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Abstract

Wavelet transforms originated in geophysicsin the early 1980s for the analysis of seismic signals. Since then,
significant mathematical advances in wavelet theory have enabled a suite of applicationsin diverse fields. In
geophysics, the power of waveletsfor analysis of non stationary processes that contain multiscale features, de-
tection of singularities, analysisof transient phenomena, fractal and multifractal processes, and signal compres-
sion is now being exploited for the study of several processes including resistivity surveys. The present paper
deals with denoising M oroccan phosphate “ disturbances’ resistivity data? map using the Haar wavel et mother
transform method. The results show a significant suppression of noise and avery good smoothing and recovery
of resistivity anomalies.
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Resumen

Latransformada Wavel et tuvo sus origenes ainicios delos 80's en €l andlisis de sefial es sismicas, que debido a
avances matemati cos significativos han permitido su aplicacion a diversos campos. La energia de laondicula;
usadaen el andlisisde procesos no estacionarios con rasgos de mulltiples escal as, detecciones de singularidades,
analisis de fendbmenos transientes, procesos fractales y multifractales, y compresion de sefiales, es aplicada a
diferentes procesosincluyendo sondeosderesistividad. Estearticulo muestralaatenuacion del ruido en el mapa
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de perturbaciones de resistividad en los Fosfatos Marroquies mediante el uso de la ondicula Haar en la
transformada Wavelet. Los resultados indican una atenuacion significativa del ruido, un buen suavizado y

recuperacion de las anomalias de resistividad.

Palabras clave: Resistividad, fosfato, perturbaciones, Haar, ondicula, Sidi Chennane, Marrueco.

Introduction

Geophysical Data are often contaminated with
noise and artifacts coming from various sources.
The presence of noisein datadistortsthe character-
istics of the geophysical signal resulting in poor
quality of any subsequent processing. Conse-
guently thefirst step in any processing of such geo-
physical dataisthe“cleaning up” of the noisein a
way that preserves the signal sharp variations.
Wavelet transforms are relatively recent develop-
ments that have fascinated the scientific, engineer-
ing, and mathematics community with their
versatile applicability. For geophysical processes,
in particular, tools that offer the ability to examine
the variability of a process at different scales are
especially important. Wavelet analysis is an
emerging field of applied mathematics that has
provided new toolsand algorithmsfor solving such
problems as are encountered in fault diagnosis,
modelling, identification, and control and optimi-
zation (Kumar et al., 1994). The theory has ac-
quired the status of a unifying theory underlying
many of the methods used in physics and signal
processing. The decision as to which representa-
tion (expansion) to use for a signal, for example
wavel et expansion versus Fourier or spline expan-
sion depends on the purpose of the analysis. Wave-
lets have become increasingly popular for
analyzing datain the geosciences. Wavelets re-ex-
press data collected over atime span or spatial re-
gion such that variations over temporal/spatial
scales are summarized in wavelet coefficients. In-
dividual coefficients depend upon both a scale and
a temporal/spatial location, so wavelets are ideal
for analyzing geo-systems with interacting scales
(Riedi, 1998). So, the wavelet transform filtering
method has become a powerful signal and image
processing tool which has found applications in

many scientific areas. Thismethod isawidely used
technique that is applicable to the filtering geo-
physical data (Kumar et al., 1997).

The present paper deals with denoising Moroc-
can phosphate “ disturbances” resistivity datamap us-
ing the Haar mother wavelet transform method.
(include Reference) The results show a high signifi-
cant suppression of the noise and a very good
smoothing and recovery of the resistivity anomalies
signal. So the Haar wavelet mother transform pro-
cessing is thought to be a good method to geophysi-
cal anomaly filtering and optimizing estimation of
phosphate reserves.

The geophysical context

Resistivity is an excellent parameter and marker for
distinguishing between different types and degree of
alteration of rocks. Resistivity surveys have long
been successfully used by geophysicists and engi-
neering geol ogists and the procedures are well estab-
lished. (include Reference) The study area is the
Oulad Abdoun phosphate basin which contain the
Sidi Chennane deposit. The Sidi Chennane deposit is
sedimentary and contains several distinct phos-
phate-bearing layers. These layers are found in con-
tact with alternating layers of calcareous and
argillaceous hardpan. However, the new deposit
contains many inclusions or lenses of extremely
tough hardpan locally known as “derangements” or
“disturbances’ (figure 1), found throughout the
phosphate-bearing sequence (K chikach et al., 2002).
The hardpan pockets are normally detected only at
the time of drilling. Direct exploration methods such
as well logging or surface geology are not particu-
larly effective They interfere with field operations
and introduce a severe bias in the estimates of phos-
phate reserves (figure 2).
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* Phosphate “ Disturbance”.

The study area was selected for its repre-
sentativity and the resistivity profiles were designed
to contain both disturbed and enriched areas. The
sections were calibrated by using vertical electrical
soundings. High values of apparent resistivity were
encountered due to the presence of near-vertica
faulting between areas of contrasting resistivity, and
fault zones which may contain more or less highly
conducting fault gouge. The gouge may contain
gravel pockets or aluvial materia in a clay matrix.
Such anomal ous sections are also classified asdistur-
bances. Apparent resistivity values in these profiles
locally exceeded 200 Q2?m. (Bakkali, 2005; Bakkali
et al., 2006).

The apparent resistivity map (figure 3) obtained
from afurther survey was considered in fact a map of
discrete potentials on the free surface, and any major
singularity in the apparent resistivities due to the pres-
ence of aperturbation will be due to the crossing from
a“norma” into a “perturbed” area or vice versa. In
other words, the apparent resistivity map may be con-
sidered amap of scalar potentia differences assumed
to be harmonic everywhere except over the perturbed
aress. |nterpretation of resistivity anomaliesisthe pro-
cess of extracting information on the position and
composition of atarget mineral body intheground. In
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the present case the targets were the inclusions called
perturbations. The amplitude of an anomaly may be
assumed to be proportional to the volume of a target
body and to the resistivity contrast with the mother
lode. If the body has the same resistivity asthe mother
lode no anomaly will be detected. Thus assumed in
fact and infirst approach that the resistivity anomalies
would be representative of the local density contrast
between the disturbances and the mother lode. Level
disturbance of the anomal ous zonesis proportionnal to
resistivity intensity (figure 4). (Bakkai, 2005;
Bakkali, 2006). 2006 (1)? 2006 (2)?

The wavelet analysis approach

Thewavel et transform is atime-frequency decompo-
sition which links a time (or space) domain function
to itstime-scale wavelet domain representation. The
concept of scale is broadly related to frequency.
Small scales relate to short duration, high frequency
features and correspondingly, large scales relate to
long duration, low frequency features (Daubechies,
1990). Wavelets are functions that satisfy certain
mathematical requirementsand are used in represent-
ing data or other function. In the signal analysis
framework, the wavelet transform of the time (or
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Figure 2: (A) Location of the studied areain the sedimentary basin of Ouled Abdoun. (B) Section showing the disruption of
the exploitation caused by disturbances. (C) Stratigraphical log of the phosphatic series of Sidi Chennane: (1) Hercynian
massif; (2) phosphatic areas; (3) marls; (4) phosphatic; marls; (5) phosphatic layer; (6) limestones; (7) phosphatic limestone;
(8) discontinuous silex bed; (9) silex nodule; (10) dérangement formed exclusively of silicified limestone; (11)
dérangement constituted of ablend of limestone blocks, marls and clays; (12) dérangement limit; (13) roads.

space) varying signal depends on the scalethat isre-
lated to frequency and time (or space) (Daubechies et
al., 1992). The 2D wavelet method provides infor-
mation on many more resolution than the former
method. Itisapowerful tool particularly suitablein
denoising, filtering and analyzing problems and
potential singularities in geophysical context
(Foufoula-Geogiou et al., 1994) (Grossmann et al.,
1989). Moreover this property iscrucial for perform-

ing an efficient denoising resistivity anomaly map of
the Moroccan phosphate deposit “disturbances”.

Theorical review

Traditionally, Fourier transform has been used to
process stationary signals acquired by computers. In
this way, the representative spectrum of frequencies
is obtained from the time series produced during ac-
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quisition of the signal by the computer. For non sta-
tionary signals, typical of engineering processes, the
existing methodologies have not been fully devel-
oped. Windowed Fourier transform, also caled
short-tine? Fourier Transform, was first applied us-
ing a Gaussian type window (Walker, 1997). For a
given signa f(¢), a conventionaly defined signal
g(t — to) isapplied to awindow of time that moves
along with the original signal, forming a new family
of functions: fg(z,7) = f(£)g(t — to). Functions formed
this way are centred on and have a duration defined
by the characteristic time window of the function
g(7). Windowed Fourier transformisthusdefined as:

Fg[w,to]=+ff(t)g(t—to)e'fw' dt (D

This transform is calculated for all ¢ values
and it gives arepresentation of the signal f{z) in the
time frequency domain. If a space function f(x) in-
stead of atime signal, is considered, a representa-

tion is given in the space- frequency domain
(Meyer, 1993). However as a windowed Fourier
transform represents a signal by the sum of it sine
and cosine functions, it restricts the flexibility of
thefunction g(¢ —t) or g(x — xo) making acharac-
terization of asignal and simultaneous location of
its high frequency and low frequency components
difficult in the time-frequency domain or the
space-frequency domain. Wavel etstransform were
developed to overcome this deficiency of win-
dowed Fourier Transform in representing non-sta-
tionary signals. Wavelets transform is obtained
from a signal by dilatation-contraction and by the
translation of a special wavelet within the time or
space domain. The expansion of this signal into
wavelets thus permits the signal’s local transient
behaviour to be captured, while the sine and the co-
sines can only capture the overall behaviour of the
signal as they aways oscillate indefinitely
(Walker, 1997).
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Figure 3: A map of resistivity anomalies for AB=120 m using Shepard’s method for resistivity data Excentrility?
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Figure 4: A map of the disturbed noisy phosphate zones corresponding to figure 3.

Signal analysis and the Haar wavelet
mother

In the Fourier analysis, every periodic function hav-
ing a period of 2 and an integrable square is gener-
ated by an overlay of exponential complexes, ,(x) =
@™ n=9,+ 1, + 2 .. obtained by dilations of the
function W(x) = &* : Wnx) = W(nx). Extending the
idea to space for W integrable square functions, the
following is defined :
1 t-b

Vs =\/E\I!(a),a,beR,a¢O 2

The function ¥ is called a mother wavelet,
where a isthe scale factor and b is the translation
parameter. The family of simpler wavelets, which
will be adopted in the present work, isthat the Haar
wavelet :

\U(x)=lif0£x£% (x)=

:_1;';% <x<Ly(x)=0if x¢[0]]

For the one-dimensional no stationary function
/() that decrease to zero when x — oo, the following
assumption is normally adopted :

v,,()=27 y(2’ x—q) €)

The scale factor of 27¢ is called the localization
or dyatic translation and % isthe trandlation index as-
sociated with the localization, where p and ¢ € Z
(Meyer, 1982) proved that wavelet thus defined
are orthogonal, ie, (v,,-v,,)=5,5,, for

p.q.lmeZ where () is equal to the scalar product
and o refer to the delta function of Dirac. Thus the
function f{x) can be rewritten asfollows:

+00

=3 Y. v, @) (4)

p=—®0 g=—0

The values of the constant ¢, , are obtained by
wavelet transform in its discrete form. Then is ex-
panded into a series of wavelets with their coeffi-
cients obtained from

Cpu =V, )=[ S0, () (8)
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The wavelet transform can also be calculated us-
ing special filters called Quadrature Mirror filters
(Mallat, 1989). They are defined as alow-passfilter,
associated with the coarser scale, and a high-passfil-
ter to characterize the details of the signal. The signal
Ax) then is described as:

)= Voo s )+ 220 0d, W, (x) (6)

pP>ro 4

where Cpoa :T‘f(x)cl)po’q (x)dx @)

and d,, = [ 1w, , W ®

In the expansion of f{x) by equation 6, thefirst
term represents the approximation of the signal and
the second the signal details, filtered by the approxi-
mation. The function @, ,(x) is denominated a
scalefunction or father wavelet, anditisresponsible
for obtaining the approximation of the signal, while
the mother wavelets, y,, are responsible for the
generation of the details filtered by the approxima-
tion (Polikar, 1999) (Wickerhauser, 1994). For the
family of Haar wavelets, the scale function is
®,  (x)=lifxe[0] and®,  (x)=0ifx¢[01. The
mother wavelets, responsible for the details in the
Haar family, are expressed as:

v, W2 irzr gsesze (2] @

v, (¥)=—2¢ if 2" (“’*3 <x<27 (g+1) (10)

and v, ,(x) = 0, otherwise.

The processing data

The resistivity data base is a compilation of 51 tra-
verses at a spacing of 20 m. There were 101 stations
at 5 mdistancefor every traverse, which makes 5151
stations all together in the resistivity survey. We
choose the Haar wavel et basis for its smoothness and
compact support (Torrence et al., 1998). We calcu-
lated the magnitude square of the Haar wavelet trans-
form coefficients (Rioul ef al., 1991) using Origin
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Pro 8 routine (Origin Pro, 2007) for each resistivity
traverse (figure 5). Then we deferred all theresultsto
built a2D wavelet spectrum regular maps which rep-
resent in fact filtering and denoising map of the phos-
phate deposit “disturbances’. Since amajor potential
application of wavelets is in image processing, the
2D wavelet transform isanecessity to be applied asa
detector and analyser of singularitieslike edges, con-
tours or corners (Ucan et al., 2000). (Tsivouraki-
Papafotiou et al., 2005).

Results & conclusions

Figure 6 representsan indicator of thelevel of varia-
tion of the contrast of density between the distur-
bances and the normal phosphate-bearing rock. The
surface modeling of resistivity anomalies is ob-
tained by AutoSignal routine from our apparent re-
sistivity survey transformed data obtained using the
Haar wavel et mother response. These procedure en-
ables us to define the surface phosphate disturbed
zones. The Haar wavelet analysis surface of phos-
phate deposit disturbance zones modeling as ob-
tained by the above procedure in the study area
provided a direct image for an interpretation of the
resistivity survey. These method enable us to iden-
tify the anomalies area which turned out to be
strongly correlated with the disturbances. The use of
magnitude square of the Haar mother wavel et trans-
form represent an effective filtering method which
makesit possibleto attenuate considerably the noise
represented by the minor dispersed and random dis-
turbances. The overall effect isthat of scanning and
denoising the anomalous bodies. Comparatively to
classical approaches used in filtering and denoising
the same geophysical datamap (Bakkali, 2007), the
advantage of the Haar wavelet transform method is
doesn’t introduce significant distorsion to the shape
of the original resistivity signal .

The Haar wavelet output of the apparent resis-
tivity which correspond to the wavelet output of the
anomal ous phoshate deposit map obtained from such
atechnical tool represent the crossing dominate area
froma“normal” into a“perturbed” areaor viceversa.
Moreover the level of disturbance is very clearly
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Figure 5: Example of real resistivity traverse data of the survey (A) and the corresponding Haar wavel et transform denoised

output (B).

shown. The proposed filtering and denoising method
using Haar wavelet transform tendsto give area es-
timation of the surface of the phosphate deposit “dis-
turbances’ zones with a significant suppression of
the noise. The level disturbance resulting from such
method is also more defined in al the disturbed
ZOnes.

We have described an analytical procedure to
analyze the anomalies of a specific problem in the
phosphate mining industry. The results proved sat-
isfying. Data processing procedures as the Haar
wavelet mother response transform of resistivity
data map was found to be consistently useful and
the corresponding map may be used as auxiliary
tools for decision making under field conditions.
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Figure 6: Wavelet output of the phosphate deposit “disturbances’ map given in figure 4.
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