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ABSTRACT
The way potential fields convey source information depends on the scale at which
the field is analysed. In this sense a multiscale analysis is a useful method to study
potential fields particularly when the main field contributions are caused by sources
with different depths and extents. Our multiscale approach is built with a stable
transformation, such as depth from extreme points. Its stability results from mixing,
in a single operator, the wavenumber low-pass behaviour of the upward continua-
tion transformation of the field with the enhancement high-pass properties of n-order
derivative transformations. So, the complex reciprocal interference of several field
components may be efficiently faced at several scales of the analysis and the depth to
the sources may be estimated together with the homogeneity degrees of the field. In
order to estimate the source boundaries we use another multiscale method, the multi-
scale derivative analysis, which utilizes a generalized concept of horizontal derivative
and produces a set of boundary maps at different scales. We show through synthetic
examples and application to the gravity field of Southern Italy that this multiscale be-
haviour makes this technique quite different from other source boundary estimators.
The main result obtained by integrating multiscale derivative analysis with depth
from extreme points is the retrieval of rather effective information of the field sources
(horizontal boundaries, depth, structural index). This interpretative approach has
been used along a specific transect for the analysis of the Bouguer anomaly field of
Southern Apennines. It was set at such scales, so to emphasize either regional or local
features along the transect. Two different classes of sources were individuated. The
first one includes a broad, deep source with lateral size of 45~50 km, at a depth of
13 km and having a 0.5 structural index. The second class includes several narrower
sources located at shallowest depths, ranging from 3—6 km, with lateral size not larger
than 5 km and structural indexes ranging from 1-1.5. Within a large-scale geological
framework, these results could help to outline the mean structural features at crustal
depths.

resentative features (depth, size, shape, etc.) of a buried source

INTRODUCTION of potential fields is often prevented from the difficulty of iso-
Potential fields are due to complex distributions of sources re- lating its own effect by the interfering effects of the nearby
lated to susceptibility and mass density variations for magnetic sources.

and gravity fields respectively. The estimation of the most rep- Attempts to remove these interfering effects may be based

on information inferred from geology or geophysics. When
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such information lacks, mathematical methods may be used
treating the measured field as a superposition of effects,

© 2009 European Association of Geoscientists & Engineers 543



544 F. Cella, M. Fedi and G. Florio

depending on sources having different spatial extents and
depths. These effects are commonly separated by: a) expand-
ing the field in some series of predetermined mathematical
functions, such as trigonometric, wavelets or others, b) mut-
ing the coefficients of the unwanted effects and c) finally re-
constructing the residual field from the modified set of coef-
ficients. The main drawback of this approach arises from the
difficulty to carefully evaluate the physical consistency of the
single terms of the series used at step a).

This means that filtering techniques based on a pure math-
ematical basis can only approximately adapt to the real phys-
ical world. Distortions may occur, as when anomalies are
erroneously split in two or more separated components. Such
splitting may also distort the nearby or concurrent anomalies
in an unpredictable way.

A completely different way to put in evidence the effects
related to different scales is based on using methods based on
the use of spatial field derivatives. They provide in fact a scale
and depth control, through their inherent ability to filter out
deep source or large-scale effects. Note that in this context
the reduction of the large-scale effects is not obtained by mut-
ing but simply by powering the local effects with respect to
the large-scale ones. On the other hand, some instability may
occur for high-order derivatives, since any kind of noise or
non-harmonic signal will be correspondingly enhanced. Sta-
bilized derivatives such as integrated second vertical derivative
(Fedi and Florio 2001) may help to reduce the enhancement
of noise (Fedi and Florio 2002). Integrated second vertical
derivative combines the use of a smoothing filter (the vertical
integration filter) and the finite-differences method, which is
much more stable than using Fourier horizontal derivatives
operators. This allows a lower degrading of the signal-to-
noise ratio than the standard Fourier method, especially when
the order of computed derivatives increases. In any case, the
best results are obtained using mixed upward continuation-
derivative transformations, which may be designed to main-
tain physically reliable enhancements of the measured field
at a reasonable signal-to-noise ratio. In fact these filters have
in general a band-pass filter response. As an example, Fig. 1
shows the filter shape for two different continuation altitudes
(6 and 12 sampling step) and for a differentiation order of 5.
It is shown that, at higher altitudes, the smoothing effect of
the continuation assimilates the filter shape to that of a band-
pass filter. Thus, since varying the altitude means changing
the scale at which the potential field is analysed, a suitable
definition of this frequency response may consistently allow a
high-resolution multiscale analysis of potential fields.
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Figure 1 The composite upward continuation-vertical derivative op-
erator. The frequency response of such composite filter for continua-
tion altitudes » = 6 and 12 step units and for derivation orders n =5 is
shown. Such a composite filter has the shape of a band-pass filter with
a central frequency higher as the derivation order increases. For refer-
ence, the frequency response of the simple fifth-order differentiation
is also shown (dashed line).

The multiscale methods, which we will utilize through-
out this paper, are heavily founded on the use of various-
order derivatives, either vertical or horizontal. Our goal is
to obtain independent information about the sources, which
can be useful as itself or as the first step of interpretation.
To do this, we need simple assumptions about the sources:
they are considered steep enough at their boundaries to al-
low the field horizontal derivatives to be informative of the
source horizontal extent and roughly similar to one of a
large set of simple, idealized sources including spheres, cylin-
ders, dykes, contacts or sills to satisfy the simplified the-
ory of homogeneous fields. Whether real sources meet better
the first or second type of assumption is not a simple mat-
ter but we will show that the integration of methods based
on the above very simple assumptions can provide indepen-
dent and valuable information about the unknown source

distribution.

FIRST STEP: MULTISCALE DERIVATIVE
ANALYSIS

The horizontal derivative of potential fields has long been used
to image the boundaries of potential field sources (Blakely
and Simpson 1986). It is based on the consideration that most
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Figure 2 a) Gravity field generated by three close prismatic sources with different depths and magnetization directions. The northernmost have
the top at a 2 km depth; the others are at a 4 km depth. Normalized derivatives of the reduced to the pole magnetic field, b) total horizontal
derivative of the tilt angle map, c) Theta map, d) hyperbolic tiltangle map.

sources of potential fields may be modelled as a steep source,
so generating strong values for the horizontal derivatives at
the source boundaries.

A number of newer techniques based on the same hypothe-
sis were recently defined, following the concept of normal-
ized derivatives, e.g., total horizontal derivative of the tilt
angle (Verduzco et al. 2004), hyperbolic tilt angle (Cooper
and Cowan 2006), Theta map (Wijns, Perez and Kowalczyk
2005). One of the main properties shared by these functions
is that they behave like an automatic gain control filter be-
cause they tend to equalize the amplitude of transformed to-
tal field magnetic anomalies. All of these functions should
be applied to the total field reduced to the pole. The effi-
ciency of these techniques is described in Fig. 2 where the
test field is the gravity anomaly due to three prisms being
very close to each other, having the same thickness but with
different depths to the top and directions of magnetization
(Fig. 2a).

The total horizontal derivative of the tilt angle
(TDR_THDR) of the total field f is defined as follows:

2 2
TDRIHDR=\/(3TDR) <8TDR) ’ 0
ax ay

where:
af
TDR = arctan | ——% | 2)

) 2
"+ (%)
The maximum values of the total horizontal derivative of the
tilt angle give the estimate of the location of the source body
edges (Fig. 2b).
The hyperbolic tilt angle (HTA) function is defined as:

af [oz
J(or /52 + Gr/09))

HTA =0 | arctanh
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The maximum values of hyperbolic tilt angle give the location
of the body edges. However, the existence of a negative con-
tour on the outside of the edges of the causative bodies (Fig.
2d) represents an unwanted feature that could complicate the
interpretation.

The Theta function is expressed as the horizontal derivative-
to-analytic signal amplitude ratio:

(@t /o) + ot /)
((0F/02)" + (0f Jo3)" + (6f /2)")

Theta = arccos

(4)

The maxima of the Theta map mark the central part of
the causative structures whereas the lateral boundaries are
outlined by minima (Fig. 2¢).

It is interesting to note that all these methods tend to convey
in the same map the boundary information from structures at
all scales and depths and with the same relative importance.
Hence, they give the best performance when a single scale is
dominant, such as in archaeological surveys for instance.

A quite different approach is based on a generalized concept
of horizontal derivative, named enhanced horizontal deriva-
tive (Fedi and Florio 2001). Enhanced horizontal derivative
(EHD) is a high resolution boundary estimator based on the
horizontal derivative of a weighted sum of total field vertical

derivatives:

2 2
EHDx, ) [<a¢(3»;, y)) +<a¢<ao;, y>> } )

where:
P(x,y) = wo f(x, y) +wi [ (x, y)
+ws [P, y) + o+ we [ (x, ),

(6)

and f1, ..

field f; wo. . ...w,, is a set of weights that controls in equation

., f™ are the m-order horizontal derivatives of the

(6) the relative influence of the single terms in the summation.
Their careful choice allows enhancement of the lineaments
related to the single involved scales. A suitable rule was sug-
gested to this task by Fedi (2002):

w; = ¢, 1=0,...,m, (7)

where m is the derivative order and c is a suitable constant.
By adding higher-order vertical derivative terms a better
detail of the shallower sources is obtained, while the set of
weights controls the relative importance of the terms of the
summation. Of course, the use of the highest order vertical
derivatives is in practice limited by the data sampling step. In

general, when the derivation order gets too high for a specific
data set, a further derivation does not improve anymore the
spatial resolution. See Fedi and Florio (2001) for further de-
tails. Obviously, just like any other edge detector, enhanced
horizontal derivative cannot be applied to some classes of
sources (those approximated by spheres or infinitely long
cylinders), whose boundary positions are not recoverable.

Enhanced horizontal derivative can be defined with a great
flexibility as a function of the noise characteristics of the field
to be analysed and, more interestingly, as a function of the
wanted detail. For example, the low-order terms may also
include the first vertical integral of the field and the relative
enhanced horizontal derivative will allow regional-scale struc-
tures to be imaged. Due to this feature, enhanced horizontal
derivative was used by Fedi (2002) to design a specific tool
(multiscale derivative analysis) yielding meaningful maps of
structural lineaments relative to different scales, from the re-
gional to the local one, without performing any subjective
separation of the potential fields. In the magnetic case, mul-
tiscale derivative analysis performs better for reduced to the
pole magnetic anomalies.

As an example, Fig. 3 shows the multiscale derivative anal-
ysis results arising for the same gravity field of Fig. 2(a). They
are compared to those of Figs 2(b), 2(c) and 2(d) deriving
from normalized derivatives that, as already said, convey into
a single source-boundary map the information from effects at
different scales. Multiscale derivative analysis is instead a mul-
tiscale method, so allowing estimates of the source boundaries
to be obtained at different scales.

As shown in Fig. 3(a), the low resolution multiscale deriva-
tive analysis map (corresponding to equations (5) and (6)
starting from the potential up to the first vertical derivative)
provides results similar to the Theta map (Fig. 2c). The in-
termediate resolution multiscale derivative analysis (Fig. 3b),
corresponding to equations (5) and (6) starting from the po-
tential up to the second vertical derivative, allows instead a
description of each one source boundary more precisely than
total horizontal derivative of the tilt angle map (Fig. 2b) and
hyperbolic tilt angle map (Fig. 2d). Finally, the high-resolution
multiscale derivative analysis map (obtained by computing en-
hanced horizontal derivative starting from the magnetic field
up to the fourth vertical derivative in equations (5) and (6)) sig-
nificantly enhances only the shallowest features of the sources
(Fig. 3c¢), i.e., in our case those related to the northernmost
source.

We can conclude that the best quality of multiscale deriva-
tive analysis is that it can provide a separated description of
the source boundaries at different scales.
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Figure 3 a) Gravity field generated by three close prismatic sources as in Fig. 2. Multiscale derivative analysis; b) enhanced horizontal derivative
computed with derivatives up to the second-order (large-scale); c) enhanced horizontal derivative computed with derivatives up to the third-order
(intermediate scale); d) enhanced horizontal derivative computed with derivatives up to the fourth-order derivative (short scale). Lineaments are

defined by trends of local maxima that are graphically determined by the colour bar shown.

SECOND STEP: MULTILEVEL METHODS
FOR SOURCE CHARACTERIZATION: THE
SCALE FUNCTION AND THE DEPTH FROM
EXTREME POINTS TRANSFORMATION

Our integrated approach is based, as its second step, on the
use of multiscale method allowing estimates of source parame-
ters, such as depth from extreme points (Fedi 2007), Eulz (Eu-
ler deconvolution along vertical derivatives; Florio and Fedi
2006) and scale function method (Fedi and Florio 2006). They
provide estimates of source depth, density contrast and struc-
tural index in either an independent or simultaneous way. The
main property of these methods is their great stability, because
they take advantage of the regular behaviour of potential field
data versus the altitude z. They can be applied to anomalies
with rather low signal-to-noise ratios and to n-order verti-

cal and horizontal derivatives of the analysed field. This is
useful:

a) to reduce mutual interference effects and to obtain mean-
ingful representations of the distribution of sources versus
depth, with no pre-filtering;

b) to allow interpretation of the field at different scales,
thanks to the different detail and inherent separation effect

owning to different order derivatives.

Let us define f; as the Newtonian potential and any of its
directional derivative f,(n>1) as:

"' h
fn: 9711 s

(8)

where # is the unit-vector along any direction in the 3D space.
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Figure 4 Vertical section of the magnetic field from upward continuation of the gravity field due to a sphere having the following features:
radius = 1 km; depth 10 km; density contrast = 1/g-cm>. Also shown, the straight lines defined by the field maxima, called ‘ridges’ (white solid
lines). As a consequence of the dilation of potential fields versus the altitude, the ridges converge towards the singular point position (source) so

forming cone-like structures.

Following Fedi (2007), consider now any n-order vertical
derivative of the Newtonian potential of a pole source at Q(xy,
Yo, 20<0) at points x = x¢, y = Yo, 2>0:

1
fa(2) = PEpATEE 9)

As a consequence of the dilation of potential fields versus
the altitude, the field absolute values develop their maxima as
straight lines (ridges) (Fig. 4) converging towards the singular
pole position (source) and so forming cone-like structures.
Fedi (2007) proposed to analyse potential fields at several
scales with the scale function 7, which is defined as:

_8logf,,_ S,z
n = = Z—Zo7

1
dlogz (10

where S, is the structural index or the opposite of the homo-
geneity degree n+1. Throughout this paper S; will indicate
the structural index for the gravity case, S, for the magnetic
case, S for the first-order derivatives of the magnetic field or
the second-order derivatives of the gravity field and so on for
higher values of 7. The scale function is therefore a function
of the depth to source z¢, of S,, and of the altitude z.

The depth from extreme points transformation of order 7
of the potential field (Fedi 2007) is defined as:

Wi(2)= 2" 1. (2) . (11)

where z is the altitude, f,, is a potential field of order # and
o, = S,/2 is the scale exponent. The important property

of depth from extreme points is that for any given depth
source zg, W, has meaningful extreme points at z = —zo.
The depth from extreme points theory applies not only to
pole (or dipole) sources but, as well as Euler deconvolu-
tion, assumes that the real sources are approximated by semi-
infinite solids or volume-less figures. Each causative body is
assigned to a class of simple sources with pre-fixed form,
depending on its shape. As an example, concentric spheres
of equal mass are all equivalent to a point-mass at their
centre. Vertical/horizontal cylindrical structures (describing
pipes, ridges, valleys, tunnels, volcanic necks) are close to line-
models. Vertical/horizontal planar structures (describing sills,
dikes, steps) are equivalent to plane-models. They may be de-
fined as one-point sources (Stavrev 1997) because they are
defined by the coordinates of just one singular point (centre,
edge, vertex point) of the real figure. Previous papers (Fedi and
Florio 2006; Fedi 2007) showed that depth from extreme
points and scale function methods are suitable to interpret
the homogeneous fields produced by such simple, one point,
sources. Thus, just as Euler deconvolution, these methods are
expected to give approximated yet meaningful results when
applied to real cases, where the occurrence of non homoge-
neous fields produced by complex sources is not the exception.
Because of its stability, the depth from extreme points trans-
formation can be applied to rather high-order derivatives of
potential fields, thus improving resolution of the estimates of
source parameters for the multisource case.
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-1
-2

R

0 0.02 0.04 006 0.08 01
9

(a) »

i,
(h) B s L

-4

0 002 004 006 008 0.1
q

-3
(c) ..i"-" \\4—‘_‘\\“

‘5 M M L L L
0 0.02 0.04 006 0.08 0.1
q

Figure 5 The scale function as a tool to determine the structural

index. The rescaled scale function S3 of a point source is a decreasing,
increasing or constant function of g, respectively for 2y greater than
(a), lower or equal to the true depth zp = =5 km (equation (11). A
right estimate S3 = 4 is given by the intercept of S3(a, b, c).

We may rewrite equation (10) by putting z = 1/g, so that

7, becomes a function of g:

Su

2(q) = ————. 12
W)=~ (12)
7,(g) enjoys the useful property (Fedi 2007):

T(qg — 0) = —38,. (13)

Therefore, the intercept of 7, versus g will give an estimate
of the structural index S,,. Note that this estimate does not
depend on zy. Since the altimetry zero-level is arbitrary, the
altitudes may be rescaled as z—2p, so that, for any given guess
%9, the corresponding rescaled scale function:

A Su(1—2%
g fa) = =) (14

is an increasing, decreasing or constant function of g, respec-
tively for Zo greater, lower or equal to the true zo (Fig. 3).
Hence the depth to the source may also be estimated by look-
ing at the value of %y producing a zero-slope for 7.
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Figure 6 Sketch of the simplified geological map of the southern
Apennines (modified from Parotto and Praturlon 2004).

FULL MULTISCALE INVESTIGATION OF
THE SOUTHERN ITALY GRAVITY FIELD

The above properties of the scale function integrate well with
multiscale derivative analysis in yielding, at different scales,
a comprehensive interpretation of the field sources in terms
of boundaries, depth to source, structural index. We here use
such a multiscale full approach (integrated use of multiscale
derivative analysis and depth from extreme points techniques),
to interpret the Bouguer anomaly map of the Southern Italian

region.

Geological setting

The Central-Southern sector of the Apennine chain is a com-
plex thrust and fold belt system, built from Lower Cretaceous
to Quaternary, as consequence of the convergence between
African and European plates (Finetti and Del Ben 1986). The
Central-Southern Apennines (Fig. 6) can be represented by
structural domains displaced in geographic bands, NW-SE
oriented and some tens of kilometres wide (from E to W):
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1 Apulian foreland, consisting of a 6-8 km thick series of
Meso-Cainozoic carbonates and representative of slope or
shelf depositional facies (D’Argenio, Pescatore and Scandone
1973).

2 Bradano foredeep, consisting of terrigenous sequences in-
creasing in thickness westward, and aged Plio-Pleistocene.
They suture the tectonic contact between the external thrust
front and the underplating Apulia Units.

3 The eastern (external) mountain belt, represented by ex-
tended outcrops of Meso-Cainozoic basinal units and terrige-
nous sequences of Mio-Pleistocene age.

4 The western (internal) mountain belt, represented by thick
carbonate platforms (Meso-Cainozoic). They are a) tectoni-
cally underplaced to western nappes of oceanic or transitional
provenance; b) overlapping the basinal units of the eastern
chain sector.

From Lower Pliocene to the Lower Pleistocene, both the
internal carbonate platform and the basinal units drifted east-
ward and overthrusted on the undeformed Apulian carbonate
platform, which is the foreland area (Mostardini and Merlini
1986; Balduzzi et al. 1992).

Above them, tectonic nappes are present consisting of relics
of older, internal basinal domains. They were deformed, prior
to the Tyrrhenian opening, during the closure of the neo-
Tethydean basin, caused by the Europe-Africa collision. Sev-
eral strike-slip faults divide the chain into two main arcs. The
northern one consists in thrust systems structured as embri-

cated fans in piggy-back sequences.

Multiscale derivative analysis of the Southern
Italy gravity field

The gravity data of the Southern Italian region (Fig. 7a) were
extracted from the data set relative to the Bouguer Grav-
ity Anomaly Map of Italy published by the CNR (Carrozzo
et al. 1986; reduction density: 2.4 g/cm?), with grid spacing
of 1 km.

Let us apply now multiscale derivative analysis to the whole
Southern Apennines area computing three different maps,
each of them emphasizing the boundaries of structures at a
specific scale (‘large’, ‘intermediate’ and ‘short’ scale maps)
(Fedi et al. 2005). The large-scale map (Fig. 7b) was obtained
by computing enhanced horizontal derivative (equations (5)
and (6) starting from the potential as first term, considering
derivatives up to m = 6 by using ¢ = 1.4 (equation (7)). This
map highlights regional patterns related to the main geological
domains of the Southern Apennines. They are presumably re-
lated with deep sources, probably caused by changes in crustal

thickness. The intermediate scale map (Fig. 7c) was obtained
by computing enhanced horizontal derivative starting from
the potential as first term, considering derivatives up to m =
9 and by using unit weights (no weighting). We observe west-
ward short and arc-shaped trends, variously oriented, together
with some linear trends, NE-SW oriented. Most trends within
the chain seem related to structural elements and generally co-
incide with normal faults systems and major overthrust fronts.
Eastward several long lineaments are evidenced, most of them
NW-SE oriented. They are probably related to hidden regional
tectonic contacts between the internal nappes and the buried
Apulian foreland. The short scale map was computed start-
ing from the gravity field as first term, calculating enhanced
horizontal derivative up to m = 9 and by using unit weights
(no weighting). This map (Fig. 7d) enhances the finest gravity
source patterns. It can be noticed how the simple exclusion
of the potential term from the summation shown in equation
(6) allows one to emphasize the geological structures at the
shortest scale.

Let us now compare multiscale derivative analysis maps
in Fig. 7 with other boundary estimators to define the most
suitable boundary estimators for this case, where the complex
structural setting (typical of a complex thrust and fold belt
system) exhibits geological patterns at more scales. To this
end consider a northern sector in the investigated area (black
square in Fig. 7), which is a rather complex geological district
from a structural point of view and apply to the gravity field
the operators Theta (Fig. 8d), hyperbolic tilt angle (Fig. 8e)
and total horizontal derivative of the tilt angle (Fig. 8f). Such
normalized derivatives give an efficient detection of the main
structural trends existing in the area. Among them, hyperbolic
tilt angle and Theta map seem to provide the best results
clearly outlining some regional structures. The total horizontal
derivative of the tilt angle map seems instead to depict smaller
features presumably related to structural elements at a more
local scale. However, it appears to be more sensitive to noise
than the other two techniques.

The large-scale multiscale derivative analysis map (Fig. 8a)
highlights only regional patterns. As an example, a broad low
appears along the main axis of the Apennine belt. Their mean-
ing is presumably related to density contrasts located at lower
crustal depths and, maybe, to lateral changes in crustal thick-
ness. In this case, these regional trends could be correlated to
local variations of the Moho depth.

The intermediate scale multiscale derivative analysis map
(Fig. 8b) outlines structural elements in agreement with the
known geology and with the normalized derivative maps but
also lineaments previously unrevealed. The most meaningful
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Figure 7 a) Bouguer anomaly gravity field of Southern Italy. Density for the Bouguer and terrain corrections: 2.4 g/cm3. Normal Gravity:
U.G.G.I. (1984). Reference system: IGSN71. Interpolation interval = 1 km. The black square limits the area shown in Fig. 8. The red line

indicates the profile chosen to test the full multiscale approach; b) Large-scale multiscale derivative analysis map; c) intermediate scale multiscale
derivative analysis map; d) short scale multiscale derivative analysis. Lineaments are defined by trends of local maxima, which are graphically

determined by the colour bar shown.

lineaments bound the morpho-structural limits of the Matese
massif (3; Fig. 9) and, eastward, the outcropping series of the
‘Flysh Rosso’, ascribed to the Lagonegro II units (4; Fig. 9).
Another trend (6; Fig. 9) marks two carbonate massifs, the
Camposauro (Matese-Mt.Maggiore Unit) and Mt. Taburno
and Mt. Terminio (15; Fig. 9) massifs (Picentini-Taburno
Unit). Westward, another trend (7; Fig. 9), marks the east-
ern side of Mio-Pliocenic complexes (Altavilla Unit). Finally,
two trends bound the western and eastern structural limits of
the carbonate series outcropping near Caserta (5; Fig. 9).
The short scale map (Fig. 8¢c) enhances high resolution de-
tails, mostly unrevealed by normalized derivatives. Therefore,
small source boundaries are highlighted by a large number of
lineaments. In the NW corner of the windowed area trends
1 and 2 (Fig. 9) appear shifted eastwards with respect to the
geological limits mapped at the surface. This may indicate a
structural contact running differently from that visible at the

surface. A deep tectonic contact within basinal series and car-
bonate units (Matese Units) can be inferred. One of the largest
multiscale derivative analysis lineament is an uncorrelated,
long regional trend (12; Fig. 9), extending with apenninic di-
rection from Northern Apulia to the Gulf of Taranto and
precisely marking the eastern boundary of the allochtonous
chain front formed since the Pliocene. Actually it is hidden
by younger (Plio-Pleistocene) sediments filling the foredeep
basin (Bradano Units) and outcropping from Gargano to the
Taranto Gulf. Other noticeable trends (10 and 11; Fig. 9)
run just west and parallel to the previous one, corresponding
to buried tectonic contacts within overthrusting Irpinian and
Lagonegro II Units. They reveal the existence of unit fronts
during early Pliocene or Messinian. Other trends (13; Fig. 9)
uncorrelated with shallow features, are oriented with the same
direction within the Bradano foredeep. Near the SW corner
of the windowed area a further straight E-W trend (8; Fig. 9)
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Figure 8 North-western sector of the Bouguer anomaly map of the Southern Apennine. Comparison among results provided by multiscale

boundary analysis and other edge detectors based on normalized derivatives: a) large-scale multiscale derivative analysis map; b) intermediate

scale multiscale derivative analysis map; ) short scale multiscale derivative analysis; d) Theta map; e) hyperbolic tilt angle map; ) total horizontal

derivative tilt angle map.

runs within the Campanian plain, north of Naples. It marks a
small carbonate ridge buried below the volcano-sedimentary
sequences filling the Campanian plain and presumably deep-
ening westward, beneath the volcanic cover. The multiscale
derivative analysis ability to reveal fine details is shown by
well-defined short scale lineaments like the trend running
along the eastern side of Naples (9; Fig. 9) and coinciding
with the buried morpho-structural elements of the old Sebeto
valley.

Depth from extreme points application to the Southern
Italy gravity field

We will therefore integrate the multiscale derivative analy-
sis information about source boundaries with that obtained

by depth from extreme points and scale function relative to
the type and depth of the sources. Although the results here
presented are displayed along a gravity profile crossing the
main axis of the Central Apennines (red solid line, Fig. 7a), all
the computations (upward continuation and vertical deriva-
tions of the field) were carried out on the whole map. The
profile crosses the Apennines belt from the eastern margin of
the Campanian Plain to the western margin of the Gargano
Promontory. The most important units are:

a) the structural units of the Taburno-Camposauro carbon-
ate massifs;

b) the Molise pelagic basin deposits in correspondence of
the main axis of the chain;

c) the Bradano foredeep.
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Figure 9 Major lineaments identified by enhanced horizontal deriva-
tive maxima of the intermediate scale multiscale derivative analysis of
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Bouguer gravity field in the studied area (black square in Fig. 7a). Blue
lines: lineaments correlated with outcropping structures; red lines:
uncorrelated or partially correlated lineaments. For references to the
lineament numbers see the text.

The main feature of the gravity field along the profile is the
long period regional negative anomaly centred on the front
belt and extended along the chain axis.

As regards the large-scale, the depth from extreme points
transformation was applied to the first-order derivative of the
gravity field, previously upward continued to altitudes up to
20 km by means of standard techniques normally used (e.g.,
Baranov 1976). (Fig. 10a). The analysis of the scale function
for the ridge at x = 60 km provided S, = 1.5 (Fig. 10b), cor-
responding to a source-type intermediate between a dyke-type
and a cylinder-like body. The source boundaries deduced from
Fig. 9(c) along the profile are reported in Fig. 10(c) and indi-
cated with black solid lines. The depth from extreme points
transformation (equation (11) was performed using the scale
exponent «; = §/2 = 0.75 and indicates a 13.2 km depth
to source. From these results we can interpret the low reso-
lution field with a large, low density body located beneath
the Apennines chain at intermediate crustal depths, confirm-
ing the hypothesis of a deep crustal origin of the main nega-
tive anomaly along the belt. From a geological point of view,
these features could be compatible with the hypothesis of a
deep, regional folded crustal nappe (syncline) due to large-
scale compressional tectonics. Its central axis could be repre-
sented by the lower terms of the carbonate series of Mesozoic
age, less dense than the underlying crystalline-metamorphic
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basement. An alternative model (thick-skinned Tectonics), in-
terprets this source body as a margin of the Inner Apulian
carbonate platform (less dense) involved in the thrust-belt
together with its crystalline-metamorphic basement (denser)
(Mazzoli et al. 2000; Menardi Noguera and Rea 2000). This
model is also compatible with our estimated structural index.

Simple tests demonstrated that bodies dipping with steep
angles correspond to depth from extreme points transformed
gravity fields shaped like in Fig. 10(d). Therefore, the steep
westward slope of the regional source in Fig. 10(d) is consis-
tent with the eastward direction of tectonic transport of the
Apennine thrust belt at crustal scale. Note however that inter-
ference due to regional effects can also affect the shape of the
depth from extreme points anomaly.

The mere qualitative analysis of the gravity field (Fig. 7a)
does not reveal relevant features with local significance, even
considering the limitations imposed by the 1 km sampling
step. Nevertheless, the profile location through the orogenic
belt should imply a much higher complexity from a structural
and geological point of view. A quite complex gravity pattern
should therefore be expected at a local scale, by analysing the
enhanced horizontal derivative short scale map (Fig. 9¢). We
may see several highs corresponding to the trends of max-
ima intersected by our profile. Along its western end, three
significant enhanced horizontal derivative highs bound two
outcropping carbonate massifs, geologically ascribed to the
Matese-Mt.Maggiore and Picentini-Taburno structural units
(x = 10 km; x = 20 km). Moving eastward along the pro-
file, some trends (x = 46, 55, 66 km) with Apenninic direc-
tion are visible. They correspond to overthrusts, along which
the internal and external Irpinian Units and the Lagonegro
II Unit (‘Flysh Rosso’) are in tectonic contact. These linear
trends could probably also indicate older, buried surfaces re-
vealing the existence of unit fronts generated during the early
Pliocene or Messinian. The profile crosses a remarkable en-
hanced horizontal derivative trend elongated from Abruzzo
to the Gulf of Taranto marking the hidden eastern boundary
of the allochtonous chain front. This was formed since the
Pliocene and buried beneath younger sedimentary sequences
(Middle Pliocene to the Lower Pleistocene) ascribed to the
foredeep basins (Bradano Units). Northward, a linear trend
could be related to the presence of an inner margin of the
Apulia-Gargano Platform buried by the Bradano Units.

In such case of high-resolution analysis we considered the
fifth-order vertical derivative of the gravity field upward con-
tinued to altitudes up to 12 km (Fig. 11a). As previously
pointed out (see also Fig. 1) such a high-order vertical deriva-
tive can be efficiently combined with upward continuation,
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Figure 10 Integrated multiscale analysis of the gravity field along the profile shown in Figs 7 and 9(a) (regional scale): a) vertical section of the
first vertical derivative of the gravity field data upward continued from 0-20 km. Ridges are also shown (white dots); b) scale function for the

x = 60 km ridge; c) large-scale enhanced horizontal derivative signal (red line), as extracted along the section in Fig. 9(a). Enhanced horizontal
derivative maxima (marked by black solid lines) locate the lateral boundaries of the sources; d) depth from extreme points transformed gravity
field (first-order). Its extreme points are indicated by white dots, corresponding to the source positions.

allowing the resulting depth from extreme points transformed
signal to be characterized by an acceptable signal-to-noise ra-
tio. Hence the combined filter allowed highlighting interesting
small-scale details of the gravity signal, which should refer to
sources within the shallow crust. Following the graphical pro-
cedure mentioned in Fig. 4, the location of some sources can
be first of all determined by a geometric method, by join-
ing geometrically ridges in the source region (Fig. 11a, red
solid lines). The scale function analysis along these ridges
(according to the technique illustrated in Fig. 5) confirmed
independently the depth results obtained by the geometrical
method and yields about S4 = 6.3 (Fig. 11b), which brings to
the depth from extreme points transformation shown in Fig.
11(d), obtained by using in equation (11) the scale exponent
ag = S¢/2. Note the coherence between the geometrically es-

timated depths (whenever clear ridges may be individuated)

and the depths deduced by the depth from extreme points
transformation (black circles). In addition, note also the good
correspondence between the position of each source identified
by depth from extreme points and the boundaries deduced by
the short scale multiscale derivative analysis along the profile,
indicated in Fig. 11(c) by solid black lines in correspondence
of the enhanced horizontal derivative maxima: the regular
occurrence of the depth from extreme points between two
consequent enhanced horizontal derivative highs proves the
optimal integration between the two kinds of analysis. Fi-
nally, concerning the estimated type of structural index (Fig.
11b), note that it corresponds to cylinder-like sources. This
should be compatible with the general morphological features
of the main structures within the chain. In fact, most of them
are presumably represented by thrust/fold systems variously

elongated with north-eastward vergence, parallel to the belt.

© 2009 European Association of Geoscientists & Engineers, Geophysical Prospecting, 57, 543-557



Full multiscale approach to interpret potential fields 555

(a) sw
12
Y
_ G
e :
£ N :
E al.
w6
-9
(b)
sw NE
c
{ } QG él_(_ T r 3 . r- T T -]
E .Oi iz .Il_ B | S = A b X d - ‘ .|' 1 |_ —i
@ = v vl v
= 3 o = . T e -
ze ¢ g ’ 8
o 9 ) T
Aa12 : . i : :
10 20 30 40 50 60 70 80 80

km

Figure 11 Integrated multiscale analysis of the gravity field along the profile shown in Figs 7 and 9(c) (local scale): a) vertical section of the
fifth vertical derivative of the gravity field data upward continued from 0-12 km. Also shown ridges (white dots) and geometrical method

application (red lines); b) scale function; c) small-scale enhanced horizontal derivative signal (blue line), as extracted along the section in Fig.
9(c). Enhanced horizontal derivative maxima (marked by black solid lines) locate the lateral boundaries of the sources; d) depth from extreme
points transformed gravity field (fifth-order). Its extreme points are indicated by black dots, corresponding to the source positions. Red arrows

indicate the analysed sources.

Therefore, they could be explained in terms of somewhat
long and narrow (‘cylindrical’) structures. This interpretation
appears more uncertain toward the ends of the profile, where
different tectonic styles prevail. To the north-east (foredeep re-
gion), a thick Pliocene-Quaternary terrigenous series lay un-
affected by any noticeable compressive tectonics. Along the
south-western end, the profile crosses the inner side of the
chain where Apennine carbonate platforms (and related fore-
deep deposits) outcrop with a tectonic style marked by pre-
vailing normal fault systems. In both cases, the presence of
elongated and ‘cylinder-shaped’ sources, causative of gravity
highs and lows at depths of 3—6 km, needs alternative inter-
pretations indicating a structural setting more complex than

it was believed until now.

CONCLUSIONS

We have described a method providing a multiscale character-

ization of potential field sources. It is a two-step integrated ap-

plication of multiscale methods, whose final result is a rather
complete characterization of the sources in terms of lateral
extent, depth and source-type.

The first step of our integrated method is accomplished
by multiscale derivative analysis, using a boundary detection
strategy that characterizes separately the anomaly sources,
emphasizing their meaningful details at different scales. As
the second step, the depth and the shape of these sources are
estimated by means of depth from extreme points, a stable
multiscale interpretation method.

We have applied this integrated approach to the gravity
field of the Southern Apennines (Italy). The results achieved
by multiscale derivative analysis were summarized in different
maps, each of them showing the edges of anomaly sources at a
different scale. As shown with synthetic examples, multiscale
derivative analysis is particularly useful when the sources of
the investigated area are at different scales, revealing more
advantageous than other boundary analysis techniques. This
is the case of the thrust and fold belt systems (e.g., the
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Apennines) having a very complex structural setting and geo-
logical patterns at all scales. The better performance of multi-
scale derivative analysis versus normalized derivative methods
(Theta, hyperbolic tilt angle and total horizontal derivative of
the tilt angle) is in fact confirmed also with this set of experi-
mental data.

Most of the geological patterns outcropping along the
Apennine chain are clearly evidenced by the method. But a
significant result is that several lineaments well evidenced by
multiscale derivative analysis, are poorly correlated or com-
pletely uncorrelated to outcropping features. Therefore they
need some interpretation because referring to geological ele-
ments hidden by shallow structures and, therefore, still un-
mapped.

The depth from extreme points multiscale transformation
was carried out along a meaningful transect across the Central
Apennines. Depth from extreme points was computed for two
different scales: the first was set to reveal regional structures,
the second to recognize local sources.

The analysis of the regional negative anomaly just along
the Apennine axis identified a deep (13 km), low density
source with structural index = 0.5, corresponding to a source-
type intermediate between dyke-type and cylinder-like body.
Such a body at intermediate crustal depths could be com-
patible with large-scale compressional tectonics causing the
presence of a deep, folded crustal nappe (syncline). Its central
axis could be represented by the lower terms of the carbon-
ate series of Mesozoic age, less dense than the underlying
crystalline-metamorphic basement. Nevertheless, in the frame
of an alternative model (thick-skinned tectonics), this source
could be interpreted as a margin of the Inner Apulian car-
bonate platform (less dense) involved in the thrust-belt to-
gether with the underlying crystalline-metamorphic basement
(denser).

The analysis at local scale revealed the presence of some-
what long and narrow (‘cylindrical’) structures at a depth
of 3-6 km. They seem compatible with the morphologi-
cal features typical of thrust/fold systems variously elon-
gated with north-eastward vergence and parallel to the belt.
Such a model could be realistic for sources near the central
axis of the Apennine chain but appears more uncertain to-
ward the ends of the profile, where different tectonic styles
prevail.

In conclusion, our integrated approach points out that a
multiscale analysis is a valid tool to characterize sources of
different depths and size, whose relative effects become dom-
inant at different scales. Real sources involve obviously much
more complicated distributions of density or magnetization,

which may be studied with more detail when further informa-
tion is available, such as other geophysical data or well-logs.
Nevertheless, we have shown that the integration of meth-
ods based on very simple assumptions, e.g., idealized simple
sources such as spheres, cylinders and dykes for depth from ex-
treme points and steep sources for multiscale derivative analy-
sis, can provide independent and valuable information about
the unknown source distribution.
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