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Purpose of Calibration Site

������
Airborne TEM :
���������������������������� :

•used extensively for locating conductors in mineral  exploration
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•can it be used for more quantitative interpretation  and thus in a   
wider range of applications?
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Quantitatively consistent with:

�� �� , �	
��
�

1) Ground TEM  ? ������
�

2) Geological information ? ����

�� ?



Calibration Study
����������������

To compare data and structural results from
����
�� � �� , !"#$%&'() :
1) 2007 - Airborne surveys ���� : MEGATEM, GEOTEM, 

VTEM      

2)  2008 - ground TEM surveys �� ���� �� :  extensive 
PROTEM (Geonics),  small GDP-32 (Zonge)
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3) 2008 - ground FEM systems������� : VLF-R (2 
frequencies),     MaxMin  (2 separations, 5 frequencies)

4) 2008 - drill logs, ��	


over the calibration site.

Data thanks to Uranium One USA

� *+,-. Uranium One ��
�



Site    ��������������������

• North of the Grand Canyon 
(Arizona Strip)

/012 (3456�7 )

• 2005-2008: 
active exploration for breccia 
pipe uranium deposits
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pipe uranium deposits
/�89:;<=>?@AB

CD
Host environment: 

a thick sequence of  
sedimentary rocks

EF�� G
�HIJK=LM[from Google Earth]
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Geology ���	
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Coconino, ��������

Hermit, ��������
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Suitable calibration 
site: ��	�����	�����	�����	���

• Sedimentary layers 
with contrasting EM 
properties 
��
��
��
�� 
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• Limited 3D structure
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Survey Location
������������

N ����

PROTEM lines 
PROTEM ��������

TEM loop
����������������

Wash

GEOTEM

VTEM40
0 

m

�� !���� !���� !���� !��
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Breccia pipe,
"#$%"#$%"#$%"#$%

VLF-R, 
MaxMin
300m x 300m

Drill Holes, �&�&�&�&

Airborne 
Surveys, 
'&(�)'&(�)'&(�)'&(�)

Calibration Area: 1.5 km x 5 km
*+),-*+),-*+),-*+),- : 1.5 .�.�.�.� x5.�.�.�.�

MEGATEM

Line Spacing: approx 100m
�/�/�/�/ : 01010101 100 2222



Ground TEM: Model
	
��
�� : ��

Ground Model 4South 
from multi-station 1D inversion 
using 11 wide-offset stations
(2900N-3900N).
3,453,453,453,45 4S
6666� ����789�789�789�789 :�;<:�;<:�;<:�;< =>=>=>=> ????@A@A@A@A
B����CD!B����CD!B����CD!B����CD! 11EFEFEFEF
GGGG 2900N-3900NHHHH

Model 4South fits Hx, Hz 
across entire survey indicating

Wash

5200N

45454545 4S

����� ������������������� ��	
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across entire survey indicating
limited lateral variation.
IJEIJEIJEIJE �)K�)K�)K�)K , 45454545 4South LMLMLMLM xNNNN
OPOPOPOP zNONONONO ????QRSTUVWXQRSTUVWXQRSTUVWXQRSTUVWX YYYY

Inloop and Short Offset Data
Provide less depth resolution
Z[����K!PB����CZ[����K!PB����CZ[����K!PB����CZ[����K!PB����C
\!89]\!89]\!89]\!89] ^̂̂̂�!�!�!�! N_N_N_N_ `ab�`ab�`ab�`ab�

Modeling and inversion were performed 
using EMIGMA V8.6 (PetrosEikon, 2009)
c4d;<@Ac4d;<@Ac4d;<@Ac4d;<@A !ef!ef!ef!ef : EMIGMA V8.6 

3900N

2900N



Ground TEM: Model to Data
������� : �	
��

3200N

4100N

Measured – 3200N

Model 4South – 3200N

Measured – 4100N

Model 4South – 4100NHz, ��� ��� ��� ��� 

g�89g�89g�89g�89

g�89g�89g�89g�89

4L894L894L894L89

4L894L894L894L89
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crossover

3200N

4100N

Hx, x- � � � � 



Comparison of Model with Geology
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45454545 4S
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• Drill results just south of ground survey confirm M odel 4South

• Moenkopi resistivity (123 WWWWm) of Model 4South close to resistivity determined from VLF-R 
and MaxMin data (thickness uncertain)

• 
�
�
�
� ������������ ���������������� ������������������������ 4S
�������� 4S ���� Moenkopi �������� ����� ��� 123 WWWWm     !"!"!"!" ���� VLF- R#### MaxMin ���������������� $��$��$��$�� ����� ���%&'(%&'(%&'(%&'(     

7 drill holes over 50m x 50m
7E�hE�hE�hE�h , 502222 x 502222!)i!)i!)i!)i



Ground TEM: Depth Resolution
������� :�	
��	

Measured

Model 4South

No Supai Group

Resistive Supai Group

2 km south of Loop Center
sensitive to Supai Group
Z[����jkZ[����jkZ[����jkZ[����jk 2.�lm!�7.�lm!�7.�lm!�7.�lm!�7
]nopCq]nopCq]nopCq]nopCq rsrsrsrs

g�g�g�g�

45454545 4S
tttt Supai
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Resistive Supai Group

Center of Loop
Limited sensitivity to Supai Group

All 3 models fit equally well
Z[����jk!�7Z[����jk!�7Z[����jk!�7Z[����jk!�7
nopubnopubnopubnopub rsrsrsrs
345vLM8945vLM8945vLM8945vLM89

nononono ������������



MEGATEM: Fit to Ground Model
MEGATEM
����	��

Measured

Model 4South (4 kHz)

Model 4South (15 kHz)

End of pulse:

���������������� ���� : 3.688 ms

Measured

Model 4South (4 kHz)

Model 4South (15 kHz)

g�g�g�g�

�������� 4S (4kHz) 

�������� 4S (15kHz) 

MEGATEM ��)*��)*��)*��)* , 1++++ 16,-./,-./,-./,-./
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• Data rewindowed to have 20 off-time channels to increase shallow resolution

• Waveform files were used to study pulse width, dipole moment, window positions, Tx-Rx 
separation and system bandwidth. Accurate modeling requires precise knowledge of settings.

• Model 4South fits the MEGATEM data just south of the wash if an upper bandwidth frequency of 4 
kHz is used.

• ���������������� ���������������� ���������������� ���������������� 20!"#$%��!"#$%��!"#$%��!"#$%��
&'()*+,&'()*+,&'()*+,&'()*+, -.-.-.-. /012/012/012/012 3333456456456456 3333���7���7���7���7 333389:;<=:%>89:;<=:%>89:;<=:%>89:;<=:%> ����?@?@?@?@ A1A1A1A1 BBBBCCCCDE�FDE�FDE�FDE�F
GGGGDHIJK:?@LDHIJK:?@LDHIJK:?@LDHIJK:?@L ?7?7?7?7 BBBB
MNO+PMNO+PMNO+PMNO+P QQQQA1�A1�A1�A1� 4 kHzR�R�R�R� , �������� 4S STSTSTST MEGATEMUVUVUVUV .

Location: 4360N
Stacked data (3 stations)
Location(�� ): 4360N
Stacked data (3 stations) 3E�7wx89E�7wx89E�7wx89E�7wx89 , ���������������� 13				



MEGATEM: Depth Resolution
MEGATEM
������

Measured

Model 4South

No Supai

End of pulse

���������������� ���� : 3.688 ms

g�g�g�g�
�������� 4S

y�noy�noy�noy�no

MEGATEM ��)*��)*��)*��)* , 1++++ 16,-./,-./,-./,-./
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Removing the fourth layer (Supai Group) has a small  but definite effect 
on the response at mid to late times. 
Note: This 4 th layer has a significant effect on the ground respon se at 
wide offsets. MEGATEM offset is 128m only.
z{|}�z{|}�z{|}�z{|}� GGGGnopnopnopnop HHHH]]]]j~>j~>j~>j~> •~•~•~•~ €€€€•‚ƒW•‚ƒW•‚ƒW•‚ƒW :„!:„!:„!:„! …†…†…†…† , ‡…†b0‡…†b0‡…†b0‡…†b0 YYYY
ˆ̂̂̂‰‰‰‰|}�|}�|}�|}� ]3,89…†]3,89…†]3,89…†]3,89…† ŠŠŠŠ‹‹‹‹????3,�O��Œ•Ž•Œ•/C03,�O��Œ•Ž•Œ•/C03,�O��Œ•Ž•Œ•/C03,�O��Œ•Ž•Œ•/C0 YYYY'&'&'&'&
�O�O�O�O MEGATEM,��Œ•Ž•Œ•/��Œ•Ž•Œ•/��Œ•Ž•Œ•/��Œ•Ž•Œ•/ •‘•‘•‘•‘ 128MYYYY

Location(Z’Z’Z’Z’ ): 4360N
Stacked data (3 stations) 3E�7wx89E�7wx89E�7wx89E�7wx89



GEOTEM: Fit of Ground Model
GEOTEM
����	���

Measured

Model 4South

No Supai

End of pulse

���������������� ���� :4.11 ms

GEOTEM ��)*��)*��)*��)* , 1++++ 16,-./,-./,-./,-./

0�0�0�0�

�������� 4S

1234123412341234
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Model 4South fits the GEOTEM reasonably well just south of 
the wash, provided an upper bandwidth frequency of 6 kHz is 
used.  Again the Supai Group is required to fit late time. 
NO 4SPQ GEOTEM
� RSTUV7W 6XYIZ[ \
]^_ `aT#bcde fg hi
� \

Location(�� ): 4330N
Stacked data (3 stations) 3E�7wx89E�7wx89E�7wx89E�7wx89

���������������� ���� :4.11 ms



VTEM
Potential advantages of VTEM 
system for resolving shallow 
structure:

• Clean decays
• More time channels (28)
• Closer to ground
56565656 7489748974897489 , VTEM:;$<=>?@:;$<=>?@:;$<=>?@:;$<=>?@ AAAA
)B)B)B)B CDCDCDCD
EEEE�$,-�$,-�$,-�$,- ././././ ���� 28    
FFFF!!!!" """
 


� ���

MEGATEM VTEM

Time Channels

Dz

Dx

Alt. of bird

20

128 m

46 m

70 m

28

0 m

0 m

35 m

,-./,-./,-./,-./

!GHI
�J&!GHI
�J&!GHI
�J&!GHI
�J&
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VTEM: Initial Waveform
VTEM:����

Measured

Model 4South

Location (�� ): 4350N
Stacked data (10 stations) ) 10

0�0�0�0�

�������� 4S

• Initial waveform for simulation: ¼ sine wave turn-on and turn-
off 

• Frequency = 1/(4*turnoff); turn-off time from waveform file

• Model 4South does not fit the data

• Too large at mid to late times, too small at early times

• WXL�S&'WXL�S&'WXL�S&'WXL�S&' YYYY ¼Z[&\]�Z[&\]�Z[&\]�Z[&\]� "#"#"#"#
R�R�R�R� = 1 /^̂̂̂ 4*"#_`$%"#_`$%"#_`$%"#_`$% ; "#_`$%"#_`$%"#_`$%"#_`$% a&'()a&'()a&'()a&'() � � � � 
�������� 4S bbbbSTSTSTST TUVcTUVcTUVcTUVc de��UVde��UVde��UVde��UV fgfgfgfg 3333hehehehe ��UV��UV��UV��UV iiii
jjjj
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Initial waveform
KLMNKLMNKLMNKLMN

Stacked data (10 stations) ) 10E�789wx“E�789wx“E�789wx“E�789wx“
kl%>kl%>kl%>kl%> 2~3mmmm



VTEM: Waveform File
VTEM
����

Turn-on

��������

Ramp-up

!�!�!�!� "#"#"#"#

Turn-off

��

Off time

���

V
ol

ts

6%

������	
��
����	���
�!�!�!�!� "#"#"#"#

First Polarity no#5no#5no#5no#5

Second Polarity pqo#5pqo#5pqo#5pqo#5
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The system uses a bi-polar waveform, stacking 
measurements from both polarities.
”•–—A˜™”•–—A˜™”•–—A˜™”•–—A˜™ š�š�š�š� ›!œ•›!œ•›!œ•›!œ• ????žMžMžMžM ™™™™šššš!�O!�O!�O!�O YYYY
Bandwidth of early time spike not consistent with the 
bandwidth of the mid on-time ringing and early off-
time response.Ÿ~ ¡!¢£Ÿ~ ¡!¢£Ÿ~ ¡!¢£Ÿ~ ¡!¢£ ••••j jjj~¤�~¤�~¤�~¤� ¥¥¥¥¦ ¦¦¦dŸdŸdŸdŸ
~~~~§�§�§�§� †¨!¢£†¨!¢£†¨!¢£†¨!¢£ bbbb:©:©:©:© YYYY

Time Derivative of Current
�ª!€•«8�ª!€•«8�ª!€•«8�ª!€•«8

Time (msec)

������	
��
����	���
�
���
�� �



VTEM: Integrated Waveform
VTEM
���� ���

17

Turn-on : 

Limited effect on 
response

!�!�!�!� $%&$%&$%&$%& '%'%'%'% ��������

Critical effect

()�	'%()�	'%()�	'%()�	'%



VTEM: Integrated Waveform
VTEM�����

���������� 

Integrated Waveform

Initial Waveform: Quarter sine turn-on and turn-off

18

Integrated Waveform ����

Initial Waveform: Quarter sine turn-on and turn-off

KLMNKLMNKLMNKLMN : ¼OPMQR#OPMQR#OPMQR#OPMQR# S�S�S�S�

Modified waveform : turn-on : f(t) = A (1-e-t/t)
turn-off : 77% of ¼ a quarter sine 

TOMNTOMNTOMNTOMN :Q�Q�Q�Q� : f(t) = A (1-e -t/tttt),S�S�S�S� : 77% $$$$ ¼OPOPOPOP MNMNMNMN

Turn-on �� Turn-off  ��
���������� 



VTEM: New Waveform
Will Model 4South fit the VTEM data with the modifi ed waveform?

TUMNV��TUMNV��TUMNV��TUMNV�� 4S WXYZWXYZWXYZWXYZ VTEM�������� [[[[

Measured g�g�g�g�

Model 4South (new) ¬œ•¬œ•¬œ•¬œ•

• With new waveform representation, Model 4South still a
poor fit, especially at early times

• jk lm nRNO 4Sop qrst�PQ
� Ruv
�wxe fghi

Location: 4350N
Stacked data (10 stations) 10E�789wx“E�789wx“E�789wx“E�789wx“
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VTEM

Measured g�g�g�g�

Model 4South (new) 45454545 4S

Early-time misfit:

��	�!" :

• Time channel positions ?

• 	�#$%� ?

20

Time channels shifted 30 ms 
earlier: 15% misfit across 
Channels 2-28

Shifted channels

	� #$&'() 30*+
�� #$ 2-28 ,-!" 15./



VTEM
• How are the data reduced by dipole 

moment?

• Where in the cycle is the current 
determined for normalization?

• How are the differences in the two 
polarities accounted for?

• 01 23 456
 78 9
:;<�
=>? @� 1A 9
BC= 5
"D EF1? 9

15% misfit 
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VTEM may provide better shallow 
discrimination than fixed-wing 
airborne systems. However, we 
cannot use it quantitatively without 
more knowledge of system 
parameters.

VTEMyr�z�{|}}~•
€•‚ƒtI„ _�…†‡ \ˆ
�Rˆ�� ��‰Š‹�Œ••
€Ž
 \



Conclusions
�	�	�	�	

Accurate modeling of the airborne response depends on precise knowledge 
of system parameters. These include pulse width, exact window locations, 
waveform details, and impulse response of the receiver coils. 

•MEGATEM and GEOTEM calibrate with the ground data provided upper 
bandwidths of 4 kHz and  6 kHz are used.

•VTEM may calibrate with other data but more information on system 
settings is required, such as how the data are reduced by dipole moment 
and possible errors in the positions of the time channels.

22

and possible errors in the positions of the time channels.

•This information would assist us in accurately modeling the VTEM 
response.
•'&89!+'&89!+'&89!+'&89!+ ­c4­c4­c4­c4 ®¯®¯®¯®¯ °±[•–²8!°±[•–²8!°±[•–²8!°±[•–²8! ­³­³­³­³ ­­­­˜´˜´˜´˜´ YYYYµ¶µ¶µ¶µ¶ ²8²8²8²8 ·¸¹º·¸¹º·¸¹º·¸¹º
£a£a£a£a ????­³!‚ƒZ’­³!‚ƒZ’­³!‚ƒZ’­³!‚ƒZ’ ????œ•»¼œ•»¼œ•»¼œ•»¼ ????uŽ•��!¹ºuŽ•��!¹ºuŽ•��!¹ºuŽ•��!¹º ††††¨ ¨̈̈YYYY

½½½½@A¾Xq@A¾Xq@A¾Xq@A¾Xq 4 kHzdddd 6 kHz!¢£!¢£!¢£!¢£ YYYY MEGATEMdddd GEOTEM89¿89¿89¿89¿ •3,•3,•3,•3,
89*+ÀÁ89*+ÀÁ89*+ÀÁ89*+ÀÁ , 

VTEM¿•ÂÃ89¿•ÂÃ89¿•ÂÃ89¿•ÂÃ89 *+*+*+*+ ????‡‡‡‡ÄÅÄÅÄÅÄÅ •–Æ’!Ç»ÈÉ•–Æ’!Ç»ÈÉ•–Æ’!Ç»ÈÉ•–Æ’!Ç»ÈÉ ????ÊË›ÌÊË›ÌÊË›ÌÊË›Ì ÍÎÍÎÍÎÍÎ ‘Ê‘Ê‘Ê‘Ê
ÏÏÏÏÐ{!Ð{!Ð{!Ð{! , PPPP¿Ñ¿Ñ¿Ñ¿Ñ ÒÓ!ÒÓ!ÒÓ!ÒÓ! €•€•€•€• ‚ƒ‚ƒ‚ƒ‚ƒ !!!!„ „„„ZZZZÔÕÔÕÔÕÔÕ YYYY

µ¶µ¶µ¶µ¶ ÈÉÖW×[ÈÉÖW×[ÈÉÖW×[ÈÉÖW×[ ]]]] VTEM89!89!89!89! +­c4+­c4+­c4+­c4 YYYY
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For a complete report email: laura@petroseikon.com

••-. Uranium One‘’•‚
� R“•• Petra Web, Ron 
Haycock, and Roger Holland”•–—CD \

23

Haycock, and Roger Holland”•–—CD \
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