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Summary
SkyTEM Surveys ApS of Denmark performed a helicopter time domain electromagnetic and
magnetic survey in the Lokkarfjord and Reinfjord areas within Finnmark County, Norway between 20th
and 29th July, 2011. Revelation Geoscience Ltd performed an assessment of the data, in terms of
quality, limitations and potential targets.
The SkyTEM data were acquired under difficult conditions (strong wind) in rugged terrain, which led
to large deviations from the planned terrain clearance. This has resulted in some areas within both
surveys having a small depth of investigation for buried conductors. The quality of the SkyTEM data is
acceptable when compared to similar surveys. Noise levels estimated from the data were low, and both
surveys were of a similar quality. The survey areas contain highly resistive rocks, so the low background
response amplitude results in minimal masking of target responses (except in areas where the response
is affected by seawater at Lokkarfjord).
The Reinfjord anomalies can be modelled by discrete, plate‐like conductors. However, the
conductance of these objects is very low. Although it is not possible to reliably predict rock type and
mineralisation from geophysical data, the conductance range of the bodies modelled is well below that
normally associated with massive sulphides. However, it is possible that the weak conductors
correspond to rock containing heavily disseminated sulphide.
The semi‐massive sulphide dike mapped at Lokkarfjord appears to have a subtle response evident in
the SkyTEM data. Reasons for the difficulty detecting the anomaly include the strong background
response due to conductive seawater, large terrain clearance on one flight line, and the wide spacing
between measurements in this area caused by the orientation of flight lines parallel to the coast.
Additional anomalies were identified using time constant analysis.
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Introduction

1.1

Scope of work

SkyTEM Surveys ApS of Denmark performed a helicopter time domain electromagnetic and magnetic
survey in the Lokkarfjord and Reinfjord areas (Figure 1) within Finnmark County, Norway between 20th
and 29th July, 2011. Final data were delivered in September, 2011. Nordic Mining ASA requested
Revelation Geoscience Ltd to perform an assessment of the data, in terms of quality, limitations and
potential targets. This report contains the results of the assessment.

Figure 1 Project location map (from SkyTEM data report).

The goals of the consulting project are defined in the proposal addressed to Ms Mona Schanche on

17th August, 2011:




Determine the reliability of the data – comment on noise levels with respect to expected target
anomaly amplitudes
Assess the likelihood that the anomalies defined by the Reinfjord survey are caused by sulphide
mineralization
Comment on possible reasons (masking of the response by other conductors such as seawater,
noise levels) why the semi‐massive sulphides mapped at Lokkarfjord apparently failed to give a
response detectable by the SkyTEM survey.
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The project proposal stated that these project goals were to be achieved by executing the following
work program:
Determine the reliability of the data – comment on noise levels with respect to expected target
anomaly amplitudes






Assess quality of survey flight path (adherence to contract specifications of flight line spacing and
terrain clearance). Identify areas where excessive terrain clearance is likely to compromise
detection of targets.
Estimate noise levels in survey data using simple statistical analysis.
Calculate a suite of model responses representative of possible targets in the survey areas.
Compare model responses with estimated noise levels to assess ability of the SkyTEM system to
detect the targets

Assess the likelihood that the anomalies defined by the Reinfjord survey are caused by sulphide
mineralization





Fit current ribbon approximation models to the Reinfjord anomaly profiles using Maxwell.
Assess the geological setting of the conductors using mapping data provided by the client. Create
3D visualization using Oasis montaj. 3D inversion of the magnetic data may be useful for defining
the geometry of the host intrusion.
Assess the model physical properties in comparison to petrophysical data provided by the client and
properties of typical deposits.

Comment on possible reasons (masking of the response by other conductors such as seawater, noise
levels) why the semi‐massive sulphides mapped at Lokkarfjord apparently failed to give a response
detectable by the SkyTEM survey






Conduct re‐processing of the Lokkarfjord data to confirm that no anomalies have been detected.
Use client‐supplied geological and petrophysical data to construct models to simulate possible
target responses in the SkyTEM data.
Characterize the background EM response contributed by seawater in the Lokkarfjord area and
compare to the model target response.
Assess noise levels in the Lokkarfjord SkyTEM data.
Use the inputs from these steps to determine whether it is possible to detect the model target.
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1.2

SkyTEM system

The SkyTEM time‐domain electromagnetic system is described in the contractor data report
(SkyTEM Surveys, 2011). Some key system parameters are summarized here for ease of reference.

1.2.1 Transmitter waveforms
The peak moment of a transmitter loop is the product of the area, peak current and number of
turns, and is usually quoted in Am2 – i.e. this number is the effective moment. This number is a measure
of the power of the transmitter system. The SkyTEM system operates with two transmitter pulses that
vary in width, shape, peak current and number of transmitter loop turns used. The “low moment” (LM)
cycle has a peak moment of ~4,450 Am2, repetition frequency of 200 Hz, and a rapid current turn‐off
ramp, enabling very early time gates to be measured which improve resolution of shallow electrical
structure and resistive zones. The “high moment” (LM) cycle has a peak moment of ~470,000 Am2, a
repetition frequency of 25 Hz, and a slower current turn‐off. The HM data are used to define slowly
decaying strong conductor responses, and are the main dataset used for our purposes. (The transmitter
current does not turn off instantaneously but instead decreases to zero over 12.8 µs for the low‐
moment cycles and 196 µs for the high‐moment cycles. Data measured during the transmitter turn‐off
ramp are not supplied to the client.)
Transmitter waveform parameters supplied by SkyTEM Surveys are tabulated below:
Table 1 Low moment transmitter waveform parameters
Number of transmitter turns

1

Transmitter area

494.4 m²

Peak current

9.8 Amp

Peak moment
Repetition frequency

~4450 Am²
200 Hz

On‐time

1000 µs

Off‐time

1500 µs

Duty cycle

60%

Table 2 High moment transmitter waveform parameters
Number of transmitter turns

8

Transmitter area

494.4 m²

Peak current

115 Amp

Peak moment
Repetition frequency

~470000 Am²
25 Hz

On‐time

5000 µs

Off‐time

15000 µs

Duty cycle
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1.2.2 Receiver time gates
The SkyTEM receiver averages the voltage induced in the receiver coil over a series of time gates
(commonly referred to as channels) that increase in width logarithmically with increasing time after the
start of transmitter turn‐off. The channels are usually referenced by the gate number (e.g. “channel
10”) and/or the gate centre time (e.g. “88.715 µs”). The SkyTEM convention of quoting a continuous
series of channels that includes both high and low moment measurements can be confusing. Therefore,
it is useful to refer to a table of gate specifications (Table 3).
Table 3 SkyTEM receiver gate specifications
Geosoft
index (LM)

Geosoft
index (HM)

Gate
1

Gate open
(µs)
0.43

Gate width
(µs)
15.57

Gate close
(µs)
16

Gate centre
(µs)
8.215

Comment
Not used

2

16.43

2.57

19

17.715

Not used

3

19.43

3.57

23

21.215

Not used

4

23.43

4.57

28

25.715

Not used

5

28.43

5.57

34

31.215

Not used

0

6

34.43

7.57

42

38.215

LM only

1

7

42.43

9.57

52

47.215

LM only

2

8

52.43

11.57

64

58.215

LM only

3

9

64.43

14.57

79

71.715

LM only

4

10

79.43

18.57

98

88.715

LM only

5

11

98.43

23.57

122

110.215

LM only

6

12

122.43

29.57

152

137.215

LM only

7

13

152.43

37.57

190

171.215

LM only

8

14

190.43

47.57

238

214.215

LM only

9

15

238.43

60.57

299

268.715

LM only

10

16

299.43

75.57

375

337.215

LM only

11

17

375.43

95.57

471

423.215

LM only

12

0

18

471.43

120.57

592

531.715

LM & HM

13

1

19

592.43

152.57

745

668.715

LM & HM

14

2

20

745.43

191.57

937

841.215

LM & HM

15

3

21

937.43

241.57

1179

1058.215

LM & HM

16

4

22

1179.43

304.57

1484

1331.715

LM & HM

5

23

1484.43

384.57

1869

1676.715

HM only

6

24

1869.43

483.57

2353

2111.215

HM only

7

25

2353.43

609.57

2963

2658.215

HM only

8

26

2963.43

768.57

3732

3347.715

HM only
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9

27

3732.43

968.57

4701

4216.715

HM only

10

28

4701.43

1220.57

5922

5311.715

HM only

11

29

5922.43

1538.57

7461

6691.715

HM only

12

30

7461.43

1938.57

9400

8430.715

HM only

13

31

9400.43

2442.57

11843

10621.715

HM only

14

32

11843.43

3077.57

14921

13382.215

HM only
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1.2.3 SkyTEM system geometry
The SkyTEM transmitter loop is an octagon (Figure 2) with an area of 494.4 m2 and for the purposes
of numerical modelling can be approximated by a dipole.

Figure 2 SkyTEM transmitter loop and sensor geometry

The X (flight line direction) and Z (vertical) receiver coils are located at the rear vertex of the
transmitter loop (Figure 2). The axis convention has Z positive downwards. Each coil has an effective
receiver area of 316.4 m2 (Z component coil) and 105 m2 (X component coil) respectively. The data are
normalized in respect to effective Rx coil area, Tx coil area, number of turns and current giving the unit:
V/(m4∙A). Values are recorded in the database in pico‐volts units (i.e. pV/(m4∙A)). For the purposes of
modelling, the receiver coils can be considered to be dipoles coincident with the transmitter dipole.
The nominal transmitter loop ground clearance for SkyTEM survey is 30‐40 m, but practical safety
considerations often require the pilot to vary the actual ground clearance during the survey. The EM
database includes a transmitter loop height channel (Height) recording the actual terrain clearance. This
parameter is discussed in detail in the section concerning data quality.
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2





2.1

SkyTEM time domain electromagnetic data quality
Large variations in terrain clearance in both surveys, particularly Reinfjord, have an impact on the
maximum depth at which the system can detect a given target at different locations within the
survey areas. For a 100m × 100m horizontal plate‐like conductor with a 1,000 Siemen
conductance, the maximum detection depth varies from about 55 m to 170 m below surface along
a single flight line.
Noise levels in the data do not appear to be excessive. The survey area is highly resistive,
resulting in a lack of background response which aids conductor detection.
All helicopter time‐domain EM systems have limited ability to detect strong conductors, and the
bias towards weaker conductors should always be borne in mind when interpreting data and
planning follow‐up programs.

Terrain clearance

Terrain clearance has an impact on the ability of the SkyTEM system to detect conductors, since the
amplitude of an anomaly decreases with increasing separation between the target and the transmitter‐
receiver array. The nominal terrain clearance planned for the SkyTEM survey is 30 to 40 m. However,
combinations of man‐made features (towers, power lines, etc), topography, and vegetation and weather
conditions may cause the pilot to fly above or below the planned elevation.
Terrain clearance statistics for the Reinfjord and Lokkarfjord databases supplied by SkyTEM are
tabulated below (Table 4 and Table 5 respectively). Inspection of the modal terrain clearance values for
the two surveys immediately tells us that the pilot was able to achieve a significantly better drape of the
terrain in the Lokkarfjord (mode: 52.5 m) survey than in the Reinfjord (mode: 88.2 m) survey. The
Reinfjord terrain clearance distribution (Figure 3) has a heavier and longer tail on the high end than the
Lokkarfjord distribution (Figure 4).
Table 4 Reinfjord terrain clearance summary statistics
Minimum (m)

27.5

Maximum (m)

236.5

Range (m)

209.0

Mean (m)

106.2

Standard deviation (m)

42.1

Median (m)

98.2

Mode (m)

88.2

Skewness

0.662269

Kurtosis
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Table 5 Lokkarfjord terrain clearance summary statistics
Minimum (m)

10.47

Maximum (m)

189.5

Range (m)

179.0

Mean (m)

71.0

Standard deviation (m)

28.6

Median (m)

67.4

Mode (m)

52.5

Skewness

0.707603

Kurtosis

0.551531

5000
90%

70%

50%

2500

30%

10%
0
0

Height

250

Figure 3 Reinfjord terrain clearance histogram

6000
90%

70%

50%

3000

30%

10%
0
0

Height

200

Figure 4 Lokkarfjord terrain clearance histogram

7|P a g e

Quality assessment and interpretation report on the Reinfjord and Lokkarfjord SkyTEM surveys

Maps of terrain clearance indicate areas where the effectiveness of the survey may be compromised
by large sensor height (Figure 5 and Figure 6). One of the northern flightlines in the Lokkarfjord survey
was recorded at an unusually high terrain clearance, which may have resulted in failure to detect
conductors along the edge of the fjord.
524000E

526000E

528000E

77840 00N
77820 00N

77820 00N
77800 00N

77800 00N

77840 00N

191.1
182.1
173.2
164.2
155.3
146.3
137.4
128.4
119.5
110.5
101.6
92.6
83.7
74.7
65.8
56.8
47.9
38.9
30.0

Height

77760 00N

77760 00N

77780 00N

77780 00N

(m)

524000E

526000E

Figure 5 Reinfjord terrain clearance image
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561000E
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(m)

559000E
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Figure 6 Lokkarfjord terrain clearance image
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2.2

Estimated noise levels

Noise levels were estimated from the high moment (HM) SkyTEM measurements using a pragmatic
approach: An area within each survey was selected (Figure 7 and Figure 8), in which the signal levels
were expected to have decayed well below the noise level in the last time gate of the high‐moment
measurements. The standard deviation of measurements within this area is used as an estimate of the
standard deviation of noise in this final channel, based on the assumption that no measurable variation
is caused by signal in this time gate and all of the observed variation is due to noise.
526000E

528000E

524000E

526000E

528000E

77760 00N

77760 00N

77780 00N

77780 00N

77800 00N

77800 00N

77820 00N

77820 00N

77840 00N

77840 00N

524000E

Figure 7 Reinfjord image of vertical component EM response in HM channel 32 (13382.215 µs), with the area selected for
noise estimation outlined in red.

10 | P a g e

Quality assessment and interpretation report on the Reinfjord and Lokkarfjord SkyTEM surveys

560000E

561000E

559000E

560000E

561000E

7790000N

7790000N

7791000N

7791000N

7792000N

7792000N

559000E

Figure 8 Lokkarfjord image of vertical component EM response in channel 32 (13382.215 µs), with the area selected for noise
estimation outlined in red.

As noted in the SkyTEM Surveys data report, the noise levels in each channel can be modelled using
a power law function where the width of the gates increase proportional to the gate centre time:

where
is the estimated noise at gate centre time
is the assumed noise (based on standard deviation) at time
(Note that the noise estimates generated using the approach described here are significantly lower
than those stated in the contractor data report, which appear to be based upon observations from
previous surveys.)
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The standard deviations of vertical component SkyTEM data for each channel within the geographic
areas outlined in Figure 7 and Figure 8 are plotted below (Figure 9 and Figure 10) against the channel
centre time. Also shown on these graphs is the noise model based on the equation above.
The standard deviation of vertical component data in channel 32 has a similar value in both surveys
(Reinfjord: 0.0005 pV/(m4∙A), Lokkarfjord: 0.0006 pV/(m4∙A)), which is to be expected for surveys flown
under similar conditions. The standard deviations of the earlier channels do not fit the noise model well,
but appear to asymptote to the model curve. This is due to the presence of measurable signal (with
higher standard deviation than the noise) in the earlier channels.

Standard deviation (pV/(m4∙A))

0.01

0.001
Std dev
Est err

0.0001
100

Gate1000
centre time (µs)

10000

Figure 9 Reinfjord SkyTEM survey noise model. Standard deviation of vertical component data for each channel within
selected area plotted against gate centre time. The estimated error based on the noise model is plotted as a solid line.
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Standard deviation (pV/(m4∙A))

0.1

0.01

0.001

Std dev
Est err

0.0001
100

1000
Gate centre time (µs)

10000

Figure 10 Lokkarfjord SkyTEM survey noise model. Standard deviation of vertical component data for each channel within
selected area plotted against gate centre time. The estimated error based on the noise model is plotted as a solid line.

The noise model derived using this procedure appears to be an adequate estimate for the purpose
of determining the reliability of data. In order to determine whether a given target response can be
detected using the SkyTEM survey data from Reinfjord and Lokkarfjord, we must compare the amplitude
of that response with the noise model and background response due to the country rocks, overburden,
sea water, etc.

2.3

Model responses and assessment of target detection

The reliability of the SkyTEM data is ultimately determined by our ability to recognize the response
of a target of interest in the presence of noise and the background response from the host rocks and any
conductive cover that might be present. Therefore, reliability of the data depends upon our desired
target parameters, as well as the data quality. We must make some assumptions regarding the
geometry, dimensions and electrical properties of the target, and then compare its calculated response
with the noise and likely host response to determine whether this target can be detected using our data.
Since the target of both SkyTEM surveys examined in this project is massive nickel sulphide
mineralisation, which has mineralogy dominated by pyrrhotite, it is reasonable to expect that the
conductance of an economic target will be of the order of at least 1,000 Siemens. (Massive pyrrhotite
has conductivity between 10,000 Sm‐1 and 100,000 Sm‐1 but semi‐massive or matrix‐textured pyrrhotite
usually has conductivity an order of magnitude lower. Assuming that the target is 1 m thick (an
economically marginal deposit, but still a significant exploration result) the conductivity‐thickness
product or conductance will be about 10,000 Siemens. Semi‐massive sulphide usually has an order of
magnitude lower conductivity, so the conductance of our exploration target will be around 1,000
Siemens.)
In order to explore the limits of target detection, it is useful to consider data from a typical survey
line which represents the background response and noise levels present in the dataset as a whole, and
compare these observed data to the theoretical target response. This comparison allows us to see
whether the target response would be obscured by the combination of background response and noise
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in the data. The example used for this study is flight line 101901 in the Reinfjord survey, which is
located in an area with no anomalous responses (Figure 11).
526000E

528000E

77840 00N

77840 00N

524000E

L101901

77760 00N

77760 00N

77780 00N

77780 00N

77800 00N

77800 00N

77820 00N

77820 00N

L101901

524000E

526000E

528000E

Figure 11 Reinfjord SkyTEM vertical component channel 18 (531.715 µs) image with selected flightline 101901.

Flight line 101901 crosses a valley, where the terrain clearance reaches a maximum of 166 m (Figure
12). Recall that the modal terrain clearance for the entire Reinfjord survey was 88.2 m and the
maximum was 236.5 m, so this valley represents one of the worse scenarios for target detection. The
minimum terrain clearance (55 m) occurs over the hilltops, and a target in these locations would be
significantly easier to detect using the SkyTEM system.
Consider the response of a horizontal 1000 S plate‐like conductor with dimensions 100 m × 100 m
located just below the ground surface within the valley. Comparing the calculated response profiles for
this target with the measured data (Figure 13), it can be seen that the target response in channel 18
would be very difficult to distinguish from the noise in the measured data, but the target response in
later channels (e.g. channels 21 to 32) is easy to recognize. This near‐outcropping target within the
valley can be detected using the Reinfjord SkyTEM data.
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Figure 12 Flight line 101901 model cross section. The SkyTEM system measurement positions are shown in green and the
terrain surface is shown in black. The theoretical target conductor is shown in red.

Figure 13 Flight line 101901 measured (black) and theoretical 1000 Siemen conductor model (red) vertical response profiles.
The top panel shows profiles for channel 18 to 22, the middle panel channel 23 to 27 and the bottom panel channel 18 to 32.
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Lowering the conductance of the target conductor to 100 S (representing a strongly disseminated
sulphide target) results in higher early channel response and lower late channel response (Figure 14).
This weak near‐outcropping conductor response would be easily recognized in the early channel data
(channel 1 to 9) from the Reinfjord SkyTEM survey.

Figure 14 Flight line 101901 measured (black) and theoretical 100 Siemen conductor model (red) vertical response profiles.

Returning to the 1000 S massive sulphide conductor model, consider the effect of increasing the
depth of the target on the response amplitude. Placing the target at 550 m elevation (versus 605 m
elevation in the previous model – a 55 m increase in depth) results in significantly lower response
amplitude (Figure 15). In the early channels (18 to 22), the target response amplitude is well below the
background levels. In the mid channels (23 to 28), the target response is greater than the background
response, and could be recognized through careful inspection of the profiles. In the late channels (28 to
32), the target response has decayed to amplitudes close to the noise level (Figure 16). This buried
conductor (55 m depth below the valley) represents the deepest target of this size and conductance that
could be practically detected using the Reinfjord SkyTEM data at this terrain clearance (166 m).
The amplitude of a SkyTEM anomaly sourced by a plate‐like conductor depends on the depth of the
target, its conductance, dip and dimensions. Therefore, the maximum depth at which a conductor can
be detected by the system is influenced by these characteristics of the conductor and it is only
meaningful to discuss effective depth of detection with reference to a specific model. A conductor
measuring 200 m × 200 m can be detected at a greater depth than a 100 m × 100 m conductor (the
increase in detection depth is not proportional).
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The terrain clearance varies over a large range in both surveys. Maximum depth of detection for a
given target varies with terrain clearance. For the model discussed above, the maximum detection
depth beneath the valley (terrain clearance 166 m) is about 55 m, but beneath the ridge (terrain
clearance 55 m) the maximum detection depth would be about 170 m.

Figure 15 Flight line 101901 measured (black) and theoretical 1000 Siemen conductor model (red) vertical response profiles
with the depth to target increased by 55 m.
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0.1
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0.0001
100

1000
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Figure 16 Comparison of peak model response (red squares) with standard deviation of Reinfjord SkyTEM vertical
component channels.

18 | P a g e

Quality assessment and interpretation report on the Reinfjord and Lokkarfjord SkyTEM surveys

2.4

Limitations of the SkyTEM system

It is important to note that all helicopter time domain electromagnetic systems (e.g. SkyTEM, VTEM,
AeroTEM) have limited ability to detect very strong conductors. This is a consequence of the high
transmitter frequency, the measurement of signal in the transmitter off‐time and the physics of EM
impulse‐response systems. For high conductance targets, the amplitude of the EM response decreases
with increasing conductance. If the conductance of the near‐outcropping target modelled in Section 2.3
is increased from 1,000 Siemen to 10,000 Siemen, the response becomes too small to be detected in the
presence of typical background and noise for the Reinfjord SkyTEM survey (Figure 17).

Figure 17 Flight line 101901 measured (black) and theoretical 10,000 Siemen conductor model (red) vertical response
profiles. The top panel shows profiles for channel 18 to 23, the middle panel channel 24 to 27 and the bottom panel channel
28 to 32. The conductor response cannot be recognized in the presence of typical background response and noise in the
Reinfjord survey.

Strong conductors are best detected using ground EM systems operating at lower frequencies, and
preferably measuring B‐field using a magnetometer, rather than ⁄ using an induction coil (as all
helicopter EM systems do). Helicopter EM systems are able to detect the lower conductance halos
around high conductance targets, but the “best” parts of the conductor are invisible to these systems.
This bias towards weaker conductors is a major limitation of helicopter time domain EM systems.
Frequency domain EM systems have improved ability to detect strong conductors, due to the in‐phase
measurements taken with these systems, but their lower transmitter moment restricts the maximum
detection depth to less than 100 m.
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3

Reinfjord interpretation








3.1

Changes in response pattern with gate time are consistent with a complex distribution of
sulphide abundance and/or thickness within the southern anomaly area.
Time constant analysis of the Reinfjord SkyTEM data highlights a zone of enhanced
conductivity within the complex southern anomaly.
The time constants estimated for the strongest anomalies are very low (0.4 ms), and are
not consistent with significant interconnected zones of massive sulphide. It is more likely
that these zones correspond to heavily disseminated sulphide (which may contain isolated
pods of massive sulphide).
Plate‐like conductors simulated using a current ribbon approximation can be used to find
a model with a calculated response that fits the observed data in the southern anomaly
area.
The 1D inversion results produce an inaccurate representation of electrical structure.

Time constant analysis

Time constant analysis is used to identify and rank areas within the survey containing conductors.
The electromagnetic response of a plate‐like conductor as a function of time at a single station can be
approximated by:

where
is the amplitude at the initial time
geometry, and

0, which is a function of conductor and EM system

is the time constant, which is a function of conductor size and conductance.
Time constants can be estimated from the SkyTEM data in two time gates using a simple formula
(Nabighian & Macnae, 1991):
ln

⁄ln

Larger anomaly time constant values highlight conductors with larger dimensions and/or
conductance (i.e. better conductor quality).
The application TAUSLIDE™ written by Alexander Prikhodko was used to estimate time constants for
the Reinfjord SkyTEM data. The program requires a noise threshold as input, and no time constant
values are calculated from data with amplitude that falls below this value. Hence time constants are
only calculated within conductive areas that have sufficiently strong responses.
An image of the gridded time constant values estimated from the Reinfjord survey (Figure 18 and
detailed map Figure 19) defines two peaks (> 0.4 ms) within the southern anomaly area, and a weaker
peak (≈0.32 ms) that coincides with an east‐west trending anomaly to the north. These features
correspond to the peaks in the channel 25 (2658.215 µs) image (Figure 20).
Note that the earlier channel vertical component images (e.g. channel 18 see Figure 21) have peaks
which are offset from these stronger conductor responses highlighted by the time constant image. The
early channel peaks correspond to smaller/weaker conductors with responses that decay rapidly (and
are therefore strongly attenuated in the later channel data). These changes in response patterns with
gate time indicate that a complex distribution of conductivity exists within the anomalous zone.
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Multiple sulphide lenses with varying thickness and/or sulphide abundance are present. The time
constant analysis highlights the area most likely to contain higher thickness and/or sulphide abundance.
The maximum anomaly time constant that can be excited by the SkyTEM transmitter waveform is
about 15 ms (equal to the duration of the transmitter off‐time). To put this in perspective, the time
constant of the modelled response of the 1,000 Siemen plate‐like conductor measuring 100m × 100m
discussed in Section 2.3 is about 8 ms, and substituting a conductance of 10,000 Siemen would result in
a 13 ms time constant. Therefore, the conductance of the Reinfjord anomaly source is likely to be less
than 100 Siemen. If this conductor were composed of massive pyrrhotite, its thickness would be a few
centimetres at most. It is more likely that the source of the anomaly is rock containing heavily
disseminated sulphide (i.e. weakly conductive material).
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Figure 18 Reinfjord SkyTEM survey time constants estimated from the vertical component high moment readings. Mapped
sulphide zones are shown in red and the outline of the SkyTEM survey is shown in black. The area covered by the detailed
map (Figure 19) is outlined in red.
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Figure 19 Reinfjord SkyTEM detailed map (outline shown Figure 18) showing time constant image and mapped sulphide
zones.
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Figure 20 Reinfjord SkyTEM detailed map (outline shown Figure 18) showing vertical component high moment channel 25
(2658.215 µs) image, mapped sulphide zones and a contour of time constant 0.4 ms.
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Figure 21 Reinfjord SkyTEM detailed map (outline shown Figure 18) showing vertical component high moment channel 18
(531.715 µs) image, mapped sulphide zones and a contour of time constant 0.4 ms.

3.2

Numerical modelling

A current ribbon approximation implemented in the program Maxwell™ (distributed by
Electromagnetic Imaging Technologies of Perth, Western Australia) was used to simulate the SkyTEM
response of a plate‐like conductor and fit a model to the southern anomaly at Reinfjord. Two
conductors were used to simulate the response (Figure 22), however only a very rough fit to the
observed data could be achieved using this simple model (Figure 23).
The distribution of conductivity at Reinfjord is complex, and a 3D voxel model would be required to
accurately simulate the electrical structure. For instance, the time constant analysis discussed in Section
3.1 indicates that two zones of enhanced conductance exist within the plate‐like conductors (Figure 24),
but the modelling program does not have the ability to simulate inhomogeneous conductors.
Despite the shortcomings of the conductor models, they serve to illustrate the following:
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The dip of the conductors appears to be flat. The x‐component data are too noisy to allow
accurate estimation of dip, but it is safe to conclude that it is probably less than 45°.
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The model conductors are weak (less than 100 S). Therefore, the source of the EM
anomalies is likely to be heavily disseminated rather than massive sulphide.
The depth to the western conductor (red plate in Figure 22) is about 50 m below surface,
and the depth to the eastern conductor (blue plate in Figure 22) is about 205 m below
surface (this is an extremely rough estimate).

Parameters of the conductor models are tabulated below:
Table 6 Model parameters of the western conductor.
Easting (centre of top edge)

525405 mE

Northing (centre of top edge)

7777165 mN

Elevation (centre of top edge)

550 m

Dip

13°

Dip Direction

126°

Plunge

0°

Strike length

600 m

Down‐dip extent

125 m

Conductance

48.4 S

Table 7 Model parameters of the eastern conductor.
Easting (centre of top edge)

525690 mE

Northing (centre of top edge)

7777160 mN

Elevation (centre of top edge)

450 m

Dip

8°

Dip Direction

126°

Plunge

0°

Strike length

600 m

Down‐dip extent

300 m

Conductance

50 S

The western conductor model is a fairly accurate representation of gross electrical structure,
although it fails to account for the local increase in time constant over the middle of the conductor. The
eastern conductor model produces a poor fit to the observed data, and is only useful in a qualitative
sense.
These conductor models can be used as a basis for planning reconnaissance drilling programs, but
the time constant analysis should be used to refine drill‐hole locations.
Due to the limitations of SkyTEM in the detection of strong conductors (see Section 2.4), a ground
EM survey should be used to identify zones of massive sulphide mineralisation.
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Figure 22 Isometric 3D projection of the Reinfjord conductor model created using the current ribbon approximation.

Figure 23 Reinfjord SkyTEM flight line 107901 observed (black) and calculated (red) response profiles for HM channels 22 to
24. The top panel shows vertical component profiles and the bottom panel shows x‐component (in‐line) profiles.
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Figure 24 Surface projection of the conductor models with an image of vertical component channel 25 (2658.215 µs) and 0.4
ms time constant contour.
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3.3

1D EM inversion

SkyTEM Surveys supplied 1D resistivity inverse models recovered from the SkyTEM EM data. An
example of the cross sections generated from the inverse models is shown below (Figure 25). Flight line
107901 crosses the middle of the southern EM anomaly modelled using the current filament
approximation in Section 3.2 (Figure 24).

Figure 25 Reinfjord resistivity inverse model cross section for flight line 107901. This is the same flightline shown in the
figures in Section 3.2.

The inversion results were produced by fitting a 1D layered earth resistivity model to each reading.
The assumption underlying this model is that the earth is composed of a set of horizontal uniform
layers. This assumption works well in areas where the electrical structure of the earth is layered and the
thickness and resistivity of the layers varies smoothly in space. In areas where the electrical structure
has a 3D character, with sharp variations in resistivity, this 1D model is inappropriate and the resistivity
distribution recovered from the data contains artefacts. These artefacts include incorrect shapes and
depths for 3D conductors.
A voxel model of conductivity was created from the 1D inversion results supplied by SkyTEM Surveys
using Geosoft Oasis montaj™.
The 1D inversion algorithm has simulated the source of the southern EM anomaly using a weakly
conductive body located several hundred metres below surface and having a large depth extent (Figure
26 to Figure 28). The 1D inversion model also contains a conductive surface layer, which is probably a
true reflection of the electrical structure. However, the deep conductor model differs significantly from
the plate‐like conductor model derived using the Maxwell™ software.
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Figure 26 Reinfjord EM inversion 0.01 Siemen iso‐surface (cyan) with plate conductor models (red and blue) and DEM.

Figure 27 South view of Reinfjord EM inversion model.
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Figure 28 East view of Reinfjord inversion model.

The Maxwell™ model is a more reliable representation of the discrete stronger conductors because
it incorporates the horizontal (X) component EM data as well as the vertical component. The horizontal
component is sensitive to non‐layered, 3D structure and is not utilized by the 1D inversion algorithm
employed by SkyTEM Surveys. The negative X‐component anomaly on flight line 107901 (Figure 23) is
consistent with a shallow conductor with limited lateral extent, and would not be produced by the deep
conductors recovered by the 1D inversion algorithm.
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4

Lokkarfjord interpretation



4.1

Despite the presence of a strong background response due to seawater, numerical
modelling demonstrates that targets of potential economic interest would have a
sufficiently large response to be detected in the coastal area at Lokkarfjord.
Time constant analysis has identified four potential anomalies, one of which corresponds
to the outcrop of mineralized dike.

Model responses and assessment of target detection

The Lokkarfjord SkyTEM data are strongly affected by the presence of seawater around the northern
and eastern margins of the survey (Figure 29). The conductivity of sea water1 at 20°C is 4.8 Sm‐1 – i.e.
weakly conductive. However, the large volume and surface area involved gives rise to a large EM
response. The high vertical component response in these areas can be simulated using a horizontal
conductive plate to represent the seawater (Figure 30 and Figure 31) – the fit between observed and
calculated data is not good because it is impossible to simulate the effect of varying thickness of water
column in the ocean and varying amounts of infiltration in porous rock.

Potential anomalies?

Figure 29 Lokkarfjord SkyTEM 3D rendering of vertical component high moment channel 23 (1676.715 µs)

1

http://www.kayelaby.npl.co.uk/general_physics/2_7/2_7_9.html
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Figure 30 Simulation of sea water using a horizontal plate conductor (1km x 1km, 7 Siemens conductance)

Figure 31 Observed (black) and calculated model (red) vertical component responses at the eastern end of flight line 301101.
The top panel shows profiles of high moment channels 18 to 22 (531.715 to 1331.715 µs), and bottom panel shows channels
23 to 27 (1676.715 to 4216.715 µs).
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The strong response due to the seawater is likely to mask anomalies caused by some conductors
located close to the edge of land in the fjord. An important question is whether a strong conductor
response (representing a target of interest) can be recognized in the presence of this high background
response. In order to determine whether the response of potential targets can be recognized, data on
flight line 301101 were used as an example of the background response and compared with calculated
data generated using a steeply dipping 100 m × 100 m conductor placed close to the water (Figure 32).
If the conductance of the target is 1,000 Siemens, the response in the early channels is lower than the
background response due to seawater and would be impossible to detect; however the target response
is larger than background in the later channels (Figure 33). Conversely, a weaker 100 Siemen target has
a higher response in early channels, and can be recognized against the background response in these
time windows (Figure 34). It is concluded that a target of potentially economic size and sufficiently high
sulphide abundance could be detected in this location despite the strong seawater response.
Although the targets considered here have responses that are sufficiently large to be detected, the
anomalies would form subtle perturbations on the strong gradient caused by the seawater. Therefore,
signal processing techniques become necessary in order to highlight these features.

Figure 32 Steeply dipping strong conductor model.
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Figure 33 SkyTEM vertical component profiles of observed (black) and calculated data (red) for the model shown in Figure 32
with a plate conductance of 1,000 Siemens.
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Figure 34 SkyTEM vertical component profiles of observed (black) and calculated data (red) for the model shown in Figure 32
with a plate conductance of 100 Siemens.

4.2

Time constant analysis

Time constant analysis was used to identify discrete areas within the coastal region where the rate
of EM response decay is reduced (i.e. larger time constant), indicating the possible presence of a
conductor. This technique complements an examination of signal amplitude images because the
amplitude of the background response at Lokkarfjord is sensitive to changes in helicopter height relative
to the seawater, resulting in false anomalies, whereas the time constant of a discrete conductor
response is invariant with terrain clearance.
Several subtle increases in response time constant exist within the coastal area (Figure 35), including
a peak which coincides with the location of the mineralized dike outcrop. Features A and B are also
visible in the channel 23 image above (Figure 29). The time constant analysis did not highlight any
conductors in the inland region and it is concluded that this area is not prospective for shallow massive
sulphide mineralisation.
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Figure 35 Lokkarfjord image of gridded time constant values with sun‐shading applied to highlight subtle perturbations. The
location of the mineralized dike is marked by a red triangle. Potential targets are annotated A, B, C and D.

4.3

Comment on survey design

The flight lines in the northern coastal area at Lokkarfjord were flown parallel to the side of the
fjord. Therefore, the distance between measurements in the seaward direction is large, reducing the
possibility of detecting an anomaly caused by a conductor striking parallel to the coast – it is possible
that a conductor lying between the flight lines could have a response too small to be detected in the
presence of the strong background due to seawater. Therefore, a better survey design would have
included flight lines oriented perpendicular to the coast on both the northern and eastern sides of the
survey.
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5

Conclusions and recommendations

The conclusions of this study are presented in terms of the three key questions that formed the
scope of work:
Determine the reliability of the data – comment on noise levels with respect to expected target
anomaly amplitudes


The SkyTEM data were acquired under difficult conditions (strong wind) in rugged terrain, which led
to large deviations from the planned terrain clearance. This has resulted in some areas within both
surveys having a small depth of investigation for buried conductors.



The quality of the SkyTEM data is acceptable when compared to similar surveys. Noise levels
estimated from the data were low, and both surveys were of a similar quality.



The survey areas contain highly resistive rocks, so the low background response amplitude results in
minimal masking of target responses (except in areas where the response is affected by seawater at
Lokkarfjord).

Assess the likelihood that the anomalies defined by the Reinfjord survey are caused by sulphide
mineralization


The Reinfjord anomalies can be modelled by discrete, plate‐like conductors. However, the
conductance of these objects is very low.



Although it is not possible to reliably predict rock type and mineralisation from geophysical data, the
conductance range of the bodies modelled is well below that normally associated with massive
sulphides. However, it is possible that the weak conductors correspond to rock containing heavily
disseminated sulphide.

Comment on possible reasons (masking of the response by other conductors such as seawater, noise
levels) why the semi‐massive sulphides mapped at Lokkarfjord apparently failed to give a response
detectable by the SkyTEM survey.


The semi‐massive sulphide dike mapped at Lokkarfjord appears to have a subtle response evident in
the SkyTEM data.



Reasons for the difficulty detecting the anomaly include the strong background response due to
conductive seawater, large terrain clearance on one flight line, and the wide spacing between
measurements in this area caused by the orientation of flight lines parallel to the coast.



Additional anomalies were identified using time constant analysis.

The Reinfjord SkyTEM survey has detected conductors which may correspond to mineralization.
Recommendations for further work are as follows:


Ground electromagnetic surveying may detect stronger conductors at greater depth than the
SkyTEM survey. This survey should ideally be conducted using an EM system capable of recording
data at a low base frequency (lower than 25 Hz – preferably 0.5 to 5 Hz) and a B‐field sensor such as
a fluxgate magnetometer should be used in parallel with an induction coil sensor.



Areas assessed as having high prospectivity for sulphide mineralisation lying within valleys may not
have been effectively explored using the SkyTEM system, due to the large terrain clearance in these
areas. Consideration should be given to ground EM surveying in these areas.
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Glossary of terms

A number of technical terms are used in this report. Brief definitions are outlined below:
Channel

Time window (usually during the transmitter off‐time) in which the
transient electromagnetic response is measured. Receiver coil
voltages are averaged over each channel. The width of the channel or
gate increases exponentially with time. Responses in early channels
(those occurring soon after transmitter turn‐off) are sensitive to
shallow and weak conductors, whereas responses in later channels
are sensitive to deeper and stronger conductors.

Conductivity

Physical property describing the ability of the material to conduct
electricity with units of Siemens per metre (Sm‐1). Inverse of
resistivity. Ohm’s law can be written as
where is current,
is voltage and is the conductivity – the current produced by an
applied voltage increases with conductivity.

Conductance

Product of conductivity and thickness (hence “conductivity‐thickness
product”) for a sheet‐like conductor. Units are Siemens
(abbreviation: S). For instance, a 5m thick conductor composed of 20
Siemen/m material has a conductance of 100 Siemen. Pyrrhotite‐
dominated mineral assemblages have conductivity of the order of
10,000 or 100,000 S/m, depending on mineral fabric, so a thin (0.5m
thick) zone of mineralisation can have conductance of 5,000 S.

Gate

Same meaning as channel

Noise

Noise in helicopter EM data is caused by a combination of sferics (EM
waves caused by lightning strikes propagating in the waveguide
formed by the surface of the Earth and the ionosphere), wind
(causing the EM sensor to vibrate in the Earth’s static magnetic field)
and man‐made electrical devices.

Time constant (or tau)

At late times (after transmitter turn‐off), the transient
electromagnetic response of a plate‐like confined conductor at a
given station can be approximated by an exponential function
,
where τ or “tau” is the time constant, t is the time after transmitter
is a constant that depends on the geometry of the
turn‐off, and
system
In simple terms, the time constant is the length of time it takes for the
anomaly amplitude to exponentially decrease by a factor of 1/ or
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0.37. The time‐constant is proportional to the conductance of a
target of given dimensions. But the limited bandwidth of an EM
system with a repetitive transmitter waveform restricts this
proportionality relationship to a narrow range of conductance values.
At the top of this range, the time‐constant saturates as the anomaly
amplitude diminishes in transmitter off‐time channels, so that the
interpreter loses the ability to discriminate target conductance based
on time‐constant alone.
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