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is based on introducing a special type of stabilizing functional,
the so-called minimum support or minimum gradient support
functionals (Portniaguine and Zhdanov, 1999, 2002; Zhdanov,
2002). We select a stabilizer equal to the minimum support
functional:

Nm m2
s(m) =s)n1,In2,...,mN,,,>= Zm2 -,;-e’ e>0,
=1 "™
(30)

where e is a focusing parameter determining the sharpness of
the produced image (Zhdanov, 2002).

The minimization problem (28) is solved using the
reweighted regularized conjugate gradient (RRCG) method,
outlined in previous publications (Portniaguine and Zhdanov,
1999, 2002). The reader can find a detail explanation of this
algorithm in Zhdanov (2002, 155-165).

Using the gradient data jointly with the gravity data re-
duces the ambiguity and increases the resolution of inversion
(Jorgensen and Kisabeth, 2000; Routh et al., 2001). It is not
so difficult to construct the method of joint gravity and grav-
ity tensor data inversion by combining in the data vector d
the different components of the gravity field and its tensor.
For example, one can run the joint inversion of the differen-
tial curvature components g,, and g, by constructing &”* of
the order 2N, as a combination of the gy, and ga values at the
observation points,

= )&xy(l‘l)v --ngy)N,,) ga(®), ..., gA)Nd)D;D

and introducing rectangular 2N, ~ N,, matrix A formed by the
corresponding gravity field kernels A}) and A%:

aeh [:A’} , (32)

where N; ~ N,, matrices A* and A are

A™Y =)A:l)c> AA =rﬁk),
n=1,./,Ng; k=17..,Np. (33)

The joint inversion is reduced now to the solution of the matrix
equation

a8 = A% Am, (34)

In a similar way, we can introduce a matrix equation for the
joint inversion of any combination of the gravity and grav-
ity gradiometer data. The stable solution of these equations is
based on the same RRCG method (Zhdanov, 2002).

NUMERICAL MODELING RESULTS AND DISCUSSION

The forward modeling and the inversion code have been de-
veloped using Matlab. To check for the validity of the code and
the inversion method, we used for inversion the data gener-
ated for a simple model. Figure 3 shows two cubic bodies, each
150~ 150 & 150 m and with a density contrast of 10> kg/m® over
the background. The top of the bodies is located 150 m below
the surface. The gravity field g, and gravity tensor components
812, 8xy» and g, were generated by the forward modeling code

with 525 =21~ 25 observation points of the rectangular grid
located at the earth’s surface. The sampling interval is 25 m in
the x- and y-directions. The synthetic observed data were con-
taminated with 3% noise and were used for inversion. As an
example, the left panels in Figure 4 show the differential curva-
ture tensor components g,, and g, respectively. One can see
that, even for this simple model, the maps of the tensor com-
ponents of the gravity field have rather complicated structures,
which makes it difficult to provide a qualitative interpretation
of these maps.

The area of inversion was discretized into 11~13~
10=1430 cubic cells in the x-, y-, and z-directions, respec-
tively. The size of a cubic cell is 50 m along the x-, y-, and
z-directions. Our inversion code, as pointed out earlier, has
options of smooth and focusing inversion. The models gener-
ated by the smooth inversion of the gravity field g, and gravity
tensor components g;;, &y, and ga are shown in Figure 5;
the models obtained by the focusing inversion are shown in
Figure 6. All inversions were run until the misfit between the
predicted and observed data reached 3% (the noise level in
the data). In the case of focusing inversion, a priori informa-
tion about the density distribution, which is used as bounding
values in inversion, is important. In obtaining the results shown
in this section, we applied a lower bound for anomalous density
of 0.1~ 103 kg/m* and an upper bound of 10* kg/m?.

As an example, the corresponding predicted data for the
models generated by the focusing inversion are shown in the
right panels of Figure 4. For all components, the focusing in-
version result can resolve the sharp boundary structures of the
anomalous bodies over the background, while the smooth in-
version cannot resolve two bodies. This is in spite of the fact
that the predicted data for the smooth models fit the observed
data with the same accuracy as for the focused models. Also,
it is evident from the figures that the gravity field g, provides
a poorer recovery of the original model, whereas g4, 8xy, and
8:; and the joint inversion of g, and g, represent the bodies
practically at the original position and with the correct density
contrast.
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Figure 3. Vertical slice of a model with two cubic bodies, each
150 ~ 150 ~ 150 m, and a density contrast of 10 kg/m? over the
background, The distance between two bodies is 150 m.
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Figure 4. (left) Maps of the g,, and g, component contaminated by 3% Gaussian noise, used
as observed data for inversion. (right) Predicted data, computed for the model obtained with

the focusing inversion.
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Figure 5. The models generated by (a) the smooth inversion of gravity field g,, (b) gravity
tensor components g;; (€) gy, (d) ga, and (e), joint inversion of the differential curvature
components g,,Iv and g, with the misfit between the predicted and observed data equal to 3%

(the noise leve

in the data). The bodies are not resolved clearly in these images.
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INTERPRETATION OF GRADIENT GRAVITY DATA
IN THE CANNINGTON AG-PB-ZN OREBODY
IN QUEENSLAND, AUSTRALIA

Geological background

The Cannington deposit is located within the eastern
succession of the Proterozoic Mount Isa inlier, northwest
Queensland, as shown in Figure 7. The deposit is concealed
beneath 10 to 60 m of Cretaceous and Recent sediments
and was discovered by BHP Minerals in 1990 as a result of
drill testing regional magnetic targets. The Cannington de-
posit is hosted by a sequence of magmatic, biotite-sillimanite-
garnet-bearing quartzofeldspathic gneisses with minor amphi-
bolites. A distinctive sequence of biotite-sillimanite schists
and feldspathic psammites with layers and disseminations
of fine-grained manganese (Mn) almandine garnets extends
for up to 250 m as an envelope around the main mineral-
ized zone. Economic Ag-Pb-Zn mineralization at Canning-
ton is associated with a remarkably diverse range of siliceous
and iron/calcium/manganese/fluorine lithologies characterized
by coarse-grained equigranular textures (Walters and Bailey,
1998). The strong zonations between silver/lead- and zinc-rich
mineralization types are a feature of the deposit. The highsilver
grades that are characteristic of the deposit are largely related
to argentiferous galena with abundant inclusions of freibergite.

(a)

200
x10°Kg/ m

-200 -
x [m] ( c)zoé’[m]

z[m]

500

200
o 0
X (rfa(])o ( ;)209 (m] x 10° Kg/ m®

1

200
~200 ~209) g A
x [m] [m] x 10° Kg/ m

The overall geometry of the deposit appears to be controlled
by a tight to isoclinal synform that strikes north-south, dips
from 40770 to the east, and plunges to the south. A large
amphibolite body, called the Core Amphibolite, occurs within
the axial trace of this interpreted synform and is used to define
footwall versus hanging-wall orebody zones (Figure 7). The de-
posit is divided by faulting into a shallow, low-grade northern
zone and a deeper, higher grade, and more extensive southern
zone. The density of the host gneiss is 2.6-2.7 ~ 10* kg/m?, and
local amphibolites attain a density of 3.0 ~ 10° kg/m?. The min-
eralized orebody zones have a density of 3.5~ 103 kg/m?, which
means the anomalous density over the background should not
be higher than 10° kg/m?.

The AGG instrument

BHP Billiton’s Falcon™ AGG is a result of a feasibility study
and development program carried out by BHP and Lockheed
Martin between 1991 and 2000. The AGG accelerometers are
of the force rebalance type. In these accelerometers the po-
sition of a proof mass pendulum is sensed by a capacitance
bridge circuit, and a force is applied to maintain the pendulum
at a position to null the bridge (Metzger, 1982).

The exact design of the Falcon AGG is proprietary; however,
schematically inan AGG the four accelerometers are mounted
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Figure 6. The models generated by (z? the focusing inversion of gravity field g,, (b) gravity tensor
components gy, (¢) gy, (d) ga, and (e) joint inversion of the differential curvature components
8xy and g, with the misfit between the predicted and observed data equal to 3% (the noise level
in'the data). We can see the reasonable images of the model in this case.
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to a rotor so they are equispaced on a circle, with their sensi-
tive axes tangential to the circle with the same sense. The rotor
rotates at a constant speed, typically = 0.25 rad/s, providing
a further ability for common mode rejection. The four AGG
accelerometers form a complement, and their outputs are com-
bined (summed) so that orthogonal accelerometers have op-
posite sense and opposed accelerometers have the same sense
as shown in Figure 2. Linear accelerations perpendicular to
the spin axis are modulated at the rotation frequency. Grav-
ity gradient accelerations are modulated at twice the rotation
frequency because the radius arm and the in/out axes are each
modulated at rotation frequency with respect to the fixed coor-
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dinate system (Metzger, 1982). Ideally (noise free), the output
of this accelerometer complement is )

4R[sin(21)g.y + cos(2R1)ga], (35)

where R is the radius of the complement,  is the rotation
rate (rad/s), ¢ is the time, and g;, and g, are the corresponding
differential curvature components of the gravity tensor. These
components are therefore separated in the frequency domain
from the instrument bias and linear accelerations, which allows
the demodulation technique to detect extremely small gravity
gradient signals, required for exploration (Lee, 2001).

* PbZnAg
© Cu. Cu-Au, Au
[C] Central Belt = Major structures

Figure 7. A geological maf showing (top) the location of the Cannington deposit in the northwestern

corner of Queensland and

bottom) the geological structure of the Cannington deposit, interpreted from

drilling and magnetic survey data (after Walters and Bailey, 1998).
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Bell Aerospace originally developed the tensor system, not
the two-component system. The tensor system is now com-
mercially used by Bell Geospace in both marine and airborne
surveys (see www.bellgeo.com for details). Therefore, all com-
ponents of the gravity gradient tensor can be measured by the
airborne survey. At the same time, our interpretation technique
can be applied to all tensor components as well. However, in
this section we consider interpretation of the Falcon™ AGG
data only.

AGG survey and data interpretation

In April 2000, BHP Billiton conducted an AGG test sur-
vey over the Cannington Ag-Pb-Zn orebody. To test the in-
version, a 4~ 4-km section of processed data was extracted
from the complete survey data set. The observed data along
41 survey lines within this area were inverted. The processed
data, in this case, corresponded to an effective sensor height of
120 m above mean ground level with sampling approximately
every 20 m along survey lines. The separation between the sur-
vey lines was 100 m. All together, the number of data points
was 7814. The survey aircraft included a stinger magnetometer,
global positioning system (GPS) positioning, a laser scanner,
and optionally radiometric crystals, eliminating the need for
extra surveys for necessary or complementary data. Acquisi-
tion of the laser scanner data was essential to generate a digital
terrain model used to remove the topographic contribution to
the gravity gradient data. The observed AGG data were cor-
rected for residual aircraft acceleration effects as well as de-
modulation and filtering of the modulated tensor components.
Following the demodulation process, a number of determin-
istic corrections were applied to the observed data; these in-
cluded corrections for the gravitational effects of the aircraft
frame and platform masses as well as terrain corrections. In
addition, the differential curvature tensor components were
transformed to the vertical gravity gradient g,, and the vertical
gravity component g,.

The area of inversion was discretized into 80~ 86~
15=103200 rectangular cells in the x-, y-, and z-directions,
respectively. The size of a rectangular cell was 50 m along the
x- and y-directions (north-south and east-west, respectively)
and 40 m in the z-direction. Therefore, the total depth of inver-
sion was 600 m from the surface.

The gravity tensor inversion code included options for in-
verting g, 8xy, and g, in addition to g,, as well as joint inver-
sion of the different gravity gradient tensor components. To
check for the noise in the data, g,y and ga were inverted and
the resulting models were then used to predict fields g, and g;,.
These were then compared with the original fields obtained
by the numerical transformation of fields g;y and g observed
from the AGG survey. Furthermore, the same procedure was
carried out for a joint inversion of g, and ga. The data were
made to reach a misfit of under 3%. For reasons discussed
in the section on geologic background, the material property
constraints were set between ~0.12 10° kg/m?® and 10° kg/m>.
The results are shown in Figures 8 and 9. The comparisons im-
mediately show that the predicted fields fit the observed data
extremely accurately. Note that it took only about 10 minutes
on a PC with a 1-GHz CPU to invert one component of the
gravity gradient tensor.

Figure 8a presents the original field g, obtained by numer-
ically transforming the observed tensor components g, and
8a. There exists an approximately linear regional southeast—
northwest trend of increasing density that corresponds to the
existence of the Trepell fault, which is about 100 m wide, char-
acterized by a low-density clay chlorite gouge. Just north of
the fault is a sudden high-density anomaly that corresponds to
the orebody. To accentuate the presence of this orebody fur-
ther, this linear trend is removed from the data using a linear
least-squares fit for the data and subtracting the best-fit plane
from the observed field. The resultant observed field is shown
in Figure 8b. One can see a strong anomaly around the central
part of the surveyed area. We then invert this processed data
using regularized focusing inversion code. Figure 10 presents
the vertical slices of the model constructed by our inversion
method, showing the depth and the extent of the orebody. The
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Figure 8. (a) The original field g; obtained by numerically trans-
forming the observed tensor components g, and ga. (yb) The
same data with the removed linear trend. (¢) ’Izhe predicted data
. for the model obtained by inversion of the data shown in (b).
e letters A, B, C, D, and F denote the profiles used to con-
struct the vertical slices of the inversion results. The crooked
heavy dashed line in (a) shows the position of the Trepell fault.
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anomalous body tapers and thins out progressively southward.
The sections through CC and DD apparently show the exis-
tence of another anomalous body about 2 km away from the
former, which is found to be buried at greater depth. Walters
and Bailey (1998) mention the existence of multiple bodies on
the southern side of the fault. This seems to be confirmed by
our inversion results. Also, the orebody has an envelope of low-
density material around it. This seems to be the distinctive se-
quence of biotite-sillimanite schists and feldspathic psammites
with layers and disseminations of fine-grained manganese al-
mandine garnets extending for up to 250 m as an envelope
around the main mineralization zone.

The tensor component g,, suggests a similar finding but
seems to constrain and focus the anomaly over a narrower
region, as shown in Figure 9a. The regional linear trend is not
present, and the central anomaly is readily visible. The Trepell
fault is delineated significantly better here than in the g, map.
The vertical slices of Figure 11 represent the results of the g;,
component inversion, and the extent of the anomalous body
is more sharply defined. The presence of the orebody on the
southern side of the fault shows up at a greater depth, as is
expected from the local geology (Christensen et al., 2001). The
other geological features mentioned while describing the im-
ages for g, are all shown here. The theoretical predicted data
8., for this model are shown in Figure 9b. The observed differ-

40
3060
p— 20
E
E 2000 .
1000 o
E
10
3000
_g. 5
£ 2000 0
5 s
1000
-10
E
10
3000
5 5
£ 2000 0
S :
1000 e -5
IS =t
0 2000 4000 E

East [m]

ential curvature components g, and g, are shown in Figures 9¢
and 9e, respectively. The Trepell fault is very clearly delineated
in the map of g;,.

Figure 12 presents the slices obtained as a result of the joint
inversion of g, and g. The sections as indicated in Figure 12
show the orebody at more or less the same location as for g,,.
However, in the more southern sections, as the fault zone is
reached, the density contrast against the background is more
pronounced compared to the results obtained from the g,, data.
Figure 13 shows the horizontal slices of the model obtained by
the joint focusing inversion of g, and g, components ata depth
of 100, 200, and 300 m, respectively. Based on our experience
of numerical modeling and also because of the sensitivity of
the gravity curvature components to lateral density variations
as discussed earlier, the positions of the anomalies as shown
in these figures are considered to be the closest to the true
subsurface density variations. The theoretical predicted data
for this model are shown in Figures 9d and 9f, respectively.
The predicted data fit the observed data with the misfit less
than 3%.

Comparison with drilling results

We have compared the model obtained by the regularized
focusing inversion of the differential curvature components

(b}

A

4000

Figure 9. (a) Map of the original tensor component g,,, obtained by numericaoléy transforming

the observed tensor components g, and ga. (b) Predicted data g,, for the m

el obtained by

inversion of the data shown (a). The maps of the observed tensor component gy, and g, are
shown in panels (c) and (e), respectively. (d), (f) The predicted data g,, and g, for the models
obtained by inversion of the data shown in (c) and (), respectively.
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with the drilling data. As an example, we present profiles EE
and FF of Figure 8 (top panel), which are indicative of true
subsurface conditions as inferred from drilling data, provided
by BHP Billiton after the numerical inversion was completed.
Figure 14 shows the vertical sections along these profiles of the
model obtained by the joint focusing inversion of g;y and ga
components. We also compare in this figure the gravity gra-
dient tensor inversion result with the geological model con-
structed by BHP Billiton based on the known geology and the
drilling results. While in Figure 14a the orebody is linear and
dipping (lead load is shown by the dashed red zones), the focus-
ing inversion result on the background is capable of picking a

Figure 10. The vertical slices along profiles A, B, C,and D of the
model obtained by inversion of component g,. The inversion
image picks up the density anomalies on either side of the fault
but places them at shallower depth.

blocky density anomaly up to 150 m depth only. Note, however,
that profile EE crosses the orebody at the very southern edge,
which makes it difficult for inversion to pick up a true deep
structure of the body along this section. On the other hand,
profile FF passes just above the center of the body. As a result,
the blocky orebody and the anomalous density coincide almost
completely in the vertical section passing through this profile
(Figure 14b). This is to be expected since focusing inversion
works on minimizing the area in which the anomaly is present,
and whenever there is a concentration of anomalous mass, such
inversion technique will definitely be able to localize it. One
can see excellent matching between the inversion and the true

Figure 11. The vertical slices along profiles A, B, C,and D of the
model obtained by inversion of component g,,. The location of
the top of the anomalies is nearer to correct depth. The base,
however, is not well resolved.
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geological data in Figure 14b, where the known mineralization
is shown by the dashed red zone.

CONCLUSIONS

We have developed a method of gravity gradient tensor in-
terpretation based on the focusing inversion technique intro-
duced by Portniaguine and Zhdanov (1999) for vertical gravity
component data inversion. The numerical modeling and inver-
sion results show that the resolution of the gravity method can
be improved significantly if we use the tensor gravity data for
interpretation. The differential curvature tensor components
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Figure 12. The vertical slices along profiles A, B, C,_and D _of
the model obtained by the joint inversion of the differential
curvature components g, and g,. The position of the density
anomalies is considered to be the closest to the true subsurface
density variations.

8a and g, have better lateral and vertical resolution than the
vertical component of the gravity field g,, which is measured in
conventional gravity surveys. This conclusion seems to be ob-
vious based on the fact that gradients represent shorter spatial
wavelengths caused by shallower and narrower sources. Never-
theless, it is important to see the practical confirmation of this
theoretical fact in the results of inversion of the gravity gra-
diometer data. We should note also that the better resolution
can be obtained only when we are able to measure the gradient
data with the appropriate accuracy, as discussed by Li (2001c).

We have also applied our new method for inversion of the
gradient gravity data collected by BHP Billiton over the Can-
nington Ag-Pb-Zn orebody in Queensland, Australia. The
comparison with the drilling results demonstrates a remark-
able correlation between the density anomaly reconstructed by
the gravity gradient data and the true structure of the orebody.
This result indicates that the emerging new geophysical tech-
nology of the airborne gravity gradient tensor observations can
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Figure 13. The Horizontal slices of the model obtained by the
joint focusing inversion of components g,, and g, at a depth
of (a) 100 m, (b) 200 m, and (c) 300 m.
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Figure 14, Comparison of the gravity gradient tensor inversion result with the geological model constructed by BHP Billiton based
on the known geology and the drilling results for vertical sections along (a) profile EE and (b) profile FF.

significantly improve the practical effectiveness of the gravity
method in mineral exploration.
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