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SUMMARY

MT and ZTEM data were inverted with a number of 2D
and 3D algorithms to recover the subsurface conductivity
structure of an area of interest. A 2D inversion algorithm
was used to model the magnetotelluric TM and TE mode
impedances and the ZTEM tipper data, separately. The
derived conductivity-depth sections don’t show much
agreement, possibly indicating the conductivity structure
of the area to be highly three-dimensional.

A 3D inversion algorithm was used to invert the MT and
ZTEM data, separately and jointly. Overall, there is good
agreement between the derived conductivity structures.
This suggests that a joint inversion can extract
successfully the combined subsurface conductivity
information from the two data sets.

Key words: 2D inversion, 3D inversion, AFMAG, MT,
ZTEM.

INTRODUCTION

The ZTEM system developed and operated by Geotech Ltd
(Legault, 2012) is an AFMAG system that measures the vertical
magnetic field from the air, while recording the horizontal
magnetic-field components at a base station. AFMAG is
related to the better-known magnetotelluric (MT) method.
However, whereas AFMAG surveys acquire only magnetic
field data, MT surveys measure the electric and magnetic fields
along a traverse or on a grid. As a result, the derived ZTEM
tipper data are only sensitive to lateral conductivity contrasts,
whereas the derived MT impedance data are sensitive to the
actual values of the subsurface conductivities. When jointly
inverted, the data from both methods complement each other,
with the airborne ZTEM data providing good spatial coverage
and the MT data providing the resolution of the background
conductivity structure (Wannamaker and Legault, 2014; Hibert
et al.,, 2013).

For the modelling of MT and ZTEM data, plane wave
excitation is assumed, and algorithms developed originally for
the 2D and 3D modelling of MT data (Farquharson et al., 2002;
Wannamaker et al., 1987; Sasaki, 2001) have since been
modified to allow for the modelling of ZTEM data (Legault et
al., 2012; Sattel and Witherly, 2012; Holtham and Oldenburg,
2010a; Sasaki et al., 2013). Some of these algorithms now
allow for the joint inversion of MT and ZTEM data
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(Wannamaker and Legault, 2014; Holtham and Oldenburg,
2010b).

For this study, we have used modified versions of a 2D MT
inversion algorithm developed by Constable and Wannamaker
(deGroot-Hedlin and Constable, 1990; Wannamaker at al.,
1987; deL.ugao and Wannamaker, 1996) and the 3D MT/ZTEM
inversion algorithm discussed by Holtham and Oldenburg
(2010a, 2010b).

After comparing synthetic MT and ZTEM data derived with 2D
and 3D modelling algorithms as a consistency check, we
discuss 2D and 3D inversion results obtained from inverting
MT and ZTEM survey data separately and jointly.

SYNTHETIC DATA

The MT impedances and ZTEM responses across a 10 S
conductor in a 1000 Ohm-m half-space derived by the 2D and
3D algorithms are shown in Figure 1. A strike length of 10 km
was modelled for the 3D model. For the TE-mode data, the
agreement between 2D and 3D results is excellent. For the
TM-mode and ZTEM data the agreement is also very good.
These results confirm that a suitable set of model parameters
was selected, and that consistent results are obtained from
these algorithms.

FIELD DATA

The MT and ZTEM survey data were recently acquired across
an area of interest. The location of the MT stations and the
ZTEM flight lines are shown in Figure 2. A fixed remote
reference MT station (30 km to south-southwest) was
maintained, which allowed for the processing of recorded time
series using robust remote referencing techniques (Chave and
Thomson, 2004). The acquisition of MT data by Western
Geco in the frequency range 0.1-10,000 Hz did not include the
recording of vertical magnetic field data. Hence, MT tipper
data were unavailable for this data set.

Preliminary results indicated little differences between inverting
impedance data and apparent resistivity / phase data. All of the
MT inversion results discussed in the following were derived
from the impedance data. The impedance skews (Swift, 1967)
are shown in Figure 3 as a function of frequency and as a grid
at 252 Hz. With many values exceeding 0.5 the skews indicate
a three-dimensional conductivity structure almost everywhere in
the survey area.
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10 S conductor in 1000 Ohm-m half-space
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Figure 1. Synthetic 2D (solid) and 3D (dashed) responses
across 10 S conductor in a 1,000 Ohm-m half-space
model. MT TE-mode impedances (top), MT TM-mode
impedances (centre) and ZTEM tipper data (bottom).
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Figure 2. Location of MT stations (dots) and ZTEM
flight lines (left); MT stations (dots) projected on extended
ZTEM flight lines (right), indicating 3D model block. The
traverse shown in Figures 4-8 is shown in red.
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Figure 3. Distribution of derived impedance skews (left)
and grid of impedance skew at 252 Hz (right).
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2D Inversions

Synthetic MT traverses for 2D inversion were generated from
the field data by projecting the station locations onto the ZTEM
flight lines. This also allowed for a direct comparison between
conductivity-depth sections derived by 2D inversion from MT
and ZTEM data. MT data in the frequency range 0.001 —
17,640 Hz were included in the 2D inversion. Model cells are
20 m wide and 25 m thick at the surface, increasing in size with
depth. The result of the TE-mode and TM-mode data
inversions along one of the synthetic traverses is shown in
Figures 4-5. The corresponding ZTEM data (30-360 Hz)
results are shown in Figure 6. The 2D inversions fit the data
very well. However, it is hard to find much agreement between
the conductivity-depth sections derived from the MT TE-
mode, TM-mode and ZTEM data. As already indicated by the
impedance skew data, the conductivity structure might just be
too complex to be recoverable reliably by a 2D inversion.
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Figure 4. Observed (black crosses) and modelled (blue
lines) MT TE-mode data with 2D-inverted conductivity-
depth section (CDS).
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Figure 5. Observed (black crosses) and modelled (blue
lines) MT TM-mode data with 2D-inverted CDS.
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Figure 6. Observed (black) and modelled (blue) ZTEM
data with 2D-inverted CDS.
3D Inversions



Joint inversion of MT and ZTEM data

Data modelled by the 3D inversion include the MT data in the
frequency range 1 — 680 Hz and the ZTEM data (30-360 Hz).
These data sets were inverted separately and jointly. Model
cells are 100x100 m wide and 25 m thick at the surface,
increasing in size with depth. For comparison with the 2D
model results, conductivity-depth sections and data profiles
were extracted along the same traverse as shown in Figures 4-
6. These results are shown in Figures 7-9, and conductivity
grids are shown in Figure 10. The results of the separate
inversions show a fairly good data fit and their conductivity
models are quite similar. The sections show some model
discrepancies at the southern end, where, unlike the MT model,
the ZTEM sections indicate a conductor beneath the surface
resistor. A comparison of the conductivity grids shows the
joint inversion result to combine features of the two other grids.
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Figure 7. 3D MT data inversion. Observed (black
crosses) and modelled (blue lines) MT data with derived

conductivity-depth section (CDS).

ZTEM Tzx inphase

2000 4000
ZTEM Tzx quadrature

Inphase (%)
(=K=] 3

Quad (%)
h v o

gac

Quad (%) |Inphase (%)

[ . |
=32
cond (mS/m)

Figure 8. 3D ZTEM inversion. bserved (black) and
modelled (blue) ZTEM data with derived CDS.
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Figure 9. 3D joint MT — ZTEM inversion. Observed
(black) and modelled (blue) MT and ZTEM data with
derived CDS.
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Figure 10. Conductivity-depth slices at Z=1450 m derived
from 3D inversion of the MT data (top left) and ZTEM
data (top right), and from the MT and ZTEM data jointly
(bottom).



Joint inversion of MT and ZTEM data

A comparison of selected observed and modelled MT and
ZTEM responses is shown in grid form in Figure 11. For
ZTEM, total phase-rotated (TPR) inphase grids are shown.
TPR grids are produced by adding phase-rotated Tzx and Tzy
grids together and present the data in a form that is useful for
quick data assessment (Sattel and Witherly, 2012). The
comparison of the TPR grids shows that most of the structures
indicated on the observed data grid have been mapped by the
3D joint inversion. The grids of Figure 11 also show that the
stand-alone inversions provide an acceptable fit to the MT data
and a very good fit to the ZTEM data. Further, there is little
difference between the modelled responses of the stand-alone
inversions and the joint inversion, i.e. the joint inversion was
able to derive a conductivity model that was agreeable with
both data sets.

ZXYR 180 Hz observed ZTEM TPR IP 180 Hz obs

o o

o o .

o o

w w

o 5 of _
5000 0 5000

ZTEM stand-alone inversion

o o

o [=] B i

3 ]

o 1 ol G
5000 0 5000

jointinversion jointinversion

2 gl & |

o o

w w

o E ol g
5000 0 5000

Figure 11. MT (ZXYR 180 Hz, left) and ZTEM (TPR IP
180 Hz, right) responses of observed data (top), responses
modelled by MT and ZTEM stand-alone inversions
(centre) and responses modelled by joint inversion
(bottom).

CONCLUSIONS

MT and ZTEM data were modelled with 2D and 3D inversions.
The results indicate that for the investigated MT and ZTEM
data, 2D inversions are inadequate to derive the subsurface
conductivity structure. The 3D inversion results derived from
the various data sets are fairly consistent, which indicates that
the joint 3D inversion of MT and ZTEM data can successfully
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extract the subsurface conductivity structure from a
combination of these data.
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