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Abstract

This paper proposes a digital enhancement tool for magnetic anomaly maps. The magnetic anomaly map is de-
composed by means of Eigenvalue Decomposition into a number of orthogonal bases. The dataset is then fil-
tered accordingly to a specific variance pattern. The dataset is decomposed and the eigenvalues population is in-
spected so that the variance is evaluated yielding the definition of two thresholds. Subsequently, the dataset is
reconstructed into three subsets which hold different features respectively. The proposed filtering procedure is
first tested with a synthetic signal and then applied to the data of Cape Roberts (Antarctica) aeromagnetic sur-
vey, flown over an off-shore rift basin. The proposed method appears to be efficient in noise removal and acts as
a digital enhancement tool which provides TMI anomaly maps revealing hidden lineaments, otherwise not vis-
ible. The methodology effectiveness as a hidden lineaments detection tool has been checked against independ-

ent data.

Key words Magnetic mapping — Digital Enhance-
ment — Eigenvalues — HRAM — Antarctic Magnetic
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1. Introduction

Eigenvalue decomposition is a computa-
tional technique widely used in many geophys-
ical fields such as oceanographic (Fukumori
and Wunsch, 1991) seismic (Freire and Ulrych,
1988) deep electromagnetic soundings (Egbert
and Booker, 1989) and also in image processing
(Prasantha et al., 2007). In the last few decades
this technique has been extensively used in im-
age coding and compression applied to image
transmission over a nationwide computer net-
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work. This work explores the feasibility of
eigenvalue decomposition as a separation tool
between signal and noise, used with magnetic
maps.

Frequently, subtle magnetic features and
lineaments may be concealed both by broad
high amplitude anomalies and by residual
noise. Such features, like magnetic lineaments
caused by intrasedimentary faulting, play a key
role in the interpretation of the tectonic setting.
The proposed technique is useful in highlight-
ing these kinds of features.

In detail, the magnetic image is decomposed
and then represented into a number of orthogo-
nal bases thereby obtaining a new image
formed by fewer dimensions. By means of this
technique it is possible to separate the meaning-
ful signal from the noise. This decomposition
seems to be efficient in noise removal and acts
as an enhancement technique able to highlight
hidden features. Due to the intrinsic implemen-
tation simplicity the procedure can also be used
as an interactive tool.
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Fig. 1. Test of the modal decomposition with a synthetic model as input.

It should be emphasized that the proposed
method is essentially empirical, so the defini-
tion of filtering thresholds has to be fixed in-
specting the filtering results. As a rule of
thumb, large amplitude features are often con-
fined in the lower modes, and because of its low
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amplitude the noise is confined in the upper
modes. The sorted set of eigenvalues is thus a
kind of representation of the variance distribu-
tion of the magnetic anomaly image, which can
be used to separate different kind of data and
data from noise.
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2. Eigenvalue decomposition

Let X be a [m x n] zero mean matrix as

X
X=|

Xom

@2.1)

where x; is the [/ x n] row vector of the magnet-
ic anomaly image.
The covariance matrix of X is

1

T
n—lXX

C. = (2.2)

Let us compute the eigenvalues and the
eigenvectors of the covariance matrix C,

Ci= VAV' (2.3)
and sort the eigenvectors V in decreasing order
by eigenvalues A

Analyzing the behavior of the sorted set of
Aj; a general trend is often recognizable. In this
paper I propose a filtering technique which act-
ing on Aj; elements provides three filtered
dataset.

Let us define two thresholds 3, and 3, as
follows

OZ'Z 1
A,‘,‘Zl‘<ﬁl l ﬂ
A = 0:>8 A=A B iS By
=P 0:i>p, 24
Ar:«o:igﬂz}
Nizi> B

with 1 <fBi<f2<m

then let three sets of V named Vj neglecting
those eigenvectors corresponding to a null ele-
ment of A; and regain the transposed filtered
data (Xs) by:

Xﬁn = ‘/file;ilzXT (25)
Xs: and Vi, may be named according to the
convention used above: X. will hold the «recon-
structed» dataset, X, the «retained» dataset and
X, the «residual» dataset.
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3. Application to a synthetic case

In order to check the performance of the de-
composition, a square 200x200 pixel image
matrix was created. The input signal (fig. 1, up-
per box) is composed of a large (mean u = 0;
peak-to-peak = 270, arbitrary units) perturbated
dipolar anomaly (A+C), an elongated feature
(D), which may mimic some kind of leveling
error and a normal random noise (u = 0; o = 3).
Sketches A to D figure out the components of
the compound synthetic signal (E). The box la-
beled «Modal evaluation» reports a set of
eigenvalues calculated using eq. 2.1 to 2.3.

The red circles refer to eigenvalues calculat-
ed using the synthetic signal (E) as input; the
black stars refer to eigenvalues calculated using
the noise-free not perturbated dipolar anomaly
(A) as input.

The features B, C, D, forming the synthetic
signal E are visible in the modes from 2 to 4.
The eigenvalues in this plot have been normal-
ized as

Aii

S A

The eigenvalues plot also shows the two
thresholds, 1, 3> used to accomplish the modal
decomposition. The bottom box of fig. 1 reports
the results of the modal decomposition of the
synthetic signal (E) using 81 = 3, 82 =9. The re-
constructed signal holds the main features
(A+D), the high frequency perturbation (C) was
separated and confined in the retained dataset.
The incoherent noise (B) was separated in the
residual dataset.

A= X 100 3.1)

4. Application to the Cape Roberts
Aeromagnetic Survey

In order to test the proposed method the
dataset of the HRAM survey performed in the
Cape Roberts area (Victoria Land, Antarctica)
(Bozzo et al., 1997) was used. Cape Roberts is
a key area to address in further detail the geom-
etry and kinematics of strike-slip faulting and
its control on Cenozoic magmatism at the
boundary between the Transantarctic Moun-
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Fig. 2.Location of Cape Roberts area. Red dashed
line: McMurdo sound fault system, simplified from
(Ferraccioli et al., 2003).

McKay sea valley

Fig. 3.Modal 3D view of CRRB with draped mag-
netic anomaly overprinted.

tains and the Ross Sea Rift (Ferraccioli and
Bozzo, 2003) (fig. 2).

The CRRB HRAM (Cape Roberts Rift
Basin High Resolution Aero Magnetic) survey
was performed in the framework of the Cape
Roberts Drilling Project (Davey et al., 2001).
This was the first HRAM helicopter borne sur-
vey in Antarctica performed with a towed cae-
sium magnetometer, sampling at 10 Hz with
DGPS positioning (Bozzo et al., 1997). The
survey was carried out in November 1994 dur-
ing the GITARA IV (German Italian Aeromag-
netic Research in Antarctica) campaign, at
fixed altitude (150 m a.s.l.) with a line spacing
of 500 m, covering over 900 km®.
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The CRRB (fig. 3) is a V-shaped trough
about 500 m deep, interpreted as a graben (Ar-
madillo et al., 2007), bounded to the east by a
bathymetric high (~100 m bsl) known as the
Roberts Ridge (RR), and, to the west, by the
foothills of the Transantarctic Mountains
(TAM). The CRRB stratigraphy is provided
both by seismic cruises (Behrendt et al., 1987;
Hamilton et al., 2001) and three drillings
(CRP1, CRP2, CRP3) located along the eastern
flank of the graben. The graben is truncated to
the north by the Pleistocene trough of the McK-
ay sea valley, about 800 m deep.

The CRRB is filled with a complex sedi-
mentary sequences ranging from latest Eocene
to Miocene, which have been coded after Coop-
er (Cooper et al., 1987). Six seismic stratigraph-
ic units (V1 — V5 sedimentary and V6 volcanic)
and an acoustic basement (V7) are known in the
CRRB-RR area (Davey et al., 2001). Magnetic
susceptibility logs reports mean k (magnetic
susceptibility) values for the stratigraphic units
filling the pull-apart basin (Sagnotti et al.,
2001). Table I reports the k values.

Table I. Mean k values of CRP3 drill hole (fig. 3).

Depth range [m b.s.f.] Mean k [10-5 SI]

0-243 270
243-440 132
440-627 40
627-790 223

The acoustic basement is composed of Bea-
con supergroup sandstone with mean

k=1-+ 10X 10° SI

The current shape and size of CRRB was in-
ferred (Ferraccioli and Bozzo, 2003) relying on
seismic data (Behrendt et al., 1987; Hamilton et
al., 2001) combined with the aeromagnetic sur-
vey results.

The aeromagnetic data set was revised ap-
plying the modal decomposition proposed here.



Modal decomposition of magnetic maps: the case of Cape Roberts aecromagnetic survey, Antarctica

TM Anomaly [nT]

Original

Modal Decomposed.

TDR

Modal Decomposed.
Original

0.5

TWTT [s]

Crystalline Basement

Stratigraphy redrawn after Hamilton et al. 2001
Line 97

McMurdo Sound
Fault zone Cape Roberts Rift Basin L

PostV3

PostV5b,c orV7

Drill hole CRP3
12 510°sl

W\
Pre-late Cretaceous

(Beacon Sandstones)

0 2000 4000

6000

Dist (m)

85000 sogo0 ssq00 100000 T o 00

100000

110900
wovorT

5500 100900 105900
0toor bSO

b

o0
Totos

5000 0000 55000 700000 000 0000 w5000

100000

Original TM Anomaly Map Tilt Derivative Map (smoothed)

TMA TDR

8000

8sq00 s0900 95000 109000 85900 30900 35000 10000

w5000 50000 w5600 700600 w5000 0000 95000 00080

Modal Decomposition Tilt Derivative Map (smoothed)
Retained Map (rTMA) Retained Map (rTDR)

Fig. 4a-d. Modal decomposition CRRB HRAM. Above: TMI and tilt derivative profile data with a schematic
geologic cross section (modified: Hamilton 2001). Below: a) Original TMI anomaly, b) Tilt derivatives calculat-
ed using the original data, ¢c) Modal decomposition — «retained map» (rTMA), d) Tilt derivatives calculated us-

ing the «retained» dataset ('TDR).

The leveled and microleveled (Ferraccioli et
al., 1998) total magnetic intensity (TMI) anom-
aly draped map (Armadillo et al., 2007) was
used as input for the proposed method.

The decomposition was performed using
ﬂ 1= 3; ﬁz = 14.
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The upper panel of fig. 4 shows the Total
Magnetic Anomaly (TMA) and Tilt Derivatives
(TDR) data (Verduzco et al., 2004) along a pro-
file crossing the CRRB. The schematic geolog-
ical cross section was redrawn after Hamilton et
al. (2001). The TDR profile data calculated us-
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Fig. 5.The Cape Roberts Rift Basin inferred using the Tilt derivatives map calculated using the «retained»
dataset. Yellow dashed line: basin boundary (from Ferraccioli et al., 2003).

ing the «retained» dataset (red line) show a
prominent maximum (M) corresponding to the
right basin flank, not marked by the TMA map.
The TDR algorithm is much more efficient if
the calculation is applied to the modally decom-
posed dataset (retained dataset) instead of the
original TMA.

The very low magnetic anomaly is presum-
ably due to the uplift of block 1 (fig. 4) which
places the V5 sediments, with interspersed thin
high susceptibility layers (Ferrar Dolerites),
closer to the sea bottom. Since the V5 mean sus-
ceptibility is not high (mean k~220 x 10° SI),
because of the small thickness of volcanic detri-
tal layers, the absolute value of the magnetic
anomaly and the magnetic lineament which
marks the basin boundary (normal fault, fig. 4f)
may not be visible using standard digital en-
hancement techniques.

The lower panel shows the original TMA
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map (A) and the TDR calculated using the orig-
inal dataset (B). Box C show the modal decom-
posed (retained) map (rTMA, fig. 4d) and the
TDR calculated using the «retained» dataset
(rTDR). This representation exhibits the effi-
ciency of the method.

The spatial persistence of a low amplitude
feature (M in fig. 4 lower panel) was singled
out.

Figure 5 shows the interpretation of the CR-
RB boundary; the yellow dashed line reports
the boundary proposed by Ferraccioli and Boz-
7o (2003) and the solid black line draws the
tracing using the rTDR map.

The decomposition also shows a number of
intra-basin faults (dotted lines, fig. 5a) identi-
fied as paths along which the known Cenozoic
intrusions (Bozzo et al., 1997) took place.
These lineaments were not visible from the
original TMI anomaly map.
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5. Conclusions

It has been shown that the proposed method
is efficient in removing noise and when used in
synergy with TDR digital enhancement is able
to reveal concealed features. In the example
discussed the general shape of CRRB was con-
firmed and seismic lineaments matched with
magnetic lineaments. A new set of magnetic
lineaments was also highlighted. The proposed
decomposition leads to magnetic anomaly
maps that may significantly assist magnetic
anomalies interpretation. The implementation
of the filtering procedure is quick and the calcu-
lus, relying on both open source and commer-
cial packages, requires very small resources.
The empirical character of the filtering proce-
dure requires a trial and error approach for a
proper tuning of § coefficients, making it con-
venient to implement the procedure as an inter-
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active tool. As a practical rule, the user can as-
sume that the low amplitude noise is confined
in the upper modes and the lower modes often
carry broad features. The intermediate modes
may hold subtle traits hidden by the regional
and high amplitude features.

Keeping in mind the method’s empirical na-
ture, the results should be used to infer and ver-
ify the presence of magnetic lineaments.
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Here I provide a simple code (Octave/Matlab compatible) to perform the modal decomposition as illustrated
above. The function called «Decomposition» needs a zero mean data matrix «x» and the two thresholds b1, b2.
Xc, Xt, Xr are the decomposed matrices, respectively the reconstructed, the retained and the residual dataset.

function [Xc, Xt, Xr] = Decomposition(x, b1, b2)

Cx = cov (x);

%Covariance Matrix

[V, L] = eigs (Cx, max(size(Cx))); %Eigenvect/val
JDecomposition

% Step 0 eigenvalues separation

Lc = diag (L); Lc (b1: max(size(Cx)))=0; YoreConstructed
Lt = diag (L); Lt (1:b1-1)=0;Lt(b2+1:max(size(Cx))) =0; YoreTained

Lr = diag (L); Lr (1:b2)=0; YoreSidual

% Step 1 eigenvectors

Vfc = zeros (max(size(Cx))); Vfc (;,1:bl-1) =V (:,1:bl-1);

Vit = zeros (max(size(Cx))); Vft (:,b1:b2) = V(:;,bl:b2);

Vfr = zeros (max(size(Cx))); Vir (:,b2:max(size(Cx))) = V(:,b2:max(size(Cx)));

% Step 3 data

Xc = Vfc*(Vic'*x"); Xc = Xc¢’; YreConstructed
Xt = VIt* (VI *x’); Xt = Xt’; YoreTained

Xr = Virs (Vfr*x’); Xr = Xr’; YoreSidual
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