the ground and
VTEM data, more information is required on sy steangmeters.

Overall, our results indicate that MEGATEM and GHEM data calibrate with the ground data.
They provide relatively deep structural interprietat but this is still more limited than the depth
resolution of the wide-offset ground data. VTEM adabay calibrate with the other data, but
more information on system settings is needed.

This study highlights the importance of accuratelpwing the system parameters such as pulse
width, exact window locations and waveform detandien trying to determine accurate
guantitative geological information.

1.0 Introduction

Airborne TEM is a popular geophysical method in enal exploration, allowing large areas to
be surveyed quickly and efficiently. Airborne TEMha relatively short history and for many
years was used only for qualitative purposes. Todayeral different airborne TEM systems



exist, including fixed-wing systems such as MEGATEMid GEOTEM (Fugro Airborne
Surveys), and helicopter systems such as VTEM (€badttd.) and AeroTEM (Aeroquest Ltd.)
with in-loop receivers. However, there has beerntédwork to determine if these data can be
used quantitatively in the manner that ground takabeen interpreted.

The purpose of our study was to determine if amboFEM can be used for precise quantitative
geological interpretation. If this is possible thieairborne and ground data is collected over the
same area, we should be able to develop a modkekajround that corresponds to geology and
is consistent for all EM data.

In this study, ground TEM data was used as theslasithe calibration of the airborne TEM.
Ground TEM data has been collected for severaldt=cdv odeling codes for ground TEM have
existed for some time and have been well calibraigainst each other. A model that describes
the ground data can be compared with airborne teesoldetermine to what extent they agree.
While ground and airborne surveys differ in thesalution, the general structure that they detect
should be consistent. We would like to use thigbcalion site in an attempt to determine the
extent of this consistency.

The site selected for the calibration area contairkgiown breccia pipe. The site underwent
extensive study during the 1980’s including a \grief historic geophysical surveys and several
drill holes. The area was to be an area of intenstudy by Uranium One during the uranium
boom of the mid-2000’s. The entire region was ceddry a GeoTEM survey, numerous ground
geophysical surveys were carried out by Petros rEikmr Uranium One and all of the
geophysical data was studied extensively in attertptdetermine how best to detect the breccia
pipes via geophysics. Subsequently, some 20 ba®hetre sunk in the calibration area in two
distinct areas.

All airborne surveys flown for Uranium One’s prdjgedn Arizona included a flight over the
calibration site for comparison.

1.1 Geologic Setting

The test site is located on the so-called North BRame distance north of the Grand Canyon, an
area that is actively being explored for brecciaepuranium deposits. The host environment for
the breccia pipes is a sequence of sedimentans including limestones, sandstones, and shales
as shown in Figure 1. The area is sometimes tetheetiArizona Strip”.

At the surface is the Moenkopi Formation, comprieédsandstone and siltstone. Below the
Moenkopi are the Kaibab Limestone and Toroweap Etion (predominantly limestone). The
Coconino Sandstone, which is quite thin at thebcation site, and the Hermit Shale underlie
these. Below the Hermit Shale is a series of foonat known as the Supai Group, the
uppermost of these formations being the Esplanadds$one.

Information on the geology of the area is availdbden site work by Uranium One just south of
the test area. Drill logs extend into the Hermialgh
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Figure 1. Geology of the region. Drill results feeven drill holes are shown for the upper
formations.

1.1.1 Suitability of Site

The geology at this site makes it particularly veelited for TEM calibration purposes. Firstly,
there is little lateral variation in geology at tbike. The sedimentary formations are generally
flat-lying and there is limited 3D structure. Thgsseen in the relatively small variation in EM
response in the airborne surveys at the site. Tdretewe were able to focus our modeling on
layered resistivity models only without concernsta$ow the various systems are sensitive to
lateral variations. Secondly, although there isitlah lateral variation in resistivity, the
sedimentary layers have contrasting electromagnatiperties. As a result, we can build a
multi-layer model of resistivity versus depth whighry accurately represents the resistivity
structure. Furthermore, the basement is very dedpsasite. If the basement were shallow, we
may have only been able to distinguish layeringslallow depths. In contrast, the large
thickness of the sedimentary sequence at thisaldes us to investigate differences in depth
resolution between different surveys.

1.2 Electromagnetic Data

The following data were collected at the test site:

Ground Data:
1. Fixed Loop TEM collected with a PROTEM systemingsa TEM67 transmitter
(Geonics) in May 2008. 400 m x 400 m loop, centexe@@50E, 5200N). Data was collected
on two long north-south lines (650E and 750E) betw2900N and 6000N at 100 m station
spacing. Base frequency was 30 Hz, and all thregoments were collected.
2. Fixed Loop TEM collected with GDP-32 receiven(de) in May 2008. Same loop as
the Geonics survey. Base frequency was 16 Hz. @atsacollected only between 5100N and
5800N on Line 650E.



Airborne Data:
1. MEGATEM (Fugro) in February 2007. Base frequentg0 Hz. Three components. The
data was later windowed to have 20 off-time chammather than the 5 on-time and 15 off-
time typically provided. North-south lines at 10din@ spacing. In the vicinity of the test area,
the lines are at about 600E, 700E, and 780E, amhéxorth to about 4900N.
2. GEOTEM (Fugro) in February 2007. Base frequenfc§0 Hz, and 20 off-time channels.
North-south lines with 100 m line spacing. Two $ineave approximately the same easting as
the Geonics lines (640E and 740E). GEOTEM was @flected at the test site in 2006.
3. VTEM (GeoTech) in May 2007. Only Hz collecte@® &ff-time channels. North-south
lines with a line spacing of 100 m. The lines areapproximately the same easting as the
MEGATEM lines near the test site (590E, 690E, 790E)

In addition, MaxMin data was collected just 100nut$o of the calibration area at several
frequencies and two separations. VLF-R data was@llected at this site at two polarizations.
Several holes were later drilled in the centerhafse surveys, and drill results extending into the
Hermit are available for seven drill holes. Thealians of these surveys are shown in Figure 2.

Considerable magnetic data was also collected fsoth the air and on the ground. This data
indicates little shallow magnetic response exceptsmall scale anomalies mostly of man-made

origin.
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Figure 2: Locations of surveys.



1.3 Method

EMIGMA V8.1 (PetRos EiKon, 2009) was used for lagceearth modeling and 1D inversion
(Jiaet al, 2005, Jiat al, 2007). The results of the forward modeling codeia agreement with
other modeling code in the frequency domain. Comspas of the time domain response have
been performed where possible as well. It shoulddied that EMIGMA utilizes a quite

different method of determining the time domainp@sse from the frequency domain
simulations than other codes. However, this tealltas shown itself to be of superior accuracy
than other more traditional approaches.

Assessment of the TEM data was performed usingties outlined below:

1. Development of a layered earth model for the PR ground data:

A model was developed using a 1D multi-station iei@ in which the best model 1D
model for several stations was found. The advantdgesing a multi-station inversion
rather than single-station 1D inversions is th@tridvides the best overall model, utilizing
the different depth resolutions of different reeeilocations and limits the ambiguity of
the model. Particular attention was paid to bothaHd Hz, including any variation across
the survey area, though the ground TEM indicates the geology is quite uniform
laterally .

2. Simulation of the PROTEM ground model for theng® system and comparison with the
Zonge data.

3. Simulation of the ground model for the MEGATENBEOTEM, and VTEM data to
determine if the ground data is consistent withdineorne data. Particular attention was
paid to ensuring that the correct system settingeewsed. Waveform files were used to
determine these parameters where possible. FinallyJetailed assessment of any
discrepancies between the ground data and airl@t@ewas performed. Possible reasons
for all discrepancies are considered.

2.0 Ground Data
2.1 Introduction

The geometry of the PROTEM survey was shown inreigd The 400 m x 400 m loop is
centered at (750E, 5200N). Data was collected am tarth-south lines (650E and 750E) from
2900N to 6000N on Line 650E and 3000N to 6000N aore l750E. The station spacing was
100m. These lines were chosen so that they weteatame eastings as the GEOTEM lines. The
base frequency was 30 Hz, and all three comp oneearts collected.

A short line of Zonge data was collected for conguar along 650E from 5100N to 5800N.
Three components were collected.

2.2 Modeling Results for PROTEM



2.2.1 Ground Model

Preliminary forward modeling resulted in the depetent of a four-layer model that has a
similar response to the measured data. This modglused as the starting model for a four-layer
Marquardt inversion on Hz of the 11 south-most fsoon Line 650E (1300-2300m south of the
loop centre and just off-centre of the loop). Thglmthe use of a multi-station inversion, a single
1D model was developed for these stations. Therddga of using a multi-station inversion is
that it provides the best overall model, usingdfiferent depth resolutions of different receiver
locations. This removes issues with non-uniqueness.result is Model 4S (Table 1), which fits
the data well across the entire survey, as setimeidecay at 3700N in Figure 3. The fact that a
single layered resistivity model can be found taegally match the response verifies that the
subsurface structure is almost uniform across tineey area and provides an unusual geological
sample for these studies. Modeling and inversiomkweas performed with a 17 kHz upper
bandwidth for the receiver. The model is not patédy sensitive to a slightly lower upper
bandwidth.

This model was developed by inverting Hz, but #sponses of Hx and Hy were also examined.
Model 4S fits Hx well, though Hx is generally neisfar away from the loop (Figure 4). Due to
the manner in which Hy was collected, the dataisaf sufficient quality for interpretation.

Table 1: Model 4S

Resistivity [ Thickness| Depth to Lithology
(Qm) (m) Bottom
(m)
123 40 -40 [ Moenkopi
330 223 -263 | Kaibab/T oroweap
40 260 -523 | Coconino/Hermit
160 Supai Group
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Figure 3: Hz decay at 3700N on Line 650E in the FE® ground data. Red is the measured
data. Blue is the response of Model 4S.
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Figure 4: Hx decay at 3700N on Line 650E in the HIEM ground data. Red is the measured
data. Blue is the response of Model 4S.

2.2.2 Comparison with Background Geology

In Table 1, the resistivity structure of Model 4Sorrelated with the background geology and in
Figure 5, the depths are compared with the dsluits. The top layer of 123m is assumed to
be the Moenkopi due to the low resistivity. Thisisgivity is too low for the limestone-
dominated Kaibab and Toroweap, since at other sitehe region where the Moenkopi is
absent, EM data shows that there is a much higlsestivity at surface. Both VLF-R and high-
frequency Max-Min also have apparent resistivioégbout 120Qm. Since these methods are
not sensitive to deep structure, the apparenttiagisthat they detect should be close to the
resistivity of the Moenkopi. The VLF-R data doed have significant resolution to determine
depth variations in resistivity and the Max-Min @avas not of sufficient quality to perform an
inversion. The thickness of the Moenkopi in the slo40 m) generally agrees with the
thickness of the Moenkopi in the drill cores to tmuth, where it is 43-50 m thick (46 m
average).

The resistive layer below the Moenkopi is the Khibad Toroweap. Additional modeling found
that these formations cannot be individually digtished usingthe EM methods. This is verified
in other areas where these structures are at surfac

The 40Qm layer beginning at 263 m depth is the Coconinoftite The Coconino is expected to
be quite conducting due to saline fluids, but isyvéhin (about 2 m thick from drill results) in
this area. However, we were unable to resolve hewino, suggesting that it is not as saline as
expected. Even though the Coconino is very thint Hiad the high conductance expected of
saline fluids, it could have been resolved baseduwmmodeling results.



The bottom layer is assumed to be the Supai Greapdstones and siltstones). The drill holes
extended only into the Hermit so the depth to thpab Group in this area is not known.
However, the thickness of the Hermit does agreer@mpately with that observed at a nearby
canyon, but we do not have precise informatiorafoo mparison.

Drill Model 4South
from multi-station
Results inversion

40 + 4 “‘IE123 Qm - Moenkopi
HIFEH Kaibab/Toroweap
- Coconino/Hermit

Supai Group

T
ESESESE
1:1:1:1:330Qm
i |
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263 + 4 m et

523115m,
~ =160 Om

Figure 5: Comparison of drill results with M odel #8m the multi-station inversion on the
ground data.

2.2.3 Sensitivity of PROTEM to Supai Group

Each of the four layers in Model 4S is necessarfittthe ground response. However, at short
separations, particularly inside the loop, the eysts not very sensitive to the resistivity of the
fourth layer, or even its existence. For examgl&he resistivity of the bottom layer is increased
from 160Qm to 1000Qm, this makes little difference to the in-loop mo@sponse (Figure 6a),
but has an increasingly larger effect is seen dube bottom structure when moving away from
the loop (Figure 6b). If the Supai Group is remofredh the model, there is a slight difference in
response for in-loop data at the last eight chanrelt a substantial difference in the nature of
the decay at large offsets (refer again to Figyre 6

A three-layer Marquardt inversion (not multi-station which only thetop three layers are in the
starting model has good results in-loop but nosidetthe loop, particularly at large separations.
Conversely, a three-layer inversion where only ibggom three layers are in the starting model
does not fit the data as well but it is most apptaad early channels inside the loop. This
demonstrates the value of using data at differéfsets for determining the resistivity structure.
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Figure 6: Hz decay at 5200N (a) and 3200N (b) o I650E in the PROTEM ground data to
show the effect of the Supai Group on the respdnsasured data is shown in red and Model
4S is shown in blue. Green is the effect of inaregthe resistivity of the Supai Group from 160

Qm to 1002m and brown is the effect of removing the Supaiuprentirely.

2.2.4 Variation across Survey

While Model 4S fits the data well across the survewas noted that near the outside and center
of the loop, the response is slightly too low at+ate times. Decreasing the thickness of the
resistive layer by 13 m improves the fit (Model 404 decay comparing the response of these
two models to the measured data at 4500N is showrigure 7. A close inspection of the
measured data versus the response of Model 4S ad@lMN shows that there is not a gradual
thinning of the resistive layer towards the nolibt rather a sudden change at 4400N on 650E
and 4300N on 750E in Hz, possibly indicating atfalihis can be observed by comparing the
measured data with the models across a profilatattimes (Figure 8). Thus, this ground data
seems to provide high resolution of somewhat suldleep structure. This apparent fault
corresponds at surface to a wash at about 4400Nseeas in the digital terrain model and
observed visually.
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Figure 7: Hz decay at 4500N on Line 650E in the PR®@ ground data. Red is the measured
data. Blue is the response of Model 4S, and géhei response of Model 4N.

Protem Channel 15 on 650E - Model 4S vs. Model 4N
2.50

8- Weasured
Model 45
- Wodel 40

2.00

1.50

Log (Response (nTesla/sec))

1.00 &=

0.50

| L | L | L |
4063600 4064000 4064400 4064800 4065200
Absolute Y (m)

Figure 8: Profile response at channel 15 alongt@eof 650E in PROTEM ground data. Red is
the measured data. Blue is the response of ModelntBSgreen is the response of Model 4N.

2.2.5 Reference Cable vs. Crystal Mode

In this study, we have assumed that our settingsam ect for the PROTEM data, and taken the
PROTEM model as the basis for calibrating the otteéa. However, analyses of data collected
at two calibration stations in different synchratibn modes (reference cable and crystal mode)
indicate a discrepancy between these two modesr@®). At both stations, the reference cable
data is lower than the crystal mode data. If theetpositions are shifted 1is later, then the
REF data matches the XTAL data and the model. 3tifs between the two modes is consistent
with results at a test site in Ontario. This i9aget an unresolved issue.
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Figure 9: Data at (600E, 5050N). Red is XTAL mad8lele is REF mode. Green is the response
of Model 4N.

2.3 Modeling Results for Zonge Data

According to the GDP-32 manual, the first time af@ns determined by subtracting the Tx
delay, antenna delay, and antialias delay fromstmapling delay. The first time channel is at
0.0337 ms for these data. Model 4N fits the shdpthe decay in the Zonge data using these
settings, but the amplitude is too small by apprnakely 15%. When the response of the model
is multiplied by 1.15 at all time channels, thee tesponse of Model 4N matches the Zonge data
well for all components. These results for the ldmponent are shown at the center of the loop
in Figure 10.

The cause of this apparent shift factor betweenGbenics and Zonge data is not known. It is
thought that it could be due to drifting of ther@nt or due to error in reading the current on the
instrument. An adjustment in the time channels wit fix this problem, as it will have more
effect on the early time channels than on the lat@ee channels. Similarly, shortening the pulse
will increase the early time response but will hiegs effect on the late time response.

With the adjusted amplitude, Model 4S from the soertd of the PROTEM survey generally fits

the Zonge data too, but Model 4N is a slightly eefit, just as it is a better fit for the PROTEM
data near the loop.

13
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Figure 10: Hz decay at 5200N on Line 650E in thageoground data. Red is the measured data.
Blue is the response of Model 4S. Time channel® teeen shifted and current has been adjusted
by 15%.

2.4 Summary of Ground EM data

A multi-station inversion of the PROTEM data resdltin Model 4S, which fits the measured
data well across the survey and corresponds wehgtology. The survey is sensitive to the
Supai Group below the Hermit although drill holés ot extend beyond the Hermit. This layer
is required to match the shape of the decay ae laftsets, though at short separations, the
response was not very sensitive to it. While alsingpdel is a reasonable fit across the survey,
there appears to be some variation, with a sligstigllower depth to the Coconino north of
4300N.

It was found that the Zonge data is in agreemettt thie PROTEM provided the time channels
are adjusted, but there is a small (approximatBBp)lissue with the amplitude of the data.
However, we have yet to determine if these adjustsare reasonable for the system.

3.0 MEGATEM
3.1 Introduction

MEGATEM data with a base frequency of 30 Hz wasectéd over a large survey area south of
the Grand Canyon, but data was collected over #iibration site for comparison with the
ground data and other airborne data. The line sgawas 100 m. Station spacing was
approximately 13 m. Although three components wefiected, we focused on Hz as it had the
cleanest decays.
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While the original data had 5 off-time channels &5don-time channels, it was later windowed
such that it had 20 off-time channels, with incezhshannel density in early and mid-times. The
purpose of the re-windowing was to provide incrdashallow resolution and remove
ambiguities with the mid-time data. The re-windogivas critical for interpreting the data.

3.2 System Settings

A waveform file was provided for each flight in tMEGATEM survey including the flight
containing the calibration site. The waveform fi@stain the dipole moment and the response
of each of the three coils (dB/dt as well as B)eobéd at high altitude. This corresponds to the
freespace response for the system, as the systeat sensitive to the ground at high altitude.
Spectral analyses were done of the high altitude tta determine the power spectrum of the
data.

The waveform files were used to determine the pwigéh and dipole moment. Additionally, the
waveform files list the samples that correspondetch time window. Combined with the
sampling interval, this allowed the times of thedows to be checked.

A further use of the waveform files was for cheakihe geometry of the system. The freespace
response can be simulated and compared to the evavéifes. As the waveform specifications
and dipole moment were known, this allowed us teckhthe transmitter-receiver separations.
Fugro had stated that the receiver was 128 m behatransmitter and 62 m below it. However,
from comparing the amplitude of the simulated fpee® response for dBz/dt and dBx/dt with
the waveform files, it was determined that the s&j@ in x was correct but the separation in z
was not. The simulated dBz/dt for the given sepamatwas about half as large as that in the
waveform file. Decreasing the separation in z iases the freespace response. It was found that
a separation of 46 m was more appropriate than .62urthermore, some of the rewindowed
data files contain transmitter-receiver offsets éach data point as estimated by Fugro. The
vertical offset is typically 45-50 m and there ardy a few lines in which it is above 60 m. This
corresponds to the offset determined from modelihg freespace response. Unfortunately,
offsets are not given for each point for the calilan site data.

3.3 Simulation Comparisons of Ground Model to MEGATEM data

3.3.1 Initial simulation

Model 4S was simulated for the MEGATEM data oves talibration test area after carefully
checking pulse width, dipole moment and window poss. The focus was on Line 10090,
which is in between the two ground survey linegidlly, we utilized a bandwidth up to 17 kHz.
Although Model 4S matches the MEGATEM data at maikl times reasonably well, the
response of the model is too high at the first tchannel and too low at subsequent early
channels (Figure 11). It was not possible to fiméasonable model without adjusting the upper
frequency of the system bandwidth. The model reguio fit with the upper frequency at 17KHz
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includes a thin very resistive layer at the surfadais shallow resistivity model is not physically
possible and contradicts all the ground EM data.

The MEGATEM data also shows a variation in respdr@@ north to south over the calibration
site that was not observed in the PROTEM data. 200N to the north end of the survey, the
early-time response is fairly constant whereasetnly -time response continually increases from
4200N to the south end of the calibration site.
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Figure 11: Hz decay on Line 10090 at (700E, 436DNhe MEGATEM. Red is the measured
data. Blue is the response of Model 4S for a recddandwidth of 17 kHz. Green is the response
of Model 4S for a receiver bandwidth of 4 kHz.sajhe decay at all channels and b) shows only
channels 1-16 to focus on the early-mid times.
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3.3.2 Bandwidth Adjustment

The initial simulation of Model 4S for the MEGAT EMtas performed using an upper bandwidth
of 17 kHz for the system with a low-pass filter &pg. If a bandwidth limited to 4 kHz is used
instead of 17 kHz, the Model 4S fits the MEGATEMaavell to the north of 4200N where the
response stays constant (Figure 11). However, dfieadjustment in bandwidth the response of
the model south of 4200N is slightly too small Qust for the early channels. This misfit
increases until it reaches a maximum at statiorOBOFigure 12). Mid-time and late-time still
fit. This increase in response to the south is alsserved in the GEOTEM and VTEM.
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Figure 12: Comparison of measured MEGATEM Hz datd)(with Model 4S simulated at 4

kHz (green) for channel 5 along Line 10090. An éage in response to the south is observed in
the measured data.

3.4 Comparison with Ground Results

3.4.2 North-South Variation

To adjust the model to fit the increasing amplitudehe early channels at the south end of the
survey requires adding some shallow conductancabotit 0.25S. This increased conductance
could be provided by several factors: a decreasehm resistivity of the surface layer
(Moenkopi), an increase in thickness of the surfager or an additional thin conducting layer
near surface. The MEGATEM survey does not havacserit shallow resolution to distinguish
between these possibilities. However, analyseslodrodata suggest that some of these factors
are unlikely. A decrease in the resistivity of thaface layer is ruled out by the VLF-R and
MaxMin data collected just south end of the sitamarea also covered by the airborne data.
Both these surveys show conclusively that thiseased conductance cannot be near surface.
Also, physically there is no reason for very shalldecreased resistivity as there is little
moisture at surface and high temperatures andyaar& environment causes rapid evaporation
of any moisture from the shallow materials. An @ase in the thickness of the Moenkopi is
ruled out by the drill cores obtained from sevetallholes 100m south. The only remaining
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possibility from a geological perspective is thesgibility of a deeper layer of lower resistivity
within the Moenkopi or at its base.

It is possible that the PROTEM survey would notskasitive to a conductive layer within the
Moenkopi at the south end of the survey as thawaseare far from the loop and the currents
have migrated to some depth by the time they rdeelsouth end. To examine this, we placed a
plate of 0.25 S within the Moenkopi in Model 4S aichulated the response. While this simple
model does not match the MEGATEM across the ehbieg it is a reasonable fit to the south
from 3200-3700N (Figure 13a). This model was thiemusated for the PROTEM system. The
response to this model varies somewhat from theorese to Model 4S at early times. At two
stations it appears that this model may be slighéliter than Model 4S; however, the early time
PROTEM data is noisy at large offsets from the lgopt is difficult to draw conclusions (Figure
13b). Thus, a model with additional conductancéinithe Moenkopi to the south, which better
fits the MEGATEM, would not be inconsistent witretground data.

The variation in MEGATEM response is observed ndy @n Line 10090, but on other lines at
the calibration site. Single station 1D inversiom®re performed on all stations of the
MEGATEM data on Lines 10010-10210 from 4063000 hnaa the end of the survey. The
results are fairly consistent across the surveyshasvn in Figure 14. However, an increase in
conductance to the south is visible on all lines.

3.4.1 Comparison of North and S outh Ground Models

The initial model developed for the ground data Wksdel 4S, which is from a multi-station
inversion on the south portion of Line 650. It a®r found that decreasing the thickness of the
limestone by 13 m improved the fit with the staidrom 4400 north: this is Model 4N.

Initially the south model for the ground data, Mb4i®, was simulated for the MEGATEM and it
was found to match the MEGATEM north of 4200N pdmd that a bandwidth of 4 kHz was
used. However, at the north end of the calibrasioe, M odel 4N better fit the ground data better
than Model 4S. Therefore, Model 4N was simulated tloe MEGATEM to the north to
determine if it fit better than Model 4S. It wasufal that Model 4N had a greater mid-late time
response than Model 4S for the MEGATEM due to tialswer depth to the 40 Ohm m layer.
This produced a poorer fit to the measured datgu(Eil5). Therefore, the MEGATEM suggests
a greater depth to the Coconino north of the wédim the PROTEM. Or more simply, the
MEGATEM apparently does not see the apparent &ute wash.

One possibility is that this is due to there bangoffset between the MEGATEM lines and the
ground lines, and there is some east-west variati@r the site. The MEGATEM lines are
spaced every 100 m and Line 10090 is at 700E, timda® the ground survey lines at 650E and
750E. However, the two ground lines show consistesgults. Furthermore, adjacent
MEGATEM lines have a similar response to Line 1Q0BBerefore, it is unlikely that a change
in geology could explain the fact that Model 4S fibe north part of the MEGATEM better than
Model 4N. This suggests a slight discrepancy betviee MEGATEM and PROTEM data. It
should be noted, however, that in the MEGATEM, thiéerence between these models is
relatively small: 5-6% at mid-late times. In comstrathe difference between the responses to
these two models at some receivers in the grounggus more significant.

18



MegaTEM, Early Time Decay - South End
6.50

a -& Measured
—+ Model 45 (4 kHz)
B Plate model

6.00

5.50

5.00

Leg (Response (PT/S))

4.50

3.50 4.00 4.50 5.00 5.50 6.00
Time (mSec)

Protem Early Time at 3500N on 650E
550

500
=2 - Measured
B Model 45

45.0 | Plate Maodel

400

35.0

300

Response (nTesla/sec)

250

200

0.000 0.100 0.200 0.300 0.400 0.500 0.600 0.700
Time (mSec)

Figure 13: a) Comparison of measured MEGATEM Hzadatd) with the simulated response
for Model 4S (green) and the plate model (blue)lore 10090 at (700E, 3461N) at early-mid
times. b) Comparison of PROTEM data with the sanoglels at early time on Line 650E at
3500N.
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Figure 14: 3D visualization of 1D MEGATEM invers®ifrom 349100-350200 E and 4063000-
4065000 N.
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Figure 15: Comparison of measured MEGATEM Hz datd)(with the simulated response for
Model 4S (green) and Model 4N (brown) on Line 10@9Q700E, 4812N) at early-mid times.
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3.4.3 Sensitivity of MEGATEM to Coconino/Hermit andSupai Group

As noted, the difference in depth to the CoconiebmMeen the two ground models results in a
very small difference in response for the MEGATBMe also examined the effect of removing
the Supai Group from the model and also exp eringewith adjusting the resistivity of the Supai

and the effects on the MEGATEM response.

It was found that removing the Supai Group fromiedlel by assuming the Hermit continued
indefinitely had a limited effect at early timesthbdecreased the response at later channels
(Figure 16) as compared to the measured data. iffeeed ce increased gradually to a maximum
of about 14% at Channel 17. This shows that the WHEBV has some sensitivity to the
geology at this depth. It also gives strength ®dbcuracy of the MEGATEM data at late times.
We among others have often been nervous abouffdoeseof the Fugro late-time filtering.

In the ground model, if we replace the Coconinofiierand Supai Group with one structure of
28 Qm then the modified model fits the data as wethesoriginal model. If the resistivity of the
Hermit is known, then the inversion of the MEGATEMes indicate the Supai Group although
the depth and resistivity of this structure are ewhmat different from the PROTEM model.

The Supai Group has some effect on the MEGATEM aesp but the MEGATEM cannot be
used to determine the depth to the Supai. In ceptthe PROTEM system was very sensitive to
the Supai Group (2.2.3).
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Figure 16: Comparison of measured MEGATEM Hz datd)(with the simulated response for
Model 4S (green) and Model 4S without the Supaugrdpurple) on Line 10090 at (700E,
4360N) at early-mid times.
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3.5 Summary

The MEGATEM data at the calibration site agreesequiell with the PROTEM data north of
4200N provided that an upper frequency for the esystbandwidth is set at 4 kHz. The
MEGATEM data suggests a slightly greater depthheo@oconino north of 4200N (wash) than
the PROTEM. However, this is a fairly small discaapy .

The MEGATEM shows an additional shallow conductamowards the south, unlike the
PROTEM data. Presumably the ground data would motvéry sensitive to this shallow
conductance away from the loop. Modeling studiggpsut this hypothesis.

3.5 Summary

The MEGATEM data at the calibration site agreesequiell with the PROTEM data north of
4200N provided that an upper frequency for the esystbandwidth is set at 4 kHz. The
MEGATEM data suggests a slightly greater depthheo@€oconino north of 4200N (wash) than
the PROTEM. However, this is a fairly small discapy .

The MEGATEM shows an additional shallow conductamoerards the south, unlike the
PROTEM data. Presumably the ground data would motvéry sensitive to this shallow
conductance away from the loop. Modeling studiggpsut this hypothesis.

4.0 GEOTEM
4.1 Introduction

GEOTEM data was collected over a large area thdwided the calibration site. Line spacing

was 100 m and station spacing was 13 m. The bagedncy was 30 Hz. The original data had 5
off-time channels and 15-on time channels. As wignM EGATEM, the data was rewindowed

to have 20 off-time channels such that there waseased channel density at early-mid times.
The rewindowing was essential for quantitativenptetation of the data.

4.2 System Settings

A waveform file was provided for each flight in ti@&@EOTEM survey. Each waveform file
contains the dipole moment and the response of @fttie three coils (dB/t and B) collected at
high altitudes. The waveform file for the flight@whe calibration site was used to check dipole
moment, pulse width, and time windows.

The waveform file was also used to check systemmgtry. The freespace response was

simulated and compared with the high altitude resgo Unlike the MEGATEM, the geometry
provided by Fugro for the GEOTEM is consistent witk waveform files.
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4.3 Simulation of Ground Model

4.3.1 Initial Simulation

Similar to the MEGATEM, Model 4S fits the GEOTEM Wat mid- to late times when a

bandwidth of 17 kHz is used. However, the modelsdoet fit the data well at early times
(Figure 17). The GEOTEM data also has an increaseaily-time response south of 4200N,
reaching a maximum at the south end of the site(qR0.

4.3.2 Bandwidth Adjustment

When the upper bandwidth is decreased to 6 kHz, 14 fits the data north of 4200N (wash)
where the response is nearly constant (FigureTW$.is greater than the 4 kHz bandwidth used
for the MEGATEM. At additional sites in the area fwhich both GEOTEM and ground data
were available, and it was found that an upper Wwattth of 6 kHz produced excellent
comparisons between the GEOTEM and PROTEM models.
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Figure 17: Comparison of measured GEOTEM Hz (reth) the simulated response for model
4S at 17 kHz bandwidth (blue) and 6 kHz bandwidfledn) at 4330N on Line 12440.

4.3.3 Comparison of MEGATEM and GEOTEM Bandwidth

For the ground model to fit the MEGATEM, an uppentwidth of 4 kHz was needed and for

the GEOTEM, a bandwidth of 6 kHz was needed. THmm®dwidths were determined by
simulating the model response at several diffebamdwidths and determining which was the
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best fit to the data. In addition, these bandwidtbee relatively consistent with spectral analyses
of the waveform files.

To further study the bandwidth of these systemsmwedeled the freespace response at several
different bandwidths and compared the results wlidn waveform files for each system. We
looked at 20 time samples of dBz/dt centered atetitk of the pulse. When the signal is turned
off, dBz/dt goes from a minimum (a large, negatixadue) eventually to zero (Figure 18).
However, this does not occur instantaneously dumtwlwidth limitations and filter effects.

It is clear from this work that 17 kHz is much tieigh for an upper bandwidth for both systems.
For the GEOTEM waveform, a bandwidth of 6 kHz velysely approximates the dBz/dt seen in
the waveform files (Figure 19). For the MEGATEM ethesponse appears less symmetrical: the
response just before the end of the pulse suggdstgher bandwidth than the response just after
the end of the pulse. A bandwidth of 4 kHz fits tbgponse well by 0.2msec after the end of the
pulse (Figure 20). The reproduction in EMIGMA ottlow pass filtering effects seems well
reproduced for the GEOTEM but not so well in the G EM . However, for the time windows
utilized the reproduction is adequate.

According to Fugro, both MEGATEM and GEOTEM systensg the same coils with the same
bandwidth (J. Lemieux, personal communication, 200Hfowever, modeling work at the
calibration site, it seems that these two systeswe Wifferent bandwidths. Also, modeling of the
waveforms and spectral analyses indicates the samdt. However, the bandwidth is not
determined simply from the receiver coils. Theme differences between the systems that may
be the cause of the lower bandwidth for the MEGATHWe MEGATEM has a greater dipole
moment, which results in greater responses. Acegrh Fugro, the MEGATEM takes 0.1 ms
longer to return to zero following the end of thalge as a result (J. Lemieux, personal
communication, 2007).
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Figure 18: Comparison of Bz and dBz/dt in a GEO Tefslveform file. Y-axis scale is shown for
dBz/dt. The section of dBz/dt in the box is whash®wn in Figure 20.
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Figure 19: Comparison of dBz/dt at the end of thise for a GEOTEM waveform file (red) and
the simulated freespace response for upper banieswidt1l7 kHz (blue) and 6 kHz (green).
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Figure 20: Comparison of dBz/dt at the end of this@ for a MEGATEM waveform file (red)
and the simulated freespace response for uppewtiditing of 17 kHz (blue), 6 kHz (green), and
4 kHz (brown).

4.4 Comparison with Ground Results

4.4.1 North-South Variation

South of 4200N, the response of Model 4S is todlsahaarly times when compared to the data.
As with the MEGATEM, the response of the model hegca maximum misfit with the data at
the south end of the calibration site. Shallow camance is needed to increase the amplitude of
the response. The most likely cause of this shatlomductance based on the geology of the site
is a deeper layer of lower resistivity within theokhkopi or at its base. Both the MEGATEM
and the GEOTEM have insufficient shallow resolutiordistinguish between a lower resistivity
layer within the Moenkopi, and either an increas¢hie thickness of the top layer or additional
conducting material near the surface. This increasearly time response to the south is
observed not only on Line 12440 but nearby linexals

4.4.2 Comparison of North and South Ground Models

For the PROTEM survey, it was found that decreatdiegthickness of the limestone in Model
4S by 13 m (this is Model 4N) improves the fit witte stations from 4400 north. However, for
the MEGATEM data, Model 4S was a better fit than ddlo4N north of 4400. Thus, the
MEGATEM suggests a slightly greater depth to theddano north of the wash than the ground
data. The responses of Model 4S and Model 4N ferGEOTEM were compared with the
measured to data to see if this was observed &0GHEOTEM as well. However, it was found the
GEOTEM data cannot distinguish between models 4iS4dh as the data is too noisy from late
mid-times (Figure 21).

4.4.3 Sensitivity of GEOTEM to Coconino/Hermit andSupai Group

It was found that the MEGATEM has some sensititiythe Supai Group, but it cannot be used
to accurately determine the depth to the Supaikeirthe wide-offset PROTEM data. The
sensitivity of the GEOTEM was examined as well bynoving the Supai Group from Model 4S
by assuming the Hermit continued indefinitely. Tasults for the GEOTEM are the same as for
the MEGATEM: removing the Supai Group from the modecreases the response at later
channels. Unlike the difference between Model 48 #&hodel 4N, this is significant in
comparison to the noise level of the data.

4.5 Noise
The GEOTEM data is much noisier than the MEGATEMiisTis likely partially a result of the

lower dipole moment, which is about half that oé tti EGATEM but also could be associated
with other aspects of the technology.
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Clearly a high signal-to-noise ratio is desiralnlgéhe data. A geophysicist may wish to build an
accurate model of the subsurface resistivity, bthe data is noisy it increases ambiguity in the
model. For example, in section 4.42, it was shohat the difference between Model 4S and
Model 4N is within the noise range of the GEOTEM e other hand, the difference between
these two models is significant in comparison t®rbise level in the MEGATEM.

In a more resistive environment, the high noiseelléa the GEOTEM may be even more
problematic. If the subsurface resistivity wereneig the response would be smaller. Thus, if the
same amplitude of noise was observed, the sigrabise ratio would be even lower than at the
calibration site. If the signal-to-noise ratio wangficiently small, the late time data would not
be meaningful. In contrast, a system with a lowas@ level may have useful data at the same
times.

4.6 Summary

Similar to the MEGATEM, the GEOTEM generally agreesh the ground model at the north
part of the calibration site if the bandwidth igustied to 6 kHz. It also suggests an increase in
shallow conductance to the south, which, basedurngeological understanding of the site, is
likely a layer of low resistivity within the M oengoor at the bottom of the M oenkopi.

For both the MEGATEM and GEOTEM, rewindowing of tiheta to have 20 offtime channels
was critical for understanding the response. ThOUGEM data, however, is noisier than the
MEGATEM, likely as a result of having a lower dipahoment.

GEOTEM Decay, Channels 1-16
6.50

-8 Measured
—+ Model 45 (6 kHz)
B Model 4M (5 kHz)

6.00

5.50

5.00

Log (Response (PT/S))

4.50

4.00

4.00 450 5.00 5.50 6.00 6.50
Time (mSec)

Figure 21: Comparison of measured MEGATEM Hz datd)(with the simulated response for
Model 4S (green) and Model 4N (brown) on Line 124#0650E, 4872N) at early-mid times.
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5.0 VTEM

5.1 Introduction

A large VTEM survey was flown in a region southtbe Grand Canyon but data was also
collected over the calibration site for calibratiith other airborne systems and ground data.
Two VTEM systems were used for the large surveyand v11. At the calibration site, the data
was collected only with the v7 system.

In the early VTEM data, current waveforms had arpprasine turn-on followed by a constant
current, and then a quarter sine turn-off that egqavalent to the turn-on. This was according to
Geotech’s specifications. The waveform in Geotechfsort for this survey (Figure 22) appears
to have these characteristics. It is describedhen text of the report simply as a trapezoid
waveform.

The first waveform delivered for this survey comeisof what were thought to be quarter sine
turn-on and turn-off, but with steps in the curremplitude in between them. For the v11
system, there were additional steps in the turiFbese steps in the current are pulses in the coll
response, as seen in the waveform file for théainilight over the calibration site (Figure 23).
Current waveforms of the original forms were rededsand Geotech thereafter provided what
was originally considered to be of this form fotbsystems.
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Figure 22: From Figure 2 of the report provided®gotech for the VTEM survey.
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Figure 23: The first polarity of the preliminary waveform provided by Geotech.

There were several concerns with the initial wameis, which is why the second waveform type
was requested. Each step in the current is a pruldB/dt and acts as a source. These may also
interact, creating a more complex response andngakimore difficult to visually interpret
decays. As we were not interested in simply piclangmalies, but wanted to perform detailed
accurate modeling and inversion, it was criticalli® able to reproduce the waveform and
visually interpret the decays in the backgroundlaga As the steps in current amplitude
seemed designed to produce a maximum current forkurn-off it was felt that these step-ups in
current may not be properly controlled through gmyen flight and thus the waveform would
not be consistent across a flight or indeed thieeestirvey.

The data in the calibration area that is discussdthis report was collected with the second,
probably more controlled waveform. Only Hz was nueed. The data provided by Geotech is
reduced by dipole moment and has units of pX#mHowever, as discussed later, it is not clear
at which point in the cycle the dipole moment isedeined for normalization. This is more
critical in that the multiple cycles are stackedpt@duce a measurement average at any given
data point.

The VTEM has some potential advantages over ther atysstems for shallow resolution. Firstly,
the decays are quite clean. Secondly, there are oi@nnels: 28 versus 20 for the rewindowed
MEGATEM and GEOTEM. The additional channels andacledecay should offer more
discrimination in decays. 28 channels is nearlycévas many off-time channels as in the original
MEGATEM data. Additionally, the VTEM system is ciysto the ground with an average
altitude of approximately 35 m for this system eatthan 70 m for the MEGATEM receiver and
thus likely to give more resolution in the shallstvucture which was considered preferential for
detecting the breccia pipes.

5.2 Initial Modeling
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5.2.1 Initial Waveform

The initial simulation of the ground model (M od&)4for the VTEM data was performed using
a waveform with an equal quarter sine turn-on amd-bff as described in 5.1. A high bandwidth
(170 kHz) was used as it was our understanding ftbm manufacturer that the receiver
components had this rather high frequency cont&€ht waveform settings for the initial
simulation were based on analyses of the wavefdaridr the flight provided by Geotech. A
pulse width of 4.46 ms and a frequency of turnedfLt62 Hz were used. This frequency of turn-
off was determined by estimating the length oftiv@-off (1.54 ms) and then assuming that the
turn-off was full quarter sine. However, the resp@nf Model 4S when these settings are used is
a poor fit to the data on Line 700. The model reseds too small at early times and too large at
late times when compared to the actual VTEM daigu(E 24).

It should be recalled that for the MEGATEM and GHEM, the ground model (M odel 4S) fit
the airborne data north of 4200N when the bandwidds adjusted. Unlike these airborne
systems, however, adjustment of the bandwidth afonethe VTEM is insufficient for the
ground model to fit the data, as bandwidth modifacawould not affect the simulation of the
late time data. Furthermore, a simple adjustmemhéoupper bandwidth does not alter the early
time response of the model such that it fits thapghof the decay in the measured data.
Additionally, reasonable errors in the altitudetbé system would not sufficiently affect the
response. As a result, we considered that it wabgble the misfit issue was related to the
waveform. We began to investigate this waveformassiore deeply by closer analyses of the
VTEM waveform file at the calibration site.
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Figure 24: VTEM data (red) vs. response of Modelldl8e) for the initial simulation (quarter
sine turn-on and turn-off) at 4347 N on Line 700.
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5.3 Waveform file

Initially, the waveform file was used to determime pulse width and turn-off time as described
in 5.2. Following the preliminary modeling resyltsmore detailed study of the waveform file
was conducted to determine if it agreed with theref@m specified previously by Geotech,
which is the waveform that was used for modelingtiBthe original file (a time derivative
waveform) and the integrated waveform (current fonare analyzed.

5.3.1 Original Waveform File

Geotech provided waveform files for each flight time survey. The waveform file for the
calibration site flight was studied, along with el other waveform files for the survey. Each
of these file contains two full cycles. The samglia 50 kHz and the response is recorded in
volts. This is thought to be the dBz/dt coil resp@nand its shape corresponds to the derivative
of the current waveform. However, it is not actwdtihown how the waveform data were
collected. In contrast, for GEOTEM and MEGATEM jstknown that the waveform data are
collected at high altitude, and the response ofttliesmitter and each of the coils (both dB/dt
and B) are given. The information contained in ¥AEEM waveform files is more limited.
Additionally, the Fugro systems indicate time windofrom the origin of the cycle whereas
VTEM is indicated from the end of turn-off. Howeyehe determined turn-off relative to the
beginning of the cycle is not given for the VT EMtalar his appears to be a critical issue.

5.3.1.1 VTEM Waveform Features of Interest
Figure 25 shows both polarities in the first cyalehe waveform file for the calibration site. The
second cycle is very similar, though not identical.

The waveform is considered to be comprised of theetions: the turn-on, ramp-up and turn-off,
as marked in Figure 25. There are several featofaste in the waveform. While we had
expected the current to be constant between theftdn-on and beginning of turn-off, it is
clear that the current is ramped up, as the cgfioase is not zero during this time. Furthermore,
the coil response is not constant, but decreaggglglin amplitude when approaching the turn-
off. Therefore, the increase in current is not eety linear. It is also observed that the turn-on
and turn-off have somewhat different shapes, wiketbay were expected to be equivalent.
Additionally, the two polarities differ slightly &dm each other: the first polarity has a lower
response in the turn-on, but a greater resp ongeiturn-off.

Several interesting features were also observadrétate to the upper bandwidth of the system
(see Figure 25). Firstly, the sharp spike at thginpég of the turn-on, which is particularly
evident in the first polarity, suggests very higaguency content in the system. However, at the
beginning of the ramp-up, the ringing in the wavefeuggests a much lower bandwidth. After
turn-off, there is no ringing in the waveform sastthought that a heavy low-pass filter must
have been applied digitally at this stage. Thueiht parts of the waveform seem to indicate
different bandwidths for the system. We have novkedge of the reasons or sources of these
differences.

31



496

2.48

~ Rompup | Tum-off i """"""" I
0.01_ ; ; i | 5 i : i i z s s |

-2.47
%

-4.95 | § ‘ i ‘ i i i ‘ i i 1 ‘ ; ‘
2 10.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00
time
Figure 25: VTEM waveform provided by Geotech fosttgite — comparison of first polarity
(red) and second polarity with the sign flippedi@)l

5.3.1.2 Comparison with Other Waveform Files

The waveform at the calibration site has similaarelsteristics to the waveforms for other flights
in the same project for both v7 and v11 systeme. [Ehgths of the pulse, turn-on, and turn-off
are fairly consistent in other flights, with thelpaiwidth varying by no more than 0.01 ms. All
waveform files examined also have spikes in thpaase at the beginning of the turn-on and
ringing following turn-on.

There are, however, slight differences in the amgdé in the waveform files, particularly at the
beginning of the turn-on and the end of the tuf-Bbr example, in a study of fifteen v7
waveform files over five days (May 14-16, May 2GdaJune 13), it was found that the
amplitude before turn-off ranged from 4.876 to 3.04for the first polarity. Conversely, at the
beginning of the ramp-up and the beginning of t@-off, the values are very similar in the
different Uranium One waveform files. It is intstmg that the ringing at the beginning of the
ramp-up and the beginning of the turn-off is qabasistent in the different waveform files. At a
point just after turn-off begins, values range frd1892 to 2.004V. A comparison of the turn-off
for first polarity for the three of the fifteen weform files examined is shown in Figure 26.
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Figure 26: Comparison of the turn-off of the fipstlarity for three of the fifteen v7 waveforms
that were studied. Red is the calibration sitehfliglue is the flight with the largest amplitude
(Flight 372) and green is the flight with the smasilamplitude (Flight 437).

In the waveform file for the calibration site, ita& observed that the difference between the two
polarities was about 6.5%. This is consistent with other v7 waveform files examined, in
which the difference is 6.1% - 7.0%. For otherdigp waveform systems, the data from the two
polarities are differenced and then averaged. Hoiw discrepancy between polarities of the
VTEM system is handled is not known. If the two gritles are appropriately weighted when
averaging polarities then this would not be a sewfcerror. However, if the first or second is
utilized for the stack weighting then this would &esource of a 3% error in the response
amplitude.

The waveform files for the v11 system have the sah@acteristics as the v7 waveform files.
However, the amplitude at the beginning of the ramppand begnning of the turn-off are
slightly different from the v7 files. As noted,g$e values were quite consistent across v7 files
and are similarly consistent across vl11 files,thete are minor differences between the v7 and
v11l values. Interestingly, the difference betwela ttwo polarities is not observed in the v11
waveform files prior to May 17 after a number oy daf flying, though on later v11 flights, the
difference in the two polarities is similar to tlwdserved for v7.

The VTEM waveform files for the Uranium One surwegre also compared to waveform files
from other projects with a 30 Hz base frequencyesFare available from 2006-2008. It was
found that there are two general types of wavefoffie first has a short pulse, similar to the
4.46 ms pulse observed in the calibration site iaawefile. The second has a long pulse, about
7.1 ms, and several short pulses in the coil resp,omhich correspond to steps in the current
waveform. This was the preliminary waveform desediin 5.1.
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The waveforms for this survey are very similar they waveforms with the short pulse. The
lengths of the pulse, turn-on, and turn-off ardyfasimilar in all of the files examined. The shape
of the turn-on and turn-off, and the ramp in betwv#®e turn-on and turn-off are very similar in
nature as well. The spike in the waveform at thginméng of the turn-on and the ringing after
the completion of turn-on are also observed in othaveform files. The only significant
difference is that in two of these waveform filbsth polarities are nearly identical.

The preliminary waveform for this survey is quiiendar to other waveforms with a long pulse.
They all contain several small pulses in the rappand most also contain these pulses during
the turn-on as well (like the preliminary v11 waweh). The shape of the turn-off is similar in
all cases.

5.3.2 Integration of waveform

The waveform was integrated in an attempt to olitaenshape of the actual current function and
the result for the first polarity is shown in FiguR7. This purpose of the integration was to
obtain a clearer picture of the waveform and tadvatharacterize the nature of the turn-off.

In the integrated waveform, the increase in curt@ttveen the turn-on and turn-off is clearly
seen. The response immediately before turn-off fek in the waveform) is about 18% greater
than the response immediately after turn-on.
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Figure 27: Integrated VTEM waveform (red) from wkmren file vs. quarter sine turn-on/turn-
off waveform (blue) used for initial simulation.

A closer examination of the turn-off revealed thas not well-modeled by a quarter sine (162
Hz) turn-off; in fact, it falls between a lineammp-off and a quarter sine turn-off (Figure 28). It
was found that this could be approximated by a H25sine function with the same 1.54 ms
length of turn-off (ie, 77% of a quarter of a 125 kine function). Thus, the nature of the turn-
off is significantly different from our initial uretstanding of the waveform.
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Figure 28: Turn-off of the integrated VTEM wavefo(ned) vs. a ramp turn-off (green) and a
guarter sine turn-off (brown).

The turn-on is also not a full quarter sine. Islightly different in shape from the turn-of though
and is well-modeled by 87% of a 140 Hz quarter.sifiegether, the turn-on and linear ramp-up
in current can be approximated by an exponentiatian as follows with a decay constant of
about 0.8 ms:

f(t) = A (1-e") 1)
where A is the peak current, t is the time, amlthe decay constant. This was chosen because it
is the standard turn-on for ground systems andesisonable approximation for the turn-on of

the integrated waveform.

Combining the exponential function and 77% of a 25 quarter sine turn-off results in the
waveform shown in Figure 29, which matches thegnatteed waveform much more closely than
the waveform initially used for modeling in Figu2@.

Integration of the preliminary waveform, which hadltiple pulses, was also performed (Figure
30). It was found that the turn-off of this wavefowas also about 77% of a quarter sine, but
since the turn-off time was shorter (1.28 ms v841ns), the frequency of turn-off was higher

(150 Hz vs. 125 Hz). Thus, the nature of the tufnsoconsistent in both the short-pulse and
long-pulse waveforms.
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Figure 29: Integrated VTEM waveform (red) vs. aagatized square wave with an exponential
turn-on and a 125 Hz sine turn-off with a turn-offie of 1.54 ms (purple). This is the new
waveform used for simulation and is a good appratiom of the waveform provided by

Geotech.
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Figure 30: Comparison of the integrated waveforrthat calibration site (red) seen in Figure 26
to the integrated preliminary waveform (blue).

The results of integrating the waveform files shitnat the actual VTEM waveform differs from
what we had understood from Geotech. We considératdthe VTEM waveform may have had

a quarter sine turn-off some years ago, but theatttinn-off has since been adjusted. To test this
hypothesis, we analyzed waveform data from 2003orUptegration of the waveform, it was
found that while the turn-off was not quite a qeagine, it was about 89% of a quarter sine. In
contrast, recent waveforms have a turn-off thatbieut 77% of a quarter sine. Addiionally, the
length of turn-off was shorter at 0.92 ms. It app¢hat there has been some change in the nature
of the turn-off in the VTEM system.
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5.4 Further Modeling

These analyses of the waveform file revealed thetas different from what had initially been
used for modeling. In this section, we examine \waeiM odel 4S would fit the VTEM data if we
more closely match the current waveform in the i@we file, as determined from integration in
5.3.2.

We chose to use our modified waveform shown in &0 rather than the actual integrated
waveform as this would allow us to better study chhaspects of the waveform were most
important to the response, as we could easily aghang or more settings.

5.4.1 Modeling of VTEM Response
We consider the output response of the system ta lsenvolution of the current impulse
response with the current input function and th&tesy response of the both transmitter and
receiver. In frequency domain,

H(0) = () T(w)S)R(w) 2)
where Ho) is the output, k) is the current function, T is the system response of the
transmitter, S0) is the response of the earth anddRis the system response of the receiver.
Thus, we ensure that the waveform convolution isueed to be precise by building it
independently by controlling its basic properties.

We are able to model several different types ofenir waveforms. The specifications of the
waveform, such as the pulse width, can be adjusddten making the changes to the VTEM
waveform described below, the waveform was cheaki#d the modeling by simulating the
freespace B-field during the pulse.

5.4.2 Turn-on Issues

Initially, we changed only the turn-on of the waweh, using equation (1) with=0.8ms as
described above to model the turn-on and subseqaemi-up of the current. The turn-off was
still represented by a full quarter sine turn-dthe response using this waveform differed only
slightly at late times from the response of thiahrepresentation of the VTEM waveform. This
indicates that the system is not very sensitiviheonature of the turn-on. We also experimented
with different values ot and found it had little effect on the response.

Although the system is not very sensitive to theureof the turn-on, it is sensitive to when the
turn-on begins. It was found that significantly rieesing the pulse width, which moves the
beginning of turn-on earlier in time, has a veryaraffect on the early time but increases the
late time response. While an adjustment to the epmsdth was not required to better
approximate the integrated waveform in Figure 2f&se results are applicable to the longer
VTEM pulse. This longer, 7.1 ms pulse would be ekp@ to result in a greater late time
response than the shorter 4.46 ms pulse.

5.4.3 Turn-off
In the second adjustment to the waveform, we clihtige turn-off from a quarter sine to a 125

Hz turn-off frequency with the same length of twffi- as had been determined from the
waveform file. When Model 4S was simulated withstinaveform, the response of the model

37



was 15% greater than the data at mid-late timestdmusmall at early times (Figure 31). The
response is lower than the simulation with theahwaveform across all channels.

With some additional modeling, it was concludedt ttee rate of turn-off at the end of the on-
time has a particularly large effect on the resganghe off-time. A higher rate of turn-off (i.e.,

a greater amplitude of dB/dt) results in a greatsponse across all time channels, though the
effect was slightly larger at early times thanaeltimes. For example, in Figure 28, it is clearly
observed that a quarter sine turn-off has a mueltgr rate of turn-off at the end of the pulse
than a ramp, where both have the same length ofdflir The quarter sine turn-off has a much

larger response as noted above.

Further illustrating the importance of the ratéwh-off at the end of the pulse, it was found that
half-sine and generalized square wave (turn-omasquation (1) and linear ramp off) with a
1.39 ms ramp turn-off have very similar respongesspite the significant differences between
the two waveforms, the early time response wadyn&bentical, and the mid-late time response
had slight differences only. This is caused byrbarly identical rates of turn-off at the end of
the pulse for these two waveforms.
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Figure 31: Measured VTEM (red) at 4374N vs. Model(Blue), simulated with the modified
waveform.

5.4.4 Early Time Misfit

The misfit at early times could be due to an issitk the time channel positions. In fact, shifting
the time windows earlier by 0.03 ms increases Hily¢ime response such that it results in an
amplitude factor of 1.15 between the simulated VTEdponse to Model 4S and the VTEM
data (Figure 32) with the exception of the firstwwhel. This shift has little effect on the
simulated response at late times but it has a derable effect on the response at early time
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channels. A shift of 0.03 ms is very significanttlire early time channels, which are fairly close
to the end of the pulse. The first time channel waginally centered at 0.07 ms, and the first
seven channels are all 0.02 ms apart. Thus, thfisisiihe time windows is essentially shifting
them earlier by 1.5 time windows.
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Figure 32: VTEM data (red) vs. response of Modelldl8e) for the new VTEM waveform at
4347N with the windows shifted 0.03 ms earlierime. Its amplitude is approximately 15% to
high. In green is the response of Model 4S divided..15.

The issue with the time channels positions may uleetd Geotech’s definition of time zero. It
was assumed that the time channels were in refertentte end of the pulse. However, because
the system is band limited, the coil response Begindecrease before the end of the pulse.
Based on the waveform files, the response startsmmish about 0.02-0.03 ms before the end
of the pulse (Figure 33). If the time channels aceually in reference to when the coil response
begins to decrease, then they would need to beedhif02-0.03 ms earlier from the times given
if modeling is performed using the end of the palsehe reference. This shift of 0.02-0.03 ms is
approximately the time shift needed for there toabeonsistent amplitude shift between the
model and data for channels 2-28, as noted abdwes,Tthis issue of how time zero is defined
for the time gates is considered a likely causethaf early-time misfit. We do not have
documentation that indicates the position of tirasz

The lack of information on the relationship betwéea timing of the pulse and the time channels
for the VTEM is in contrast to the information tHatigro provides for their data. In the Fugro
data, the channel times are given with respechéobieginning of the pulse plus a given delay

time (100us). The pulse width is also given. Therefore, tlésar exactly where the channels are
with respect to the pulse.

39



i, . = - P S — * * - I
Sy ]
. / 1 End of pulse
"

-H. . I

.72 n Geotech’s time zero | |

.-h I

W, 9 J

L] - |

W I

" |

o, |

.24 b
u I &
e I
Sl |
L &

UL L e . S S
I EE H42m L.5I¥ 4.4 4.5 4.0 4.Th

tinmr

Figure 33: Time derivative of the current as giwenhe waveform file (red) and integrated
waveform (blue) at the end of the pulse. Sampletsa@re 0.02 ms apart.

5.4.5 Discussion of Amplitude Factor

Several possibilities were considered for the digancy of in amplitude of 15% observed
between the model response and data after theduaenels were shifted. The discrepancy in
amplitude may be due to how the data is reducediibgle moment, or this may be one of the
contributing factors. VTEM data is always reducgddp ole moment, however, there are several
uncertainties regarding how the dipole moment iterd@ned, and also how the reduction is
performed.

To determine the dipole moment, the transmittgp laea, number of windings in the transmitter
loop, and the interaction between these windings equired in addition to the current. An error
in any of these items would lead to an incorredadamplitude after reduction by dipole

moment. In this case the data is smaller than th@éehresponse, which could be the result of
overestimating the dipole moment.

The first of these potential issues is this arethefloop. We would like to clarify the exact loop
area that Geotech used when determining the dipolaent. Furthermore, based on the system
specifications given, there are some uncertairttias must be resolved for us to calculate the
area of the loop ourselves. Firstly, the diamefethe loop is given as 26 m in the final report
and 26.2 m in the readme file accompanying the. deb@se two diameters correspond to a
difference in area of about 1.5%. Furthermores ibur understanding that the transmitter is a
dodecagon, and as such, it is not clear to whadidmmeter refers. For example, the diameter
given could be the distance from corner to coraefiom the center of one edge to the center of
the opposite edge. The difference in area for these possibilities is 7%, which is not
insignificant.

In the final report from Geotech, it is stated ttiat transmitter has four windings. However, it is
not clear whether the interaction between the pileltwindings has been calibrated. An
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interaction between them would decrease the dipwisment. Therefore, if this interaction is not
considered, the data may be reduced by a dipoleeanbthat is too large, resulting in the data
being too small, as is observed at the calibrasibe. Similarly, there may be an interaction
between the multiple turns of the receiver coild ahis not known whether this has been
considered.

Further relating to these dipole moment issue$iésdiscrepancy between the dipole moment
given in the final report, and that which we cadtetl by multiplying the number of turns,
current, and area of the loop together. If the laoga is calculated using the formula for the area
of a circle (assuming a diameter of 26 m), thendipele moment calculated is 424,740, whereas
the dipole moment given in the report is 395,0@®ud 7% less. Even if the area is calculated
for a dodecagon (assuming the diameter is eith@recdo-corner or edge center to edge center),
the calculated dipole moment is still more thart tien in the report. It is not clear if the lower
dipole moment given in the report is to accounttfa multiple windings of the transmitter, or if
this is in error. It was noted that in the repant & different VTEM survey, in which the current,
number of turns, and loop diameter were the sanire e calibration site survey, that the given
dipole moment matched our calculations

The issue is not simply how the dipole moment iseheined, but also how the reduction is
performed. For example, we are not certain wherthacycle the current is determined for

normalization. It was assumed that the peak cumestused. Furthermore, it is unclear whether
the reduction was performed based on monitoringefpeak current or monitoring of dB/dt. As

well, it would be helpful to know whether the retlon is performed every cycle or every half-

cycle. Due to the 6% difference in the two polastireducing by dipole moment only every
cycle may result in a 3% error.

In addition to how the data is reduced by dipolement, it is also possible that part of the
amplitude shift observed is due to the tilt of thed. It is our understanding that a tilt of 5-10%
would be reasonable and that the receiver andrities would have the same orientation. Such
a tilt would result in a reduction of the respordeup to 2%. However, should the tilt be

significantly more, the effect would be more pronoed.

5.4.6 Modeling of the VTEM Data

M odification of Model 4S to fit the VTEM data witthe original time windows required
significant changes to the resistivities. The tesig of the Moenkopi must be dropped
considerably to around Mm to increase the very early time response, anddsistivity of the
limestone sequence must be increased to about Qi#00from 328Qm) to match the shape of
the decay (Figure 34). Thus, even with an appropuaveform based on the waveform file, if
modifications are not made to the location of tiockeannels and amplitude of the data, the
resulting model will not be consistent with othefiormation on the site.
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Figure 34: Comparison of the VTEM data at 4374NLore 700 (red) with the response for
Model 4S using the original time channels and nesweform (blue), and the response of a
model that fits the VTEM data with these settingie¢n).

5.5 Additional Datasets

The results for the calibration site suggest anassgith the positioning of the early channels, and
also an amplitude factor between the model and détese results are supported by modeling of
other datasets, including the preliminary VTEM dadected at the calibration site, and a study
of an additional site.

5.5.1 Preliminary Data at Calibration Site

Model 4S was also simulated for the initial dataickhwas collected with the preliminary
waveform (shown in Figure 23). The same wavefohap® was used as described in 5.3.2 as
the nature of the turn-off was determined to be dame as that for the shorter pulse. The
following parameters were used based on analy giseofvaveform file: turn-off time of 1.38 ms,
turn off frequency of 150 Hz, and pulse width ol Tns. Note that this waveform does not
capture the effect of the steps in the current-turnhough this is thought to be small.

The results are similar to the results for the 4 ulse: the response is too small at early times
and too small at late times (Figure 35) In facg thisfit is similar at late times to that observed
with the 4.46 ms pulse. Therefore, the misfit betmvéhe data and model is consistent for two
different waveforms.

5.5.2 Second Site
South of the calibration site there are severaslirof VTEM that partially overlap with

MEGATEM lines. This enabled us to determine whethere is a 15% amplitude shift between
the VTEM and other systems at a different site.ré&he not, however, any ground TEM data in
this area.
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Here, we describe a site about 70 km E and 110 kiftlse calibration site. The VTEM data was
collected with the v11 system rather than the v3tay. The 0.03 ms shift was applied to the
VTEM time channels before modeling. The ground @ enresistive and the response is nearly
an order of magnitude lower than at the calibrasde. A 4-layer model fits the MEGATEM
data reasonably well. The simulated data for theslehis 15% too large for the VTEM data, the
same factor observed at the calibration site oheechannels were shifted earlier. A model that
fits the VTEM must be more resistive, and has e bf an amplitude for the MEGATEM
(Figure 36). Although the MEGATEM data is somewhatsy, the simulation of the model that
fits the VTEM data is outside the level of noisesen the data. These results agree with our
findings at the calibration site and indicate ttreg v7 and v11 data are consistent.

5.6 VTEM Summary

The results of the extended study of the VTEM waweffiles and modeling show that if using
the waveform provided by Geotech, the ground mddek not fit the data. The response of the
model is too small at early times. To get a coesistmisfit across the decay, the time gates must
be shifted 0.03 ms closer to the pulse. We sugbacttthis is due to how Geotech defines their
time origin when providing the timing of the chalmfter shifting the position of the channels
0.03msec early, the model response decays nowexacdy the same shape as the data decays
but the model is 15% larger than the data at cHar#128. This we suppose is related to how the
data is stacked and reduced by dipole moment. dpguly model VTEM data, it is critical that
we know how the data is reduced by dipole momerthabthe amplitude of the response can be
modeled correctly. Without adjusting the time wiag and the amplitude of the VTEM
response, the resulting model is significantly edight in resistivity from the ground model.
While we believe that the VTEM has better shalloggalution than the MEGATEM and
GEOTEM, we conclude that more information on thstegn is required for accurate modeling.
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Figure 35: Comparison of VTEM data collected witielpninary waveform at 4376N and
response of Model 4S.
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Figure 36: Comparison of the VTEM and MEGATEM datal models at site 2 at about 423540
E. A decay on line 2546 of the VTEM is shown inaad a section of a decay on Line 2280 of
the MEGATEM is shown in b). For the VTEM data, ttigannels have been shifted 0.03 ms
earlier in time. Measured data is in red, MEGATEMdal is in blue, and VTEM model is in
green. The MEGATEM model’s response is about 25%etahan the VTEM model response.
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6.0 Overall Conclusions

The availability of data from three airborne TEMng&ys at a test area near the Grand Canyon
provided a unique opportunity for a comparison lestnw these systems and TEM ground
methods. It was determined that MEGATEM and GEOTd&fa calibrate with the ground data.
However, rewindowing was essential for understagtie response. VTEM data may calibrate
with the other data, but more information on sy ssemings is needed.

The results for this case study show the usefuléds<ed-loop ground TEM for mapping
sedimentary environments. Using a PROTEM fixed Isopvey that included stations at large
offset, a layered resistivity model that matcheslaggcal information was developed. We were
able to detect a layer about 500 m in depth, asd dktect a small north-south change in
structure.

Our findings also highlight the importance of aately knowing system parameters for
effective interpretation of airborne TEM. Theseluwde pulse width, exact window locations,
waveform details, and impulse response of the veceasoils. All of these aspects must be
accurately represented in modeling and inversigordahms. Specifics for the MEGATEM and
GEOTEM surveys were readily available from inforioatprovided by Fugro and using the
correct system settings, the ground model matclesdet data reasonable well once the
bandwidths were determined. However, informatioailable for the VTEM was more limited.
When the ground model was simulated for VTEM to bast knowledge of system settings,
including closely matching the current waveform dstermined from integration of the
waveform file, the model response did not matchdai&. This discrepancy may be because we
are not modeling critical aspects of the systerwbich are not aware. Knowledge of how the
data is reduced by dipole moment and how the positof the time windows are defined with
respect to the pulse would assist us in modelieg/fhEM response.
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