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Summary

Following recent advances in superconducting quantum
interference devices (SQUIDs), airborne full tensor
magnetic gradiometry (FTMG) is emerging as a practical
geophysical exploration method that is intended to recover
information about remanent magnetization. In this paper,
we introduce 3D regularized inversion of FTMG data that
recovers the total magnetization vector in each cell of the
3D earth model. If a priori information about the
susceptibility or remanent magnetization is available, the
3D inversion can be constrained to recover the remanent
magnetization vector. If a priori information is not
available, it is possible to recover attributes such as the
amplitude, components, and angle of the magnetization
vector relative to the inducing field. We present a case
study for data acquired over a dike swarm in South Africa
that compares our 3D FTMG inversion for magnetization
with a 3D total magnetic intensity (TMI) inversion for a
positively-constrained susceptibility distribution. Given the
significant remanent magnetization present, the 3D FTMG
inversion for magnetization recovers results that are most
consistent with the known geology.

Introduction

As discussed by Schmidt and Clark (2006), the direct
measurements of magnetic gradients are advantageous for
geophysical exploration for a number of reasons. First,
magnetic gradients are relatively insensitive to instrument
orientation since magnetic gradients arise largely from
localized sources and not the Earth’s background field or
regional trends. Second, magnetic gradient data obviates
the need for base stations and diurnal corrections. Third,
magnetic tensor data contain directional sensitivity which is
advantageous for the interpretation of under-sampled
surveys. Fourth, information about remanent magnetization
can be recovered from magnetic gradient data. This latter
point is critical for exploration, as the Earth’s magnetic
field is non-stationary over geological time, meaning that
the direction of magnetization in a rock differs from the
direction of today’s magnetic field. This is particularly
relevant for historically emplaced magnetic structures such
as kimberlites, dykes, iron-rich ultramafic pegmatitoids
(IRUP), platinum group element (PGE) reefs, and banded
iron formations (BIF) (Rompel, 2009).

The most appropriate sensors for full tensor magnetic
gradiometry (FTMG) are superconducting quantum
interference devices (SQUIDs) which detect changes of
flux threading a superconducting loop. SQUIDs are
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therefore variometers rather than magnetometers, but they
are vector sensors since only changes perpendicular to the
loop are detected (Foley and Leslie, 1998; Foley et al.,
1999; Lee et al., 2001). SQUID-based magnetic
gradiometers were originally developed for real-time
magnetic anomaly detection and surveillance for
unexploded ordinance and naval warfare.  Recently,
SQUID-based magnetic gradiometers have also been
developed for mineral exploration (e.g., Schmidt et al.,
2004; Stolz et al., 2006). For real-time anomaly detection
and surveillance, magnetic gradients have usually been
interpreted by some form of direct source inversion (e.g.,
Wynn et al., 1975). While such methods can provide
source location information, it is not immediately obvious
how that information could be related to the magnetic
properties of 3D earth models as required for geophysical
exploration. For this, methods of eigenvector analysis have
been developed (e.g., Holstein et al., 2011). Yet, there
remains a need for a generalized 3D inversion which
discretizes the 3D earth model into a grid of N, cells
populated with magnetic properties.

Magnetization vector-based 3D modeling and inversion

Most 3D magnetic inversion methods in use today are
based on TMI or total field gradient data that recover a 3D
magnetic susceptibility model, and assume that there is no
remanent magnetization, that self-demagnetization effects
are negligible, and that the magnetic susceptibility is
isotropic (e.g., Li and Oldenburg, 1996, 2003; Portniaguine
and Zhdanov, 2002; Zhdanov et al., 2012; Cuma et al.,
2012). This implies that the magnetization is linearly
proportional to the inducing magnetic field. Modeling with
this approach manifests itself as the linear operator
equation:

H=Ax 1)

where H is the N, length vector of observed data, y is the
Ny, length vector of susceptibilities, and A, is an Ny, X Ny
linear operator of Green’s functions. Both H and A, may
be partitioned for joint modeling and inversion of multiple
component magnetic data. To include both induced and
remanent magnetization, we need to model on the
magnetization vector rather than the scalar susceptibility
(e.g., Leliévre and Oldenburg, 2009; Ellis et al., 2012).
This modifies equation (1) to the linear operator equation:

H=AyM, )
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where M is the 3N,,, length vector of magnetization vector
components, and Ay, is now a 3N, X N; matrix of linear
forward modeling operator. Again, both H and Ay, may be
partitioned for joint modelling and inversion of multiple
component magnetic data. For inversion, we utilize the
same regularized reweighted conjugate gradient (RRCG)
method with focusing regularization as described by
Zhdanov (2002) and implemented by Cuma et al. (2012).
Given the relatively localized sensitivity of an FTMG
system, we have also implemented a moving sensitivity
domain. The method described enables explicit inversion

Depth

of the magnetization direction and amplitude. We note that Horthing eatitg

tripling the number of model parameters increases non-

uniqueness. However, various constraints can be applied. Figure 1. Example of the magnetic properties of the dike,
For example, the directions of the magnetization can be set with the remanent magnetization five times larger than the
identical to the inducing field, and magnetization induced magnetization.

equivalent to the susceptibility will be recovered. Also, a

priori knowledge of the amplitude and/or direction of 03 it ok o8

remanent magnetization can be introduced. In our work,
we have generalized the method for both vector and tensor
magnetic data. For example, the elements of equation (2)
for the magnetic tensor components can be written as:

, N, AxAyA
Hap(r') = —=3Ho X\ 2y |:_:/r|szzy=x.y.z G;:BkMyk' (©)

Northing (km)

where, a,8 = x,y,z, Hy is the amplitude of the inducing
field, G is an appropriate Green’s function, and M,, are
the components of the magnetization vector for the k™ cell:

T : : L n L | o
Mk = [Mxk'Myk' Mzk] . (4) °%5 o4 03 02 o1 E“moq[km‘m 0z 03 04 05
Model study Figure 2. Magnetization vector amplitude at 50 m depth as
recovered from 3D magnetization vector inversion of
We present an FTMG model study for a SW-NE trending synthetic FTMG data.

dike that extends from the surface to 300 m depth. The
inducing field is representative of a location in South
Africa, with an inclination of -65° and declination of -20°.
The dike has remanent magnetization five times larger than
the induced field, and is directed with an inclination of 30° 03 ‘ | s

Horizontal section at Z+-50 m a.s.L sl

and declination of 45° (Figure 1). We simulated FTMG
data. As this model study was to investigate the mechanics
of magnetization vector inversion, we did not contaminate
the synthetic FTMG data with noise. We ran our inversion
for 50 iterations with a minimum norm stabilizer, resulting 01
in a final misfit less than 1%. An example of the result
obtained from our inversion is shown in Figure 2. For
comparison, we also calculated the TMI data and inverted

Northing (km)

that with no positivity enforced upon the susceptibility i i B
(Figure 3). As expected, there was poor convergence, and y ——
the resolved model has a large negative susceptibility area, Easting (k)
indicating reverse direction of the magnetization. Inverting . L
for susceptibility with positivity enforcement led to no Figure 3. Susceptibility at 50 m depth as recovered from
convergence. 3D inversion of synthetic TMI data).
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Case study — South Africa

Spectrem Air operates a commercial airborne SQUID- R N ‘
based FTMG system developed by Anglo American and De B Oxy

Beers in collaboration with the Institute for Photonic
Technologies (IPHT) in Jena, Germany (Figure 4). In the
following case study, we compare results for a 3D

susceptibility inversion of TMI data, and the 3D L N Byz
magnetization inversion of FTMG data (Figure 5). Both ‘ B

surveys were acquired over a known dyke swarm in a | \.\ . o>

platinum reef in South Africa. The TMI data are N

characterized by a significant (10,000 nT) TMI low. The 7
km x 7 km x 1.2 km earth model was discretized into 25 m*
cells. While the 3D susceptibility inversion will attempt to
converge and fit the data (final misfit ~29%), the physical
constraint of positive susceptibility leads to a geologically
unreasonable susceptibility model (Figure 6). The 3D
magnetization vector inversion is able to fit all magnetic
tensors with a geologically reasonable magnetization model
that corresponds to the known dyke locations (final misfit
~8%) (Figure 7). As this data is from an active exploration
project, the geology cannot be presented.

Bzz

Figure 5. TMI and FTMG data acquired over a dike swarm
in South Africa.

Susceptibility
0.2

0.1

Figure 6. Horizontal cross section of the positivity-
enforced 3D susceptibility model at 50 m depth as
recovered from 3D TMI inversion. Note that the inversion
fails to recover any susceptibility in the actual location of
the dike. Scales have been redacted for confidentiality.

There is a very good consistency between the results of our
synthetic model study, and the inversions of both FTMG
and TMI data from the dike swarm in South Africa. This
suggests that in practical exploration, it is advantageous to
only use magnetization vector inversions, rather than use
susceptibility inversions where remanent magnetization
may distort the recovered models.

Figure 4. Spectrem Air’s airborne SQUID-based FTMG
system (upper panel) and in operation (lower panel).
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Figure 7. Horizontal cross section of the 3D magnetization
amplitude model at 50 m depth as recovered from 3D
FTMG inversion. Scales have been redacted for
confidentiality.

We note that a similar conclusion was reached by Ellis et
al. (2012). Similarly to their observations, many TMI data
that we have processed converge poorly with susceptibility
positively enforced and trend to negative susceptibility
anomalies when no positivity enforcement is in place. The
negative susceptibility anomalies are indicative of reverse
direction of magnetization vector as compared to the
Earth’s inducing field.

Conclusions

FTMG data has higher spatial sensitivity and contains more
information about magnetic bodies than scalar TMI data.
To extract this information, we have developed 3D
regularized inversion for FTMG data that can recover
attributes of the magnetization. We have demonstrated this
with a case study for a dyke swarm in South Africa that
compares our 3D FTMG inversion for magnetization with a
3D total magnetic intensity (TMI) inversion for a
positively-constrained susceptibility distribution. Given the
significant remanent magnetization present, the 3D FTMG
inversion for magnetization recovers results that are
consistent with the known geology, whereas the 3D TMI
inversion for susceptibility assuming induction only fails to
recover a geologically realistic model.
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