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Abstract

Measuring the magnetic gradient tensor will improve the
interpretability of magnetic surveys, especially in areas
where anomaly patterns are skewed by remanence or fow
magnetic lotitudes. The benefits of totol field grodiometry
are welf recognised, but the totol magnetic intensity (IMI}
is not o potential fiefd ond nor ore its gradicnts. On the
other hand, tensor components are true potentiol ficlds
and possess desirable mothematical properties. The
crucial difference between full tensor gradiometry ond
total field gradiometry is the production of more detwiled
and quantitotively interprelable maps and 3D maodels,
rather than simple bump detection. Magnctics is stilt the
cheapest ond most widely used geophysical mapping tool
in hard rock environments, with increasing importance
and potenatial for further growth in hydrocarbon
cxploration.

Grodient tensor surveys will retain the benefits of vector
surveys without the disadvantaye of extreme oricntation
sensitivity The tensor open up ¢ wide range of new types
of dota processing technigues including application of
invariants, directionu! filters, depth slicing, source
moments and dipofe focation immune from scnsor
misorientation.

Superconducting interference devices (SOUIDs) are the
sensors of choice for tensor grodiometry. They ore vector
sensovs and are highly sensitive; they are smafl ond
corisume little power. High-temperoture SQUIDs (HTSs),
which onfy require liguid nitroyen as opposed to fiquid
hetium used for low-temperoture SQUIDs, have intrinsic
sensitivities ~ 100 fT {10 7 Tesla). It is aiso probablc thaf in
the future the required temperotures may be achieved
without a cryogen. It hos been estimafed thol
gradiometer sensitivities of 0.01 nT/m can be ochieved.
This sensitivity is sufficient to detect anomalies over
contacts between bodies with susceptibility contrasts as
fow os 60 x 107 S at depths of over 100 m, and for

contrasts of 600 x 107 5/ at depths of over 1 km.

Tensor grodiometry will prove useful not only for
geromagnetic surveys, but ofso for environmental surveys,
for defence opplications such os submarine oand
unexploded ordnonce detection and in down-hofe
magnetics. Any substantiol improvement in  this
technology will have enormous benefits, in terms of ncw
discoveries and fower cxploration costs.

Introduction

Airborne magnetic surveys have improved dramatically
over the past two dccades with advances in both data
acquisition and image processing lechnigues. Magnetic
surveys form an integral part of exploration programs and
are now routinely undertaken before geological mapping
programs. These advances have been made despitc treating
the magnetic field as a scalar, wherein various processing
procedures that assumc a potential field are compromised.

If the vector information could be retrieved, either by
direct measurement or by mathematical manipulation,
magnetic surveys could be improved even further. For
instance, the total magnetic intensity {TMI) could be
corrected so it represents a true polential field.

We discussed the calculation of vector components and
lines-of-force from the TMI in a previous issuc (Preview 70,
October 1997, see also Schmidt and Clark, 1998) and
impltementing these techniques now forms part of a
current AMIRA project [P602). Vector surveys, where the
direct measurement of vector components has been
attempted, have met with mixed success. The accuracy of
direct measurement of the field vector is largely governed
by orientation errors, which for airborne platforms are so
farge that the theoretical derivation of the components
from the TMI is actually preferable. For this reason, and
others listed below, it is desirablc to measure the field
gradient(s), rather Lhan field vector.

Gradienl measurcments are relatively insensitive to
orientation. This is because gradients arise largely from
anomalous sources, and the background gradient is low.
This contrasts with the field vector, which is dominated by
the background ficld, i.e. that arising from the Earth's core,
Gradient measurcments are therefore most appropriate for
airborne applications. Another advantage is they obviate
the need for base stations and corrections for diurnal
variations. They also greatly reduce the need for regional
corrections, which are requircd by TMI surveys because of
deeper crustal fields that arc not of exploration interest, or
the normal [quasi-) |atitudinal intensity variation of the
global field.

Gradient mcasurements alse provide valuable additional
information, compared to conventional total field
mcasurements, when the ficld is undersampled.
Undersampling is comman perpendicular to flight lincs in
airborne surveys, is usual in ground surveys, and always
pertains in down-hole surveys. Conditions under which
calculation is preterable to measurement of vectors and
gradient tensors have yet to be characterised by modelling
and case studies. Synergisfic intcrpretation-of caleulated
vectors ang measured gradients may allow significantly
morc information to be extracted from airborne surveys.

The advantages of magnetic gradients surveys are well
known and include:

» Better resolution of shallow features and closely
spaced sources

Better definition of structural fealures

Suppresses regional anomalies due to decp sources
Subvertical contact mapper

Anomalics tighter around compact sources

Aids detection and delineation of pipe-like sources
Constrains local strike direction™

Determines on which side of tine source lies’
Common made rejection of geomagnetic variations
Relatively insensitive to rotaticn noise
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* Constrains interpolation between flight lines*
{important as all surveys are aliascd to some extent
across flight lines)

» |GRF corrections less important (usually unnecessary)

* Provides direct indication of Euler structural index
when combined with measurements of field

* Higher resolution than convenlional TMI surveys can
be offset against survey height, allowing somewhat
higher, therefore considerably safer, flying.

“not vertical TMI gradients

Total field gradiemetry versus tensor
gradiometry

Total field gradient surveys are common (Hood, 1981) and
white they share many of the advantages of tensor
gradients such as obviating or ameliorating the need for
base stations and regional corrections, total field gradients
are not vectors or true potential fields, Christensen and
Rajagopalan (2000] suggest that the next breakthrough in
magnetic exploration is likely to be the measurement of the
gradient tensor,

To cxamine how the total ficld gradient and the gradient
tensor are relaled, denote the regicnal geomagncetic field
vector by £ and the local field vector by 7 The anomalous
fietd produced by subsurface sources is AR, Then

F'=F + AR (nm
The measured total field anomaly is given by:
AB, = [F1 - |F| @

Traditionally, this is assumed to equal the projection of the
anomalous field vector onto the regional field direction,
AR, = AB . FAF|. AB, has useful mathematicai properties,
because it is a potenlial field (it obeys Laplace’s equation)
and can be continued to other levels, if il is accurately
known everywhere over one surface. In fact, the measured
total field anomaly is equal to the AR, only to first order in
AB/F. When anomalies are strong {thousands of nT), the
difference between thc two “total field" anomalies
beecomes significant. The maximum error due to equating
the two quantities is:

AB, - AB; = {ABFQF [3]

This implics a relative error of ~10% for a 10 000 nT
anomaly in @ 50 000 nT regional field.

Whereas A3, obeys VZ[AB,} = @ {Loplace’s eguation), the
Laplacian of A, is given by:

VZ{AB) = [BXSIG? + BYSIG? + BZSIG? - ANSIG2/F (4)

where BXSHG is the analytic signal derived from AB, [ie
calculated using tensor components B, B, B.), ANSIG is
the analytic signal calculated from the total field gradients
in the x, y and » dircctions elc. The RHS of the above
expression is, in general, non-zero. For a body elongated
parallel to y, BYSIG? =) and RZSIG? =~ ANSIG? Thus the
RHS = BXSIGYF > 0. Because AB, docs not obey Laplace's
equation exactly, it is not a potential field, and neither arc
its derivatives [(dAB./dx, dAB,/dy, 94R,/dz). Specific
cxpressions for the z-component and total ficld analylic

signals are respectively:

BZSIG - (B2 +B2,+B2 )" 5)

X

3B (9B} (3B V)
ANSIG- (ax)J“[ayJ*(az) 6)

Specific advantages of magnetic tensor gradiometry and
benefits that arc specific to gradient tensor surveys
include:

* Retains benefits of vector surveys, without
disadvantage of extreme orientation sensitivity

s Tensor components are true potential fields, with
desirable mathematical properties {important in areas
with strong anomalies) - allows rigorous continuation,
RTP, magnetisation mapping, cte

* Wide range of new types of processed data possible:
invariants, directional filters, depth slicing, source
moments and dipole location unaffected by sensor
misorientation

s Each tensor component represents a directional filter,
emphasising structures in particular orientations

* Combination of Llensor components gives information
an magnctisation directions

* Redundancy of tensor components gives inherent error
correction and noise estimates

s Measurcment of full tensor allows rotation of co-
ordinatc system, yielding transformed tensar
companents that emphasise specified structural
orientations

* Allows direct determination of 3D analytic signal
{dcfines sourte outlines; width{depth determinations -
irrespective of remanent magnelisation)

* Measurement of tensor allows calculation of
parameters with superior resolving power to
conventional analylic signal

* Measurement of tensor ailows caleulation of
parameters [¢.g. invariants of the tensor] unaffected
by aliusing across flight lines

* Superior Euler deconvolution solutions from mcasured
tensor components with improved aceuracy using true
measured gradients along and across lines

s Tensor components are independent of skewing caused
by geomagnetic field dircetion - ease of
inlerpretability

* Defines direction to compact source dircetly from
singie station measurement

= Enables direct calculation of compact source magnetic
momecnts

* Improved resolution of pipe-like bodies

s Improved resolution of sources subparalkel to flight
path

s |mproved delineation of N-S elongated sources in low
latitudes

® Spin-off applications to down-hole magnetics and
remote determination of source magnetic properties
in situ

Measurement of the gradient tensor

The most appropriate sensors for gradient measurements
are Supcrconducling Quantum  Interference Devices

Preview APRIL2000 77




(SQUIDs - see Foley et ol, 1999 and Folcy and Leslie, 1998).
SQUIDs detect minute changes of flux threading a
superconducting loop. They are therefore variometers
rather than magnetometers, but they are vector sensors
since it is only changes perpendicular to the loop that are
detected. So called high temperature SQUIDs, or HTSs,
operate at liquid nitrogen temperatures (-197°C),
overcoming the logistical problems of handing liquid
nelium. |t is also probable that in the future the required
temperatures may be achieved without a cryogen. Micro-
miniature loule-Thomson and low-power noh-magnetic
Stirling cryocoolers arc being developed
{Zimmerman, 1981).

Gradient anomaly (nT/m)

0.0m

0.01

Magnetisation confrast (Afm)

Flg T Rel'abn

magneﬂzahanmnrmk! .

across @ contack oad the

© verticol grodient: ﬂnomuiyv'of .

’ t‘hc Fotnl fietd, Tﬁe ]
B d'mded' mto detec

. 'ohomalies und mdffrcfa‘blc -

_m‘:omuhl_.s for wrwus
'-depths froi: 30 - i

S00G 'bymesenmwty ’

" tevel of ae1 ﬂ?'m.

The sensitivity of SOUIDs is of the order of 100 fT
(10 Tesla) and it has been estimated that gradiometer
sensitivity should be better than 0.01 nT/m, on a bascline
of 0.1 m. In Fig. 1 we have plotted the relationship
between magnetization contrast across a vertical contact
and Lhe vertical gradient anomaly of the total field
following Hood (1981). Although Hood's derivation is for
total field anomalics over vertical contacts they are the
same grder of magnitude as gradient tensor components.
in addition, the consideration of anomalies over vertical
contacts is conservative because the Euler structural index,
n, of a contact is only ~0.5, whereas for a thin dyke n =1
and for a dipole n = 3. These higher structural indices
translate into larger gradicnt anomalies,

For completeness however, Table 1 lists typical anomaiies
[assuming reduction to the pole for simplicity] of the
gradient tensor component, B, If we consider a vertical
contact between two paramagnetic rock wnits such as a
mafic and a felsic gneiss, which contain no magnetite or
pyrrhotite, with a susceptibility contrast of ~80 x 10 SI,
at 100 m the vertical field anomaly AR, 15 15 nT while AB,.
is -0.08 nT/m. This should be easily detected by a
gradiometer with a sensitivity of D.01 nTfm. If one rock
unit contained ~0.2% magnetite the susceptibility
contrast would be approximately 600 x 10 S1 and
detectable at depths of over 1 km.

SQUIDs are small {few em) low powcer devices which may
cventually find application down-hole or in droncs. The
very rapid sampling rate of SQUID sensors should allow

Sowrce (Fubr kT3 | AR, " AB, [h =100 m) AB_ (b = 500 m)
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Totwe 1. Anamafies of the gradient tensar component, B, assuming
RTR

unaliased detection of high frequency aircraft noise and
effivient removal by filtering (total ficld magnetometers
have much slower sampling, which is the cause of some
compensation problems).

Deployment of SQUIDs in aircraft and down-hole preseni
different problems. Platform stability will need to be
addressed in aircraft - GPS, tilt meters and other methods
need to be assessed. Down-hole instruments will have to
be slim [25 mm?) robust and reasonably affordable. SQUIDs
potentially fulfil all these requircments.

In the real world the gradicnt tensor is a 3 x 3 secaond order
tensor:

B o8B aB

x i X

dx ay dz
48, dB, 4B,
dx dy dz (7
d8, dB_ 0dB,

dx ay dz

In practice we only need to know five of the components.
Becausc the divergence of the field is zero, e

B,
V-B:ag”+a;+a;‘=0 {8

This means that the gradient tcnsor is traceless, and only
two of the diagonal terms are required. In addition, in Lhe
absence of currents and any significant time variations in
clectrical fields, the curl of the field is also zero,

i Ki k
VXB=| 95 Yoy Y= 0
B B B

This implics that the gradient tensor is symmetric sinec the
three orthogonal components ol Lhe curl arc zero:

aB a8t

_x fo= 0 10
dy dx to)

B, 3B, _,

ar - T (11)
0B, 8B. _, (12)
dz dy
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fig. 2. Arangement of SQUID sensors for defection of oxiol and
transverse gradients.

Therefore only three off-diagonal terms arc required.
Fig. 2 depicts the arrangement of SQUID sensors for the
detection of axial [diagonal) and transverse (off-dizgonal)
gradienls. Deteclion ol axial gradients requires two
separate SQUID sensors but each transverse gradient can
be delected using a single planar sensor, which greatly
simplifies the total package. Thus seven SQUIDs are
rcquired in all to measure the magnetic gradient tensor.

Characteristics of tensor gradient components
and derived quanfities

In the following, the conventions used are:
+x =N; +y = E; +z = down.

*» B, delineates E-W Tboundarics preferentially
[symmetric for vertical magnetisation; antisymmetric
for horizontal magnetisation)

* B, delineates N-S  boundaries preferentially
(symmetric for vertical magnetisation; antisymmetric
for horizontal magnetisation)

* B3, delineates body corners preferentiatly (anomaly
signs depend on magnetisation direction)

* B, delineates steep boundaries  preferentially
(symmetric for vertical magnetisation; antisymmetric
for horizontal magnetisation)

* B, delineates E-W boundaries preferentially
{antisymmetric for vertical magnetisation; symmetric
for N-5 horizontal magnetisation)

s B, delineates N-5 boundaries preferentially
{untisymmetric for vertical magnetisation; symmetric
for E-W horizontal magnetisation)

* The B; can be rotated into another co-cerdinate system
to resolve specific structural orientations

* Beeause B, and B, are acquired over a guasi-
horizontal surface, they can be differentiated
numerically to obtain B, fdx and JB,.fdy. The second
vertical derivative of AB., which has higher resolution
than the first wvertical derivative ([B.), is easily
valeulated from these quantities:

B, =AB)372 = -3B,Jox - B ,/dy.

* The invariant /, outlines source boundaries and appears
to have superior resolving power to the analytic signal.
This is understandable, because of its faster fall-off

’1:Ban_l—By_rB:z_FBuBn_ny_B;_B?x [13]
¢ The invariant 1. preferentially outlines shallower

features of complex sources, because of its higher fall-
off rate than ..

’I = ner Bi]_ an”‘-"-"' B:E:)‘Bx_‘ G)’Z’K B B""—I-{)*‘l’(@l}"ﬂ B BJTBH}

(14)

bl W it s
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The superior performance of the invariant [, is clearly
shown in Fig. 3 which compares the ANSIG and /, for a
vertical prism model with vertical down (remanent) unit
magnetization at the {magnetic} equator. The ANSIG fails
to detect the north-south sides of the prism, giving the
appearance of two distinct bodies, while 1, not only reveals
these boundaries but also resolves them with greater
clarity. Although the geomelry chosen here is extreme it is
emphasised that remanence should never be ignored and
it is highly likely that somewhere in all surveys these or
similar geometries exist.

Combined tensorfvector magnetometer
packages

The tensor components along a short segreent of a survey
ling ar drill hote are sufficient to determine the location
and magnetic moment of a compact {quasi-dipolar) source
uniguely. There is insufficient information in ViAB.} to
solve for these parameters. A tensor gradiometer sensor
package could record ficld components [i.e. AB), as well as
the gradients of these components, which would also
allow direct determination of compact source location and
moment.

Although smalfl pods or veins of strongly magnetic
material adjacent to a drill hole will produce intense
gradients, the fall-off rate is very rapid. This implies:

* small magnetic bodies not in the immediate vicinity of
the hole produce negligible effects

Fig. 3. Compirison of =
ANSIG and 1, for a vert
* prism model with vértioal
", oy (refnarent] Boit ..
* mognetisotion of th
- fmogietic) fquatoes:
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* pockets of magnetic material adjacent to the hole
produce very localised spikes, easily distinguishable
from the smoothly varying signature of large off-hole
sources, particularly when combined with vector data.

A combined tensorfvector magnetometer package would
allow the rcmote determination of in situ magnetic
properties of sources fram the surface or subsurface, using
natural geomagnetic variations, without the alignment
problems that afflict the diffcrential vector magnetometer
method (Clark, 1997; Clark et al., 1958).

Conclusions

There are many reasons why gradient tensor measurements
will improve the interpretability of magnetic surveys,
especially in areas where anomaty patterns are skewed by
remanence or low magnetic laliludes. Gradienl 1ensor
surveys retain the benefits of vector surveys without the
disadvanlage of extreme orientation sensitivity. The tensor
components are true potential fields with desirable
mathematical properlies. The tensor open up a wide range
of new types of data processing lechnigues including
invariants, directional filters, depth slicing, source
moments and dipole location unaffected by sensor
misgrientaticn.

The crucial difference between full tensor gradiometry and
totai field gradiometry is lhe production of moere detailed
and quantitabively interpretable maps and 3D models,
rather than simple bump detection. Magnetics is still the
cheapest and most widely used geophysical mapping teol
in hard rock environments, with increasing importance and
potential for further growth in hydrocarbon exploration.

High-temperature SQUID scnsors are well suited Tor tensor
gradiometry. They are wector sensors and have high
intrinsic sensitivitics (~100 fT) and only require liguid
nitrogen. Developments in cryocooler technology promise
that even the cryogen may be dispensed with in the future.
If gradiometer sensitivities of 0.01 nTfm can be achieved
then anomalies over vertical contacts [structural index
~{.5) between bodies with a susceplibilily contrast as low
as 60 x 10" Sl can be detected at depths of over 100 m.
60 x 10* Sl is & weak susceptibility contrast. Obviously
anomalies over bodies with greater susceptibilty contrasts
andfor higher structural indices can be detected at greater
gepths.

Tensor gradiometry will prove useful for aeromagnetic
surveys with wide line spacings (e.g. over sedimentary

basins), environmentat surveys, defence applications such
as submarine and unexploded ordnance detection and
down-hole magnetics.
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ROCK PROPERTIES

MASS - Density, Porosity, Permeability
MAGNETIG - Susceptibility, Remanence
ELECTRICAL - Resistivity, IP Effect
ELECTROMAGNETIC - Conductivity
DIELECTRIG - Permittivity, Attenuation
SEISMIC - P, S Wave Velocities
THERMAL - Diffusivity, Conductivity
MECHANICAL - Rack Strength
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