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Abstract: A scored lithological map including nine litho-factor units is established

through applying the statistical factor analysis technique (SFAT) to aerial spectrometric

data of Area-2 (Al-Rassafeh Area), which includes T.C, eU, eTh, K, eU/eTh, eU/K, and

eTh/K. A model of four rotated factors F1, F2, F3, and F4 is adapted for representing

61712 data measured points in Area-2, where 90.3% of total data variance is interpreted.

The isolated lithological units related to F1, F2, and F3 are characterized by an eU average

of 2.15, 0.99, and 1.57 ppm respectively. Two geological scored pseudo-sections derived

from the lithological scored map are established and analyzed in order to show the mutual

environmental geological relationships between different lithological isolated units. This

scored map will be the base for further geological investigations in Area-2. SFAT has

proven its efficacy in the research study Area-2, and allowed the different isolated sectors

to be characterized and interpreted geologically and radioactively.

Key words: Statistical factor analysis technique (SFAT), aerial spectrometry survey,
stratigraphic, Al-Rassafeh area, Syria, environmental features

1. Introduction

Airborne gamma-ray spectrometric survey is one of the most important geo-
exploration techniques oriented for uranium prospecting (Hambleton-Jones
et al., 1984). This gamma spectrometric survey has been essentially oriented
towards defining radioactive anomalies related to uranium mineralization.
It can be also employed for investigating of other useful minerals and some-
times subsurface hydrocarbon accumulations (Selley, 1998). The gathered
data of such a spectrometric radioactive gamma survey can be efficiently
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used for characterizing geological, structural and geochemical environment
factors (Aissa and Jubeli, 1997), where it is possible to categorize the rock
units in the study area, based on their radioactive responses.

The present paper concentrates on the application of the advanced sta-
tistical factor analysis technique (SFAT) on the aerial gamma spectrometric
data of study area for clarifying more in details the radioactive geology and
environmental features observed in the study area (Fig. 1).

A scored lithological map is established herein with its geological units,
on which the radioactive anomalies observed in study area are identified.

Fig. 1: Description of the study area and the investigation procedure scheme.

2. Object of study

The main objectives of this paper are therefore the following:

1. Asses the level of radioactivity TC, eU, eTh, and K, and determine the ra-
dioactive relationships with the geological and geochemical environments
in the study region. The study region is particularly a very rugged ter-
rain, where we ignore and have only a little information about its geology.
A detailed field geological investigations are therefore extremely required.
Such needed geological works are not actually an easy task to be carried
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out in the near future, due to the present Syrian difficult conditions. The
spectrometric gamma survey and its available data is therefore a powerful
tool, and can be used for geologically characterizing the study region. Its
application in the study replaces temporarily the field geological works,
and remedies consequently the scarcity of geological information of the
mentioned region.

2. Transfer the available geological map of the study into different isolated
scored lithological units.

3. Analyze the mutual relationships between the different lithological iso-
lated scored units at the light of available geology.

4. Interpreting the distinguished lithological scored units at the light of the
available geology.

The first two objectives are achieved in the present research through the
following:

1. Reinterpreting the aerial spectrometric gamma by applying SFAT.

2. Establishing the lithological scored map, with its different lithological
units.

3. Area of study

The airborne gamma spectrometric technique was undertaken in Syria dur-
ing a project conducted in 1987 in cooperation with the International Atomic
Energy Commission and Riso National Laboratory SYR/86/005 (Riso, 1987;
Jubeli, 1990).
This airborne survey was carried out in the following areas (Fig. 2A):

1. The Syrian Desert (Area-1) (7189 line km at 4 km line spacing).

2. Ar-Rassafeh Badyieh (Area-2) (2240 line km at 4 km line spacing).

3. The Northern Palmyrides (Area-3) (1600 line km at 3 km line spacing).

Fig. 2B shows the Syrian areas surveyed by airborne gamma-ray spectrom-
etry, and the total radiometric map (T.C).

The present paper is concentrated on characterizing the radioactive be-
havior of Ar-Rassafeh Badyieh (Area-2) by using SFAT.
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Fig. 2. (A) Total areas covered by airborne gamma-ray spectrometry in Syria. (B) Radio-
metric map resulting from spectrometric survey.

3.1. General Setting of the study area (Area-2)

Topography
The study area is considered as a transition zone between the low-mountain
and the flat country. This mountain series form the northern limit of
Palmyride range (Jabal AL-Bishri), the relief grades east, northeast and
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southeastwards flood- plains, until it declines to Al-Furat river course in the
north-east direction (out of the study area). The undulate sloping flood-
plains are cut by many erosional valleys, where some of them are tectono-
genetic (Technoexport, 1966; JICA, 1996).

Stratigraphy
Cretaceous, Paleogene litho-facies crop-out, while the Neogene and Qua-
ternary sediments cover vast area of wadis and low-lands and flood- plain
terraces of the studied territory, Fig. 3.
Cretaceous system: The Cretaceous litho- facies are mainly represented by
carbonate, marly- clayey limestone, dolomitic limestone, ferruginous sandy
limestone organic limestone, phosphate with remnants of fish bones, and
flint concretions and bands, sometimes bituminous limestone intercalations,
Fig. 3.
Paleogene system: the boundary between Cretaceous and Paleogene litho-
facies is not prominent. Paleogene outcrops are zonally distributed in the
studied territory. It is dominated by the carbonate litho-facies such as
clayey limestone, sandy limestone with bitumen occurrences, dolomite, or-
ganic limestone, chalky-like limestone, marl, glauconitic- phosphate beds
and flint, which are occurred in most of the cross-sections of the studied
territory. Those facies denote the palio- shoreline and deltas within littoral
zone, Fig. 3.
Neogene system: Cover vast tracts of the marginal plains adjacent of Al-
Bishri anticline. The lithofacies of Neogene (Technoexport, 1966; JICA,
1996) denote a continental conditions start with sandy-clayey silt, conglom-
erates and sandstone with carbonate cement, breccia-like limestone, organic
limestone, and dolomite with bitumen and gypsum alternations, Fig. 3.
Quaternary and recent system: Eluviation, eolian sands, pebbles of various
genetic types and evaporates (JICA, 1996), Fig. 3.

Tectonic
The study area is located in the mobile part of Arabian platform slope in
the northern marginal zone Palmyride folding system (Dill, 2009; Techno-
export, 1966) (Fig. 3).

The study area is characterized as block folds, brachy-coffer anticlines,
depressions, and regional deep faults. The Palmyride folding system is com-
plicated by deep regional faults, which take north-eastern trend (JICA, 1996;
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Fig. 3. Geological map of Ar-Rassafeh Badyieh (Area-2).

Litak et al., 1998). Faulted-flexures are also accompanied with coffer fold-
axis. Most of those mentioned structural features are not marked at the
surface, but inferred from geophysical data.
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4. Methods of study

4.1. Aerial Gamma Spectrometric Technique

An airborne gamma-ray survey was carried out during 1987, over the Ar-
Rassafeh Badyieh Area (Area-2) situated north of Syrian desert in the region
between the northern Palmyrides in the south-west and the Euphrates in the
northern and east. Area-2 were covered by 28 north-south oriented aerial
survey lines. Those lines are of 80 km long, and spaced by 4 km, Fig. 2A.
The typical survey speed was of 120 km/hr in a nominal survey, and the
height was of 30 meters. A system of compact, lightweight, four-channel
gamma-ray spectrometer, (GAD-6, Scintrex, Canada), with a detector of
12.5 litres NaI(Tl) volume has been used for conducting this aerial survey.
The energy windows used in the four-channel gamma-ray spectrometer are
shown in Table 1. The system calibration took place at the calibration pads
at the Dala airport in Sweden (Riso, 1987). An IGI Loran-C navigation
system was used to provide efficient flight path control. Potassium, ura-
nium, thorium, and total gamma-ray counts were recorded over one-second
intervals and stored on data tape together with the actual distance to the
ground measured with a radar altimeter.

The raw data were corrected for background effects and the applicable
interchange, Compton corrections. In addition, the exponential attenuation
factors for height corrections were established (Riso, 1987).

Table 1. Range of energy with spectral windows used in airborne survey.

Window Airborne Radiometric Mainly Radioisotope

Survey (Mev)

Potassium 1.38–1.56 K40

Uranium 1.66–1.90 Bi214

Thorium 2.44–2.77 Tl208

Total-Count 0.40–2.77 –

4.2. Statistical Factor Analysis Technique (SFAT)

The aerial spectrometric data of the Ar-Rassafeh Badyieh (Area-2) have
been subjected to a quantitative statistical factor analysis technique to es-
tablish lithological scored map for the study area with its various isolated
lithological units. Using SFAT, a system of new factors is obtained through
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transforming the origin data of seven radiometric variables measured in the
study area (T.C, eU, eTh, K, eU/eTh, eU/K, and eTh/K). Those new fac-
tors are constrained to reproduce as much as possible the total variance of
the origin data. Each original data point gains factor score, representing
the affiliation of the samples to the newly defined factors. The plotting
of these new factor produces a set of new maps. The new maps are qual-
itatively compared with the available geological map to extract the most
important geological characteristics of the study area. This step serves as
a tool in reinterpreting the data to provide direct differentiation of all the
lithological units depending on the established lithological scored map and
its reflection on the environmental aspects.

5. Results and discussion

Single and bivariate statistical analysis techniques are applied to the aerial
gamma-ray spectrometric data related to Area-2, to characterize the seven
radiometric variables as shown in Table 2. It was found that gamma-ray
anomalies are mainly associated with phosphate deposits and encountered
at adjoining parts of hydrocarbon fields in Syrian desert (Jubeli et al., 1997).
The eU varies in Area-2 between a minimum of 0.16 ppm and a maximum
of 13.61 ppm, with an average of 1.59 ppm and a standard deviation σ of
0.95 ppm. Higher values of uranium more than 3.50 ppm in the study area
are considered as anomalous eU values, by adapting the threshold concept
of X + 2σ (Asfahani et al., 2009; Gavshin et al., 1974).

Uranium also exhibits a relatively high value of coefficient of variability
CV (59.75% ), in comparing with those of eTh (33.9% ) and K (34% ). The
high CV value for uranium is due to the higher mobility of the uranium as
compared to eTh and K, which are characterized by higher stability under
the same conditions, (Asfahani, 2002; Asfahani et al., 2005; 2007; 2010).
The eTh varies in Area-2 between a minimum of 0.16 ppm and a maximum
of 9.28 ppm, with an average of 3.39 ppm and a standard deviation σ of 1.15
ppm. The K varies in Area-2 between a minimum of 0.02 and a maximum
of 0.85, with an average of 0.26 and a standard deviation σ of 0.09.

Table 3. shows the bivariate correlation analysis results and the corre-
lation coefficients between the seven radiometric variables obtained while
interpreting the data of Area-2.
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Table 2. Statistical characteristics of the 7 radioactive variables in Area-2.

Variable T.C K (%) eU (ppm) eTh (ppm) eU/eTh eU/K eTh/K

Case number 61712 61712 61712 61712 61712 61712 61712

Min 0.23 0.02 0.16 0.16 0.024 0.33 1.17

Max 17 0.85 13.61 9.28 25.79 446 185

X 4.55 0.26 1.59 3.39 0.57 7.15 14.1

σ 1.36 0.09 0.95 1.15 0.57 7.11 6.28

CV 29.9 34 59.75 33.9 100 99 44.5

X + 2σ 7.27 0.44 3.50 5.69 1.71 21.4 26.7

X – Mean, σ – Standard deviation,

CV – Coefficient of variability (=
σ

X
· 100).

Table 3. Correlation matrix of seven radiometric variables in Area-2.

Variables T.C K eU eTh eU/eTh eU/K eTh/K

T.C 1

K 0.61 1

eU 0.68 0.04 1

eTh 0.45 0.56 –0.16 1

eU/eTh 0.27 –0.22 0.74 –0.52 1

eU/K 0.21 –0.41 0.67 –0.34 0.68 1

eTh/K –0.2 –0.49 –0.16 0.29 –0.24 0.26 1

This correlation matrix shows a cluster of positive correlation between
T.C and K (0.61), eU (0.68) and eTh (0.45). Positive correlation has also
been found between K and eTh (0.56).

The above matrix is used to obtain seven un-rotated loading factors,
which are difficult to be interpreted in geological terms. It is therefore nec-
essary to rotate these seven factors to another form equivalent to the original
un-rotated matrix. This rotation is achieved by using the varimax method
to maximize the discriminability of the factors (Comery, 1973). The system
of seven un-rotated factors are consequently reduced to only four principals
factors F1, F2, F3 and F4 without losing significant information. In other
words, varimax method allows a reduction from the original data system of
seven dimensional factors into four interpretable principal factors (F1, F2,
F3 and F4).

The results of this rotation are shown in Table 4. The four rotated factors
are quite interpretable and represent 90.26% of the total system informa-
tion, which is sufficient to interpret the variable data of Area-2 as shown in
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Table 4. Eigen value of four rotated factors in Area-2.

Eigen value Total variance, % Cumulative eigen value Cumulative, %

F1 2.43 34.74 2.43 34.74

F2 1.93 27.57 4.36 62.31

F3 1.83 26.12 6.19 88.44

F4 0.128 1.83 6.32 90.26

Table 5.
The factor score coefficients shown in Table 6 are used to construct the

three standard factor scored maps for F1, F2 and F3, for Area-2 as shown
in Figs. 4, 5 and 6. F4 was not constructed because of its small eigen value
of 0.128 from one side, and no clear geological significance is evident to be
related with this factor from other side.

F1 explains 34.74% of the total variance, and has high loading values
of 0.93, 0.82, and 0.85 for the variables of eU, eU/eTh, and eU/K respec-
tively. This factor is therefore composed of those three variables and directly
related to the uranium presence in the phosphorite of Cretaceous and Pa-
leogene ages, outcropped in Area-2, Fig. 3 and Fig. 4, (Slansky, 1986; Dill,

Table 5. The four rotated factors in Area-2.

Variables F1 F2 F3 F4

T.C 0.5 –0.13 0.798 0.15

K –0.16 –0.48 0.799 –0.07

eU 0.93 –0.087 0.2 0.2

eTh –0.33 0.31 0.82 0.029

eU/eTh 0.82 –0.2 –0.22 0.0005

eU/K 0.85 0.31 –0.17 –0.27

eTh/K –0.064 0.98 –0.04 –0.03

Table 6. Factor score coefficients for Area-2.

Variables F1 F2 F3 F4

T.C 0.155 0.036 0.46 0.213

K –0.058 –0.128 0.387 –0.62

eU 0.46 0.04 –0.015 1.028

eTh –0.099 0.124 0.34 –0.09

eU/eTh 0.103 –0.034 –0.06 –0.02

eU/K 0.39 0.059 0.02 –1.34

eTh/K –0.036 0.87 0.12 0.25
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Fig. 4. Score map of F1 in Ar-Rassafeh Badyieh (Area-2).

Fig. 5. Score map of F2 in Ar-Rassafeh Badyieh (Area-2).
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Fig. 6. Score map of F3 in Ar-Rassafeh Badyieh (Area-2).

2009). It is therefore called as phosphate-uranium factor.
The secondary uranium mineralizations are mostly concentrated along

the marginal-faulted zones of the brachi-form anticline at the adjoined out-
cropped limits between late Cretaceous and lower Paleogene phosphatic and
silicious rocks. The F1 factor shows a significant relationship between phos-
phate lithofacies and secondary uranium mineralizations, where the upward
leaching and erosional loads drop along the marginal parts of active tectonic
zones (Wescott and Ethridge, 1980; Iilende, 2012).

F2 explains 27.57% of the variability of geophysical data. It is nega-
tively loaded for the K variable (–0.48), and positively for eTh/K (0.98). It
is related to the facies, which are mostly composed of surficial washing and
abrading products, characterized by prevailing of clayey facies, as marly clay,
organic limestone, sandy limestone, sandy clay, sandy varieties intercalated
with clayey limestone, silty clay, phosphorite and glauconite sands belong-
ing to the Lower and Middle Paleogene, Fig. 3 and Fig. 5, (Technoexport,
1966). It is called as littoral paleo-delta and alluvium fans factor.

F3 explains 26.12% of the data variability, and is highly loaded with K
(0.799) and eTh (0.82). This factor is related to the flood-closed basins,
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evaporation pans, bitumen appearances, and paleo-channels of tectonic ori-
gin, Fig. 3 and Fig. 6, (Heath et al., 1984; Dickson, 1984; Al-Kawaz and
Aljubouri, 2006). F3 is called as closed seasonal basin factor.

F4 explains only 1.83% of the data variability, and is difficult at this
stage for F4 to be geologically interpreted.

Table 7 shows that F1 is the highest in eU in comparing with F2 and
F3. The eU in the area dominated by F1 varies between 0.16 and 13.6 ppm
with an average of 2.15 ppm. The area dominated by F2 and F3 are char-
acterized by comparable values of eTh and K, which are higher than those
related to area dominated by F1. The eTh in the area dominated by F2
varies between 0.24 and 8.57 ppm with an average of 3.35 ppm. The K in
the area dominated by F2 varies between 0.02 and 0.75 with an average of
0.24. The eTh in the area dominated by F3 varies between 0.16 and 9.28
ppm with an average of 3.70 ppm. The K in the area dominated by F3
varies between 0.04 and 0.85 with an average of 0.30.

Table 7. Statistical characteristics of the 4 radioactive variables for F1, F2 and F3 in
Area-2.

F1 F2 F3

Variables Min. Max. Mean σ Min. Max. Mean σ Min. Max. Mean σ

T.C 0.23 17.11 4.93 1.43 0.56 7.38 3.67 0.88 0.54 12.02 4.86 1.31

K 0.02 0.63 0.24 0.08 0.02 0.75 0.24 0.07 0.04 0.85 0.30 0.10

eU 0.16 13.61 2.15 1.17 0.16 4.04 0.99 0.51 0.16 4.58 1.57 0.68

eTh 0.17 6.94 2.80 1.01 0.24 8.57 3.35 0.97 0.16 9.28 3.70 1.18

A scored lithological map is constructed through the comparison and
matching between the established scored maps of F1, F2 and F3 (Figs. 4, 5
and 6) and the available geological map of the study area (Area-2) (Fig. 3)
as shown in Fig. 7.

The established lithological scored map includes nine litho-factor units,
described as presented in Table 8. Table 8 shows the ranges of the stan-
dard factor scores (F1, F2 and F3), that characterize the geological units of
Area-2, and the litho-factor description of those units.

Geological field observations gathered during surfacial radiometric sur-
veys project and lithological comparative columnar sections of (Technoexport,
1966) are used as a support to study two selected profiles (Profile No. 1 and
Profile No. 2) located and shown in Figs. 3 and 7.
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Fig. 7. Radiometric lithological scored map of Ar-Rassafeh Badyieh (Area-2).

The study of those two profiles is to delineate the phosphate sequences
and to define favorable litho-facies for secondary uranium accumulation,
and to delineate the subsurface structures. Those structures could be as
significant structural and litho-stratigraphic traps, that must be localized
for more geological details, Figs. 8 and 9.
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Mutual geological relationships between the above distinguished nine
lithological units (Table 8) along those two Profile No. 1 and Profile No. 2
have been analyzed, interpreted and discussed.

Profile No. 1: traverses through the core of brachi-form anticline of Cre-
taceous rocks, and passes through the faulted zone of the northern and
southern flank of the anticline, Fig. 3. The pseudo-section drown along
Profile No. 1 represents mostly the litho-factor units of F1, which reflect
the secondary uranium mineralizations in phosphate beds of Upper Creta-
ceous rocks, Fig. 8. The other two factors F2 and F3 occupy the rest of
the northern flank of the brachi-anticline and the adjacent plains related to
Paleogene, Neogene and Quaternary, Fig. 8. The F2 and F3 litho-facies are
characterized by prevalence of shallow marine environment and grade into
lagoonal facies to paleo-delta and shore-line.

Profile No. 2: traverses through the eastern plunged flank of uplift (Al-
Bishri), Fig. 3. The litho-facies along Profile No. 2 pass gradually from the

Table 8. Standard factor scores of the nine litho-factor units in Area-2.

Factor Rock
units

litho-factor
range

Litho-facies description Notices

F1

A > 197.14 Granular phosphate, fragmental, brec-
ciated-phosphate.

F1 is called as
phosphate-urani-
um factor.

B 98.57 197.14 Marly phosphate, calcareous- fissured
phosphate covered by hydrous ferric
oxide.

C < 98.57 Calcareous glauconatic concretions,
calcite- grains enclosed by glauconite.

F2

D > 196.66 Paleo-delta deposits, clayey sand-
stone, silty clay, sandy limestone, glau-
conatic sandstone.

F2 is called as lit-
toral, paleo-delta
and alluvium fans
factor.

E 98.33 196.66 Volcanic extrusions and basalt sheets.

F < 98.33 Valley- fill deposits, alluviums, debris,
clayey limestone, dolomatic limestone.

F3

G > 195.10 Detrital, alluvium, conglomerates,
limestone.

F3 is called as clo-
sed seasonal basin
factor.

H 97.55 195.10 Sandy loam, fluvial sediments, lacus-
trine limestone, sands.

I < 97.55 loam, clay, eluviation, eolian sand
evaporates, and playa deposits.
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littoral zone to continental environments to turn finally into semi-closed sea-
sonal basins, Fig. 9. The established scored pseudo-section of Profile No. 2
mainly shows the litho-facies related to F2 and F3, with the clayey-silty
lacustrain carbonate and evaporates domination.

Fig. 8. Pseudo-section profile. No. 1 passing by different distinguished litho-factor units.
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The faults indicated in Figs. 8 and 9 play in addition to litho-facial
structure an important role in increasing radioactivity. Their evident role is
shown in SW direction of profile No. 1, where high radioactivity is noticed.
In fact, such an observed radioactivity is due to the uranium mobilization
caused by ascending of solutions flows through those faults. In the other
side, the role of the faults indicated in the other parts of the study area par-
ticularly in NE direction (Fig. 9) is limited because of two reasons; firstly

Fig. 9. Pseudo-section profile. No. 2 passing by different distinguished litho-factor units.
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those faults may be buried under sediments cover of Neogene deposits, and
secondly the superficial leaching is more prevailed than the deep- ascendant
solution leaching.

The study and analysis of those two profiles give important geological
insights on the geology of the study area. Those insights will be efficacy ex-
ploited when detailed field geological and geochemical mining investigations
will be carried out.

6. Conclusions

Statistical factor analysis technique (SFAT) is applied in this research for
interpreting aerial spectrometric data of Area-2 in Syria. The different
obtained results in this paper are mainly oriented toward understanding
the mutual relationships between different lithological units localized in a
complicated geological area. The areas dominated by the resulting rotated
three factors F1, F2, and F3 have been radioactively characterized for the
parameters of T.C, eU, eTh, and K. Lithological scored map containing nine
litho-factor units has been established through applying SFAT. The charac-
teristics of those litho-factor units have been described through interpreting
the established radioactive factors maps of F1, F2, and F3. Those defined
litho-factor units will be the base for further geological and environmen-
tal investigation in Area-2. Two geological scored pseudo-section profiles
(Profile No. 1 and Profile No. 2) have been selected and analyzed to show
the mutual geological- environmental relationships between the different iso-
lated lithofacies. SFAT has demonstrated its capability in dividing the study
area to different isolated environments, where each one is characterized by
its specific geology and radioactivity. The SFAT enables geophysicists to
quickly establish radiometric maps with a least amount of subjectivity. This
advanced statistical technique is therefore recommended to be applicable in
dealing with other huge aerial spectrometric data related to other regions.
SFAT tool has a strong potential in both geological and environmental map-
ping and locating areas of radioactive anomalies. The acquired knowledge
of this paper will be potentially employed later, when detailed geological
and geochemical mining investigations are lanced for radiometric and other
useful elements prospecting.
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Tunis-El Manar, Faculté des Sciences de Tunis, 2092 El Manar, Tunis, Tunisia

Abstract: A multiscale interpretive approach is presented to identify multiscale discon-

tinuities and sources boundaries, and to obtain comprehensive pseudo-section density im-

ages of 2D structures at depth. This interpretive approach is based on the total horizontal

gradient and apparent density operator applied to the gravity anomalies of pseudo-depth

slices derived from the successive decomposition of the Bouguer anomaly. This approach

is applied to gravity data from the northwestern part of Tunisia, it provides the fault

system repartition at different depths and describes the density distribution within the

basins and trough. Thus, the NW–SE and NE–SW faults are the deepest whereas the

N–S and E–W faults are relatively superficial. The density pseudo-sections reveal the

vertical continuity of salt Triassic outcrops of Jebel Debadib as well as a diapiric model,

the presence of a Triassic salt dome in the Kalaa El Khasba through and dense series

under the Miopliocene and Quaternary deposits of the Mejarda basin.

Key words: Gravity anomalies, Tunisia, Multiscale discontinuities, Pseudo-depth slices,
Pseudo-section density

1. Introduction

Gravity surveys are designed to delineate geologic structures at depth by in-
terpretation of observed data. The essential question is to find a quantitative
and qualitative interpretive process for determining 3D locality and density
of causative sources. Generally interpretation of gravity data follows three
principle strategies: (1) anomaly separation, (2) identifying source bound-
aries and discontinuities, and (3) resolving sources at depth, which includes
depth determination and source density.
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Anomaly separation into regional and residual components by decompo-
sition is commonly used in gravity interpretation. Short wavelength compo-
nents associated with near surface geologic bodies are separated from long
wavelength features associated with deep seated structures. Decomposition
may be achieved by least squares fitting of polynomial surfaces (Simpson,
1954), wavenumber filters as an upward continuation (Gupta and Ramani,
1980), Gaussian function (Arfaoui et al., 2015), or bandpass Wiener opti-
mum filters (Pawlowsky and Hansen, 1990). Since the Bouguer anomaly
is the sum of several components caused by deep seated, intermediate and
near surface geologic bodies the gravity effect of those sources may be es-
timated from a successive decomposition process where the decomposition
“bootstraps” to greater depths with each iteration (Arfaoui et al., 2011).

Sources boundaries and discontinuities are usually defined by several dif-
ferent derivative operators. These discontinuities generally correspond with
high density contrast zones associated with geological contacts and faults.
Various derivative operators have been developed for enhancing the gravity
signal. They are designed using a combination of simple gravity gradients
and have been tested by many studies. One fundamental study was real-
ized by Cordell and Grauch (1982, 1985). They used the maximum total
horizontal gradient to map boundaries between domains of uniform density
and magnetic susceptibility. The use of this operator was improved and
automated (Blakely and Simpson, 1986) by assigning a quality factor to the
maximum gradient after comparing each point of the grid with its neigh-
bors. Miller and Singh (1994) and Verduzco et al. (2004) introduced the tilt
angle (TDR) and the total horizontal derivative of the tilt angle (THDR),
respectively, which are relatively powerful operators to detect boundaries
between areas having a density contrast. The high resolution standard-
ized operators such as the Theta map, horizontal tilt angle (TDX) and
E-Tilt, are elucidated by Wijns et al. (2005), Cooper and Cowan (2006)
and Muzaffer and Ünal (2013), respectively. Despite the high resolution of
the derivative operators, the discontinuities and source boundaries derived
from their application to the Bouguer anomaly, represent a resultant of dif-
ferent source components seated at different depths. Fedi and Florio (2001)
presented a multiscale derivative analysis (MDA) based on the enhanced
horizontal derivative (EHD). This multiscale analysis allows the determina-
tion of source boundaries and discontinuities at different depths.
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The first two principal strategies concern themselves with resolving the
discontinuities and boundaries of geologic sources while the third is con-
cerned with source characterization. Numerous quantitative interpretations
of potential field anomalies are developed after calculation of simple source
effects by Nettleton (1942). Despite the complexity of the resolution pro-
cess caused by the nonlinearity, methods were developed to assess the source
parameters from the potential field anomalies as the Werner deconvolution
(Werner, 1953) and the Euler deconvolution (Thompson, 1982).

The latest application was developed by Reid et al. (1990) for the in-
terpretation of 2D data. Other applications of Euler deconvolution applied
to the analytic signal and the enhanced analytical signal are introduced by
Keating and Pilkington (2004) and Salem and Ravat (2003), respectively.
The source parameters imaging method (SPI) developed by Thurston and
Smith (1997) is also effective for the evaluation of source parameters of
potential field anomalies. The 2D forward modeling of density contrasts
at depth has occupied equally an important place in quantitative gravity
interpretation studies. The 2D modeling generates geometrical shape and
physical properties which provide the closest calculated anomaly to the ob-
served one (Talwani et al., 1959; Talwani and Ewing, 1960). However,
density contrasts with depth are generally determined using inversion tech-
niques (Last and Kubik, 1983; Mareschal, 1985; Murthy and Rao, 1993).

In this paper, we present a multiscale interpretive approach adopted for
the three gravity modeling techniques based on the successive decomposi-
tion of the Bouguer anomaly. This approach first determines discontinuities
and boundaries of sources at different depths in the first step. In the second
step, the imaging of density repartition at depth is resolved. This approach
was applied to gravity data from northwestern Tunisia with satisfactory
results.

2. Processing and methodology

Potential field anomalies are dissociated into residual and regional anomalies
using a method of separation. Several pairs of regional and residual anoma-
lies can be obtained from each separation method by changing the director
parameter. However, it is possible to separate the Bouguer anomaly into
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several components, since it is the sum of the gravity effects of superim-
posed geological structures situated at different depths. Therefore, several
multi-component decomposition scenarios of Bouguer anomaly are possible
as the successive decomposition developed by Arfaoui et al. (2011).

Successive decomposition was used to decompose the gravity anomaly
with a pseudo-depth slicing scheme (Fig. 1). It was carried out in first
step to dissociate the Bouguer anomaly into several pairs of residual and re-
gional anomalies associated with different controlling parameters, which cor-
respond to different pseudo-depths of separation. The second step concerns
the dissociation of the residual anomaly corresponding to the pseudo-depth
Pi to two anomalies by subtracting the residual anomaly on the pseudo-
depth Pi−1 (Pi−1 < Pi), and we obtained:

– The gravity anomaly of the pseudo-depth slice sited between the pseudo-
depths Pi and Pi−1.

– Residual anomaly on the Pi−1 depth.

Fig. 1. Successive decomposition of the Bouguer anomaly.
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The next steps consist to determining the gravity effects of the pseudo-
slice located between the pseudo-depths Pi−1 and Pi−2 by the deduction
of the residual anomaly corresponding to the pseudo-depth Pi−2 from the
residual anomaly associated to the pseudo-depth Pi−1. Thus, the successive
decomposition of the Bouguer anomaly using a given separation method,
leads to gravity anomalies of several pseudo-depth slices located between
the pseudo-depths Pi and Pi−1, whose sum is equal to the Bouguer anomaly
(Fig. 1).

We decompose the gravity anomaly with a pseudo-depth slicing scheme
using the Gaussian filter as a separation method (Fig. 1). Spectral depth
analysis in the wavenumber domain (Spector and Grant, 1970; Negi et al.,
1986; Maus and Dimri, 1996; Bansal and Dimri, 2001) is then used for ap-
proximating pseudo-depths of pseudo-slice interfaces. We applied the spec-
tral depth analysis method to estimate depths of the causative sources of
anomalies in residual maps associated with standard deviation of Gaussian
filter equal 0.4, 0.3, 0.2, 0.1, 0.05 and 0.02 cycle km−1, which approximate
the pseudo-depths of pseudo-slice interfaces. The logarithm of the radial
average of the energy spectrum of each residual map was plotted versus the
radial frequency (Fig. 5). The half slope of each linear segment of the spec-
trum corresponds to the mean depth of the causative sources of anomalies
in the residual maps.

The total horizontal gradient operator is applied to the gravity of pseudo-
depth slices derived from the successive decomposition of the Bouguer ano-
maly to produce horizontal gradient maps at different pseudo-depths. The
maxima of this operator correspond to the abrupt density variation zones
associated to geological contacts and faults.

The apparent density operator is applied equally to the gravity of pseudo-
depth slices to establish apparent density maps at different pseudo-depths
from which we evaluate pseudo-density sections. The apparent density op-
erator is performed in the wavenumber domain which assumes that a hori-
zontal layer of fixed thickness and density variable could explain the gravity
signal. The operator determines the contrast of the apparent density in the
wavenumber domain as expressed in the equation (1) given by Gupta and
Grant (1985):

L(r) =
r

2πG
(1 + e−tr)−1 , (1)
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where G is the gravitational constant, r is the wavenumber and t is the
thickness of the equivalent layer (pseudo-slice). The apparent density maps
were calculated by using a thickness equivalent layer equal to the thickness
of the pseudo-depth slices. Thus, the thickness of 490, 150, 350, 400, 1210
and 1950 m are used for the gravity anomaly of pseudo-slices 1, 2, 3, 4, 5
and 6 (Fig. 6), respectively. Taking into consideration density values of 350
surface samples and the repartition of outcrops, the background densities
of 2.25, 2.28, 2.3, 2.33, 2.38 and 2.42 g/cm3 are adopted for the calculus of
apparent density maps of the pseudo-slices 1 to 6.

The six apparent density maps associated the maps of different slices
were used to established density pseudo-slice sections. The apparent density
data of each profile are then extracted from the six apparent density maps
profiles, combined and attached to pseudo-depths of the anomaly separation
interface. After, they are gridded by profile to generate apparent density
pseudo-section.

3. Application of the interpretive approach to field case

3.1. Geographic and Geological settings of the study area

The study area is located in the northwestern part of the Tunisian Atlas.
It extends from Kalaa El Kasba in the South to Jebel Hairech in the North
(Fig. 2).

The study area is located at the front of the nappe zone. It is charac-
terized by folding tectonic, Atlasic type deformation and salt structures. It
includes the western parts of three different geological domains: the Me-
jarda basin in the North, the diapir zone in the middle and the central
Tunisian Atlas in the South. Furthermore, the northern part of the study
area includes the Permo-Triassic, Triassic, Jurassic and Cretaceous struc-
tures, which generally constitute the Mejarda basin limits (Fig. 3). The
diapiric zone includes Triassic and Aptian anticlines, Early Eocene syn-
clines and Mio-Pliocene and Quaternary filled depressions. The most no-
table feature of the southern section is the Kalaa El Khasba through filled
with Mio-Plio-Quaternary deposits (Chihi, 1995) and the Aptian Recifal
limestone outcrops in the form of resistant structures that dominate the
relief (Mahjoubi, 1978; Smati, 1986). Northwest-southeast and northeast-
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Fig. 2. Location of the study region.

southwest trending faults locally marked by Triassic material, exert control
on these structures that are also cut by north-south and east-west trending
transverse faults (Sainfeld, 1951; Burollet and Sainfeld, 1956b; Chikhaoui,
2002; Smati, 1986; Burollet, 1991; Zaier, 1999b; Ould Begga, 2003; Amiri,
2013). The post-Albian series varies laterally in thickness and facies in re-
sponse to geodynamic and depositional processes (Perthuisot, 1978). Thus,
the reduced carbonate series and gaps in the sedimentary sequences may be
identified close to Triassic outcrops (Fig. 3). These sequences confirm up-
shoaling strata at the emplacement of actual Triassic extrusions (Perthuisot,
1978; Perthuisot et al., 1998). Thick and complete sedimentary series with
a major marl component are deposited in rim-synclines (Mellègue’s dam,
Oued Bou Adila area, Jebel Bou Lahnèche and Jebel Jerissa). Since Late
Aptian time, the structural evolution of this region has been controlled by
successive extensional and compressive tectonic events related to halokinesis
(Perthuisot, 1978; Perthuisot et al., 1998; Chikhaoui, 2002). The structures
comprising basins and Cretaceous up-shoaling were strongly influenced by
Tertiary tectonics, thus initiating anticlines, synclines and collapsed troughs.
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Fig. 3. Geological map of the study region adapted from Sainfeld (1951), Gottis and
Sainfeld (1955), Burollet and Sainfeld (1956a and 1956b), Lehotsky (1979), Lehotsky and
Bujnowsky 1995, Ben Haj Ali (1997), Mahjoub (1997), Fakhraoui et al. (1998), Zaier
(1999a).

140



Contributions to Geophysics and Geodesy Vol. 48/2, 2018 (133–160)

The main structures (Fig. 3) of the study area are:

– The Mejarda Basin filled by Mio-Pliocene-Quaternary deposits,

– The salt Triassic structures explained by the diapir and salt glacier mod-
els (Ghanmi et al., 2000; Perthuisot et al., 1998; Rouvier et al., 1998;
Vila et al., 1994; 1996),

– The Kef trough sited in the SW Tunisian furrow boundary, is filled by
Mio-Pliocene-Quaternary sediments,

– The Kalaa El Khasba trough is a part of the offset graben system of
Rohia, Kalaa El Khasba and Ouled Bou Ghanem. It is filled with Mio-
Pliocene-Quaternary deposits.

3.2. Gravity anomaly

The Bouguer anomaly represents all mass heterogeneities in depth. Usually
the most interesting result from gravity surveys occurs when the survey re-
veals lineaments that are not observed at the surface. The Bouguer anomaly
map also provides important information on the nature of geological struc-
tures, and structural directions. A total of 4852 gravity stations from five
surveys acquired at 1 km intervals are used in this paper. These gravity
surveys belong to a current Tunisia gravity project conducted by the Office
National des Mines (Tunisia). It was begun in 1996 as systematic and long
term gravity coverage with a 1 station per km2 for all of Tunisia. Consis-
tent high quality standards in gravity data and elevation control have been
maintained since the start of the project. The gravity data acquisition and
processing and accuracy standards are described in more detail in previous
papers (Arfaoui et al., 2011; Arfaoui and Inoubli, 2013).

The Bouguer anomaly map of the study area shows southern and north-
ern domains occupied by long-wavelength negative and positive anomalies,
respectively. They are separated by an intermediary domain characterized
by short and medium wavelength anomalies (Fig. 4). The northern domain
includes the Medjerda Basin and Permo-Triassic, Jurassic and Cretaceous
structures of Jebel Hairech and Oued Maaden. It is dominated by long wave-
length positive anomalies oriented following E–W and NE–SW directions;
with amplitudes ranging between –20 and 13 mGal. Moreover, this domain
indicates near surface high density bodies under the Pliocene-Quaternary
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Fig. 4. Bouguer anomaly map.
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cover (Fig. 4). The middle domain comprises the Ouargha- El Kef region
and its surroundings. It is characterized by short and medium wavelength
NE–SW and NW–SE anomalies. It is characterized by positive anomalies
coinciding with Quaternary deposits in El Kef and Zouarine plains. They
correspond to Cretaceous and/or Eocene structures. The southern domain
extends to the south of Tajerouine and is essentially defined by negative

Fig. 5. Radially averaged spectrum of residual maps. Sp Res Gaussian filter 0.3: radially
averaged spectrum of the residual map obtained by Residual/ Regional Gaussian filter
with standard deviation equal 0.3 cycle km−1.
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NW–SE anomalies with amplitudes reaching –55 mGal. The most impor-
tant one is the Kalaa El Khasba Trough (Fig. 4).

The NW–SE and NE–SW trending gravity lineaments observed on the
Bouguer anomaly map correspond to outcropping structures (Kalaa Khasba
and El Kef troughs, salt Triassic structures of Jebel Debadib- Ben Gasseur...).
They present interruptions and spatial shifts and high gradients along cer-
tain anomalies which reflect faults and their effects. The Mio-Plio-Quaterna-
ry deposits are associated with two types of anomalies: negative anomalies
corresponding to low density material filling collapsed zones and positive
anomalies comparable to those observed in the Triassic and Cretaceous se-
ries. The positive anomalies are not related to Quaternary deposits but
rather support the presence of mass excess. These are attributed to the
Triassic and/or Cretaceous and Eocene dense rocks bordering the previ-
ously defined collapsed zones. Thus, the positive anomalies situated to the
southeast of Jebel Hairech and in the plains of Jendouba and El Kef which
coincide with quaternary units are actually caused by denser rocks under
the quaternary cover.

In the north, the Jebel Hairech Permo-Triassic and Kef Agueb Jurassic
structures belong to a NE–SW positive gravity anomaly which extends to
the NE and SW crossing Quaternary units. This confirms the continuity
of these structures under the Quaternary overburden. Moreover, the Jebel
Hairech structure is bordered by relatively high gradient zones indicating
the presence of significant faulting. They appear to have played an impor-
tant role in the evolution of this structure (Fig. 4). The anomaly amplitudes
associated with geological series of same age increase from south to north.

Generally the Bouguer anomaly map explains the majority of mapped
outcrops, but it also reveals uncorrelated anomalies, that are probably
caused by deeper structures. Resolving the Bouguer anomaly into residual
and regional components can resolve the near surface and deeper sources.

3.3. Successive decomposition of the Bouguer anomaly

Successive decomposition of the Bouguer anomaly into several components,
using the Gaussian filter as a separation method, allows the review of mainly
structural features and the analysis of density variation in depth (Fig. 6).
The regional anomaly derived from the Gaussian filter of standard deviation
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Fig. 6. Successive decomposition of Bouguer anomaly, using the Gaussian filter.

equal to 0.02 cycle km−1, shows a general linear trend extending from NNW
to SSE. The northern zone is dominated by a general gravity high oriented
east-west while the southern zone is characterized by a gravity low oriented
NW–SE. Those zones are separated by a middle region characterized by an
arch shaped high gradient following the NE–SW direction (Fig. 6). The
analysis of the pseudo-depth sliced gravity shows an increase in the size of
the anomalies and an attenuation of certain anomalies with depth.

145



Arfaoui M. et al.: An optimal multiscale approach . . . (133–160)

The pseudo-depth slices 1, 2 and 3 correlate with the pseudo-depths of
0–490, 490–640, and 640–990 m, respectively. Their gravity effects show
dominate anomaly directions: E–W in the north, NW–SE and NE–SW in
the center and NW–SE in the south (Fig. 6). They show equally:

– An anomaly shape smoothing with depth; thus, the positive anomaly of
Sidi Dkril located in the East of Jebel Hairech and between Oued Mejarda
and Oued Mellègue, is composed of two anomalies on the pseudo-depth
slices 1 and 2, which merge into one in the pseudo-depth slice 3. This
expresses the gravity effect of a near surface fault affecting the source of
this anomaly but the lack of its persistence with depth suggests it is not
a major fault.

– Good correspondence between gravity anomalies and outcropping series
despite the exception of the uncorrelated anomalies observed in the Mio-
Pliocene and quaternary deposits. This correspondence shows a gen-
eral continuity of those outcropping series in depth to a pseudo-depth of
1000 m.

– Negative anomalies are associated with the Triassic outcrops of Jebel
Aiate (Oued Bou Adila), Jebel Debadib- Ben Gasseur and Mellegue dam
sector while other Triassic outcrops in the study area are associated with
positive anomalies.

– Positive anomalies occur within Mio-Plio-Quaternary deposits of Mejarda
basin. They extend for several kilometers along the E–W and NE–SW
directions. They seem to be related to dense materials similar to Tri-
assic, Jurassic and Cretaceous outcropping series, under thin Mio-Plio-
Quaternary overburden. This suggests the Mejarda basin is more com-
plex than a simple structural collapse basin. Notice in particular that
positive anomalies attenuate significantly with pseudo-depth greater than
2 km (Slice 5 of Fig. 6).

The pseudo-depth slices 4, 5 and 6 correspond to the pseudo-depth
ranges: 990 to 1390, 1390 to 2600 and 2600 to 4550 m, respectively. The
gravity maps associated with these slices are characterized by NW–SE and
NE–SW anomalies which become more dominant at greater depths (Fig. 6).
The pseudo-depth slices 4, 5 and 6 show:

– All anomalies associated with outcrop structures are totally attenuated
from the slice 5 or a pseudo-depth equal to 2600 m. Thus, the negative
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anomalies on the Triassic outcrops of Jebel Aiate (Oued Bou Adila) and
Mellegue dam sector disappear at the pseudo slice 4, indicating a verti-
cal continuity of Triassic outcrop materials to a pseudo-depth equal to
1400 m. The negative anomaly associated with salt Triassic outcrops of
Jebel Ben Debadib- Gasseur disappears completely at the pseudo-depth
slice 5. This suggests that these outcrops are rooted to a pseudo-depth
of 2600 m.

– A progressive attenuation with depth of NW–SE negative anomalies asso-
ciated to El Marja, Oued Er Rmel and Zouarin basins. By pseudo-depth
slice 5 they are reduced to one single anomaly. A similar effect is ob-
served in the El Kef Plain, where the succession of positive and negative
anomalies associated with high and collapsed zones continue to pseudo-
depth slice 4; this succession is represent by a negative anomaly in the
gravity map of slice 5.

– Positive anomalies associated with dense structures under Mio-Plio-Qua-
ternary deposits attenuate with depth until they disappear entirely.

– The NW–SE anomalies of the middle domain are continuous with depth.
For pseudo- depth slices 1 through 4, the NE–SW trends have more
continuity and they truncate the NW–SE trends. But for depth slices 5
and 6, the NW–SE trend truncate the NE–SW anomalies.

3.4. Multiscale discontinuities and boundary identification

Next, the total horizontal gradient filter is applied to the gravity anoma-
lies of pseudo-depth slices resulting from the successive decomposition of
Bouguer anomaly. This permits identification of abrupt density variation
zones with depth (Fig. 7). The total horizontal gradient of the gravity
anomaly of deeper slice (7) (regional anomaly determiner with the Gaussian
filter of standard deviation equal to 0.02 cycle km−1) shows discontinuities
of density for depths greater than 4550 m. It shows an important NW–SE
discontinuity which corresponds with the deep fault identified by Arfaoui et
al. (2015). This fault cuts a NE–SW fault to the east of El Kef. These are
the dominant structural directions at depth for this study area and show no
correlation with the Triassic outcrops at the surface. But for the pseudo-
depth slice 6 (2600 m) some of the surface faults begin to become apparent.
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Fig. 7. Multiscale discontinuities and boundaries derived from the total horizontal gradi-
ent. Triassic outcrops is indicate in red color.

For example, the border faults of El Kalaa Khasba trough, the north fault
oriented E–W that ties this trough to the Ouled Boughanem trough, the
two faults limiting the Jebel Hairech structure, and the faults constituting
the southern limit of the Mejarda basin all show some expression (Fig. 7).
Both areas of the high total horizontal gradient surround the Ben Gasseur
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Triassic structure; they indicate zones of abrupt density variations at this
depth. Besides, they provide the Triassic series disturbance in this area. At
this pseudo-depth the NW–SE fault is interrupted at El Kef apparently as a
result of the Triassic materials rising. The NW–SE and NE–SW structural
directions are still dominant over the middle domain structures (Fig. 7).

The pseudo-depth slice 5 (1400 m) shows:

– The south fault between the Ouled Boughanem and El Kalaa Khasba
troughs. This south fault is relatively shallower than the northern fault,
whose direction is close to E–W.

– N–S faults affecting the NW–SE and NE–SW fault of the southern border
of Mejarda basin and the E–W faults that begin to appear in this basin.

– The NE–SW faults affect NW–SE faults in the middle domain. This is
more indication of the change in the direction of the dominant faults
mentioned previously.

– The strike-slip faults limiting the structures of Jebel Hairech, Kef El Jebel
Agab and Chouichia, which evolved particularly to the SE.

– The discontinuities bordering the Ben Guasseur Triassic structure extend
northwards towards Jebel Debadib. Extension of this area to the east is
highly probable including the Zag Et Tir sector. Similarly, the bounding
faults of the Sidi Dkril positive gravity anomaly in SE of Jebel Hairech
appear to extend to this depth.

At the pseudo-depth slice 4 (1000 m), NE–SW faults dominate struc-
tures in the middle domain. They cut the NW–SE faults, especially on the
emplacement of the deep NW–SE fault. The deepest NW–SE fault cuts a
NE–SW fault at depth (slice 7), but at shallower depths (slice 4, 3.) the
fault systems are changing. NE–SW discontinuities affect the NW–SE dis-
continuities suggesting a change of tectonic regime or a variation of its main
direction.

At this pseudo-depth (1000 m), Triassic outcrops of Jebel Debadib in-
cluding Ben Gasseur, the Mellègue Dam sector and Jebel Aiate (Oued Bou
Adila) are clearly outlined by zones of maximum total horizontal gradient
reflecting the vertical continuity of these structures. The two parallel E–W
discontinuities in the Mejarda basin extend to the east for a greater distance.
The bounding faults of the Jebel Hairech structure appear to be effected by
other NE–SW faults. NW–SE faults begin to manifest in El Kalaa Khasba
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trough (Fig. 7).
Moving to pseudo-depth slices 3 and 2 (less than 650 m), we see an

increase in the number of discontinuities with a decrease of their lengths.
With the exception of the bounding faults of El Kalaa El Khasba trough,
all the faults discussed previously are cut by other faults. These include:

– The E–W Faults limiting Jebel Hairech that are affected by NE–SW and
NW–SE faults.

– The E–W faults of Mejarda Basin.

– The faults bordering mini-basins of El Merja, Oued Er Rmel and Zouar-
ine.

– The faults of E–W branch depression linking the El Kalaa El Khasba and
Ouled Boughanem troughs.

Thus, the middle domain is characterized by two fault types differenti-
ated by their directions: NE–SW and NW–SE. The NE–SW faults are the
most dominant and they affect the NW–SE ones. Compared to the middle
and southern domains, the northern domain is characterized by deep quiet
structures that influenced by the activity of the EW and NE–SW faults
at relatively superficial depth (Fig. 7). The multi-scale analysis using the
total horizontal gradient of gravity slices allows for delineation of faults or
geological contacts.

3.5. Apparent density pseudo-section derived from successive de-
composition

The apparent density operator is applied generally, to generate density maps
(Gupta and Grant, 1985; Granser et al., 1989; Gupta and Sutcliffe, 1990;
Keating, 1991; Singh et al., 2003; Arfaoui et al., 2011). In our case we ap-
plied this operator to the gravity anomalies of pseudo-depth slices resulting
from the successive decomposition of Bouguer anomaly, to generate density
maps of pseudo-depth slices.

The process used to evaluate pseudo-sections describing density distri-
bution at depth, consisted on the extraction of the apparent densities data
of each profile from the apparent density maps and the attribution of a
pseudo depth of the anomaly separation interface to these data. After, they
are gridded by profile to generate apparent density pseudo-section.
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Five isolated profiles of apparent density pseudo-sections are selected to
examine important structural features (Fig. 8). The profiles adopted for this
approach cross the mainly geologic structures of the study area: Mejarda
Basin, salt structure of Jebel Debadib, El Marja-Oued Er Rmel and Zouar-
ine basins and The Kalaa El Khaba through. The pseudo-sections PI and
PII cross the positive and negative Bouguer anomalies of Mejarda basin.
They show the presence of dense structures under the Mio-Plio-Quaternary
overburden.

Indeed, the Sidi Dkril Bouguer anomaly is associated with a dense struc-
ture whose density varies between 2.38 and 2.48 g/cm3. It is covered
by deposits of 500 m thickness and a density ranging between 2.24 and
2.28 g/cm3, (Fig. 9).

Two other high zones are located northwest of Oued Mliz and at Jebel
Bou Rbah. They are covered by 500 m of Mio-Plio-Quaternary. However,
the Oued Mliz and Oued Rarai areas and the southeastern part of Jebel Bou
Rbah are characterized by thick Pliocene-Quaternary deposits with 2000 m
of thickness (Fig. 10). The presence of Cretaceous and Eocene series at
the base of collapsed zones is possible, especially since the density ranges
between 2.34 to 2.36 g/cm3. Directly below the high zones, the density
decreases between 2000 and 4000 m depth (Fig. 10).

The pseudo-section density passing through Jebel Debadib shows a low
density diapir shape with a rooting depth of 2000 m and a width of 4000 m
(Fig. 11). At surface the density decreases from west to east (2.30 g/cm3 to
2.23 g/cm3), reflecting the heterogeneity of Triassic materials in this part
of the diapir compared to the basal of the diaper portion that is homoge-
neous with a density less than 2.23 g/cm3 (Fig. 11). The basal part of the
diapir shows a Triassic series dip to the southeast which could explain the
reduction of the rooting depth (1000 m) revealed previously in the Trias-
sic outcrops of Jebel Aiate and Mellègue dam sector located further in the
north.

The pseudo-density section of profile IV shows the structures of succes-
sive mini-basins of El Merja, Oued Rmel and Zouarine. It indicates an
overburden of densities less than 2.28 g/cm3 with thicknesses varying be-
tween 500 and 800 m. This overburden consisting of Mio-Pli-Quaternary
deposits hides relatively dense terrains (2.32 g/cm3) that are attributed to
Eocene and Cretaceous rocks (Fig. 12).
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Fig. 8. Location of profiles used for the pseudo-section density imaging.
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Fig. 9. Pseudo-section density of profile PI, Mejarda basin.

Fig. 10. Pseudo-section density of profile PII, Mejarda basin.
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Fig. 11. Pseudo-section density of profile PIII, salt structure of Jebel Debadib.

Fig. 12. Pseudo-section density of profile PIV, successive basins El Marja, Oued Er Rmel
and Zouarine.
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The distribution of the density in El Kalaa Khasba trough shows terrains
of low density at the center (2.25 g/cm3) traversed by relatively dense series
(2.35 g/cm3) at a depth of 1000 m (Fig. 13). This distribution could indicate
the presence of Cretaceous and Triassic materials at depth. The density
distribution also shows the bounding faults dip towards the center of the
trough and that they are stopped at 2500 m depth. At this point two
contacts appear to reverse toward the west and the east. These contacts
combined with the density distribution beyond a depth of 2500 m, provide
the appearance of a dome having two clearly distinguishable horizons defined
by their densities. The deeper horizon sited at a depth greater than 4000 m
has a density equal to 2.28 g/cm3; it is surmounted by a dense horizon
(2.34 g/cm3), between the depths of 3500 m and 2500 m (Fig. 13). The
dome seems to be Triassic, and agrees with the rise of Triassic materials
started during the primary stages of formation of the Kalaa El Khasba
trough (Lehotsky and Bujnowsky, 1995).

Fig. 13. Pseudo-section density of profile PV, Kalaa El Khasba.

4. Accuracy of the Results

The gravity of pseudo-slices available by the successive decomposition of
Bouguer anomaly can be adopted to identify the discontinuities and geo-
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logic contacts at different depths and to image density repartition on depth.
These constitute a rapid interpretive approach improved by the total hor-
izontal gradient and the apparent density operators. The results obtained
correlate with the majority of surface geologic units and model the gravity
structure effect as a density distribution following pseudo-section density.
However, certain sources of error associated with this approach can cause
discrepancies in results, as the depths of pseudo-slices and the background
density used to calculate the apparent density maps. Depths of pseudo-slices
are approximated by the spectral depth analysis method which corresponds
to mean depths of the causative sources of anomalies in residual maps. How-
ever, the causative sources associated with the residual anomalies exist at
different depths.

The densities used for transforming the gravity maps of pseudo-slices to
apparent density maps are chosen from the values of measured density of
surface rocks since we have no other control data. Background densities
adopted are chosen as an increasing function with depth, but they remain
a source of error which affects only the values of densities in the pseudo-
depth sections. They do not affect the image of geologic structure in the
pseudo-depth section resulting from the repartition of density since as the
apparent density operator calculates a contrast of density independently of
the background density, which is added at the end of the process as an av-
erage density.

Certainly, the resolution of the pseud-sections density and witch of multi-
scale discontinuities are affected by errors caused by the assessment process
of depth and density. Taking into consideration the gravity survey scale
(1/50000) and the spacing inter stations (1 km), we think that the results
reflect regional model with an acceptable resolution accuracy ratio of the
interpretative approach.

5. Conclusion

The multiscale interpretive approach based on the pseudo-depth slice gravity
anomalies derived from the successive decomposition of Bouguer anomaly
generally provided acceptable results compared to structural geological mod-
els in the study area. The use of depth spectral analysis makes this inter-
pretive approach more capable of revealing the evolution of fault systems
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and causative source boundaries with depth and equally to establish 2D
pseudo-section density. The multiscale approach reveals deeper NW–SE
and NE–SW faults compared to the relatively superficial N–S and E–W
faults. It indicate that the excess of mass anomaly presented by the basins
of the study correspond to Triassic, Cretaceous and/or Eocene dense rocks
sited at relatively shallow depth under the Mio-Pliocene and Quaternary de-
posits. The salt Triassic outcrops of Jebel Debadib provide a diapir model
with a homogeneous basal layer dipped to southeast. The basement under
the Kalaa El Khasba trough is a Triassic dome.
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Burollet P. F., Sainfeld P., 1956a: Carte géologique au 1/50 000 d’El Kef. Direction des
Mines et de la Géologie. Tunisie.
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asiques. PhD. Thesis., Université de Tunis el Manar (in French).

Cooper G. R. J., Cowan D. R., 2006: Enhancing potential field data using filters based
on the local phase. Computers & Geosciences, 32, 1585–1591.

Cordell L., Grauch V. J. S., 1982: Mapping basement magnetization zones from aero-
magnetic data in the San Juan Basin New Mexico. Presented at the Snd. Ann.
Internat. Mtg. Sot. Explor. Geophys. Dallas, abstracts and biographies, 246–247.

Cordell L., Grauch V. J. S., 1985: Mapping basement magnetization zones from aeromag-
netic data in the San Juan basin New Mexico. In Hinze W. J. Ed. The utility of
regional gravity and magnetic anomaly maps Sot. Explor. Geophys, 181–197.

Fakhraoui M., Ghanmi M., Hatira N., 1998: Carte géologique au 1/50.000 De Nebeur.
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Mahjoub K., 1997: Carte géologique au 1/50.000 de Les Salines. Feuille No 45. Office
National des Mines. Tunisie.

Mahjoubi H., 1978: Un exemple de gisement ferrifère en un milieu recifal, Jerissa (Tunisie).
PhD. Thesis., Univesité de Tunis.
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Abstract: An easy and very simple method to interpret residual gravity anomalies due to

simple geometrical shaped models such as a semi-infinite vertical rod, an infinite horizontal

rod, and a sphere has been proposed in this paper. The proposed method is mainly

based on the quadratic curve regression to best-estimate the model parameters, e.g. the

depth from the surface to the center of the buried structure (sphere or infinite horizontal

rod) or the depth from the surface to the top of the buried object (semi-infinite vertical

rod), the amplitude coefficient, and the horizontal location from residual gravity anomaly

profile. The proposed method has been firstly tested on synthetic data set corrupted

and contaminated by a Gaussian white noise level to demonstrate the capability and the

reliability of the method. The results acquired show that the estimated parameters values

derived by this proposed method are very close to the assumed true parameters values.

Next, the validity of the presented method is demonstrated on synthetic data set and 3

real data sets from Cuba, Sweden and Iran. A comparable and acceptable agreement is

indicated between the results derived by this method and those from the real field data

information.

Key words: gravity anomaly, sphere-like structure, semi-infinite vertical rod-like struc-
ture, infinite horizontal rod-like structure, quadratic curve regression

1. Introduction

The gravity method is one of the first geophysical techniques used in oil
and gas exploration. Most of the geological structures in oil and mineral
exploration can be approximated by simple geological structures such as
a fault, a sphere, a cylinder, a sheet, semi-infinite vertical rod, an infi-
nite horizontal rod or a dike. According to this approximation, different
methods have been already introduced to interpret gravity field anomalies
due to simple geometric models in an attempt to best-estimate the gravity
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parameters values, e.g. the depth to the buried body and the amplitude co-
efficient. Those interpretation methods include, linear optimization-simplex
algorithm (Asfahani and Tlas, 2015), neural network modeling (Abedi et al.,
2010), differential evolution algorithm (Ekinci et al., 2016), graphical meth-
ods (Nettleton, 1962 and 1976), ratio methods (Bowin et al., 1986; Abdel-
rahman et al., 1989), Fourier transform (Odegard and Berg, 1965; Sharma
and Geldart, 1968), Euler deconvolution (Thompson, 1982), neural network
(Elawadi et al., 2001), Mellin transform (Mohan et al., 1986), least-squares
minimization approaches (Gupta, 1983; Lines and Treitel, 1984; Abdelrah-
man, 1990; Abdelrahman et al., 1991; Abdelrahman and El-Araby, 1993;
Abdelrahman and Sharafeldin, 1995a), Werner deconvolution (Hartman et
al., 1971; Jain, 1976). Kilty (1983) extended the Werner deconvolution
technique to the analysis of gravity data using both the residual anomaly
and its first and second horizontal derivatives, Ku and Sharp (1983) fur-
ther refined the method by using iteration for reducing and eliminating
the interference field and then applied Marquardt’s non-linear least squares
method to further refine automatically the first approximation provided by
deconvolution. Salem and Ravat (2003) presented a new automatic method
for the interpretation of magnetic data, called AN-EUL. Their method is
based on a combination of the analytic signal and the Euler deconvolution
method. With the AN-EUL, both the location and the approximate geom-
etry of a magnetic source can be deduced. Fedi (2007) described the theory
for the gravity and magnetic fields and their derivatives for any order, and
proposed a method called depth from extreme points (DEXP) to interpret
any potential field. The DEXP method allows estimating of source depths,
density and structural index from the extreme points of a 3D field scaled
according to specific power laws of the altitude. Salem and Smith (2005)
presented an alternative method to estimate both the depth and model
type using the first order local wave number approach without the need
for third order derivatives of the field. In their method, a normalization of
the first order local wave-number anomalies is achieved, and a generalized
equation to estimate the depth of some 2D magnetic sources regardless of
the source structure is obtained. Silva and Barbosa (2003) derived the ana-
lytical estimators for the horizontal and vertical source position in 3D Euler
deconvolution as a function of the x, y, and z derivatives of the magnetic
anomaly within a data window. Barbosa et al. (1999) proposed a new crite-
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rion for determining the structural index, based on the correlation between
the total magnetic field anomaly and the estimates of an unknown base
level. Salem et al. (2008) developed a new method for the interpretation of
gridded magnetic data, which based on derivatives of the tilt angle, where
a simple linear equation, similar to the 3D Euler equation can be obtained.
Their method estimates both the horizontal location and the depth of mag-
netic bodies, but without specifying prior information about the nature of
the sources. Fedi et al. (2009) proposed a new method based on a 3D mul-
tiridge analysis of potential field. The new method assumes a 3D subset in
the harmonic region and studies the behavior of the potential field ridges,
which are built by joining extreme points of the analyzed field computed at
different altitudes.

However, only few techniques have treated the determination of shape of
the buried structure. These techniques include, for example, Walsh trans-
form (Shaw and Agarwal, 1990), least-squares methods (Abdelrahman and
Sharafeldin, 1995b; Abdelrahman et al., 2001a, b), constrained and penalized
nonlinear optimization technique (Tlas et al., 2005). Generally, the deter-
mination of the depth, shape factor, and amplitude coefficient of the buried
structure is performed by these methods from residual gravity anomaly,
where the accuracy of the results, obtained by them, depends on the accu-
racy in which the residual anomaly can be separated and isolated from the
observed gravity anomaly.

Recently, Asfahani and Tlas (2012) proposed an efficient approach to
interpret the residual gravity anomalies in order to estimate the gravity
parameters, e.g. depth, amplitude coefficient and geometric shape factor of
simple buried bodies, such as a sphere, horizontal cylinder and vertical cylin-
der. The method is based on the non-convex and nonlinear Fair function
minimization and the adaptive simulated annealing, stochastic optimization
algorithm. The main advantage of this approach is that the buried body
shape is considered as unknown factor and can be estimated as an inde-
pendent parameter. However, this approach suffers from the discrepancy
and has some disadvantages, because it sometimes necessitates the use of
multi-starting or initial guesses of parameters in order to assure the global
convergence or to reach the global minima of the objective function.

A recent publication byAsfahani and Tlas (2015) focused on a new
practical interpretation methodology for interpreting residual gravity field
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anomalies and best-estimating of model parameters values, e.g. the depth to
the top or to the center of the body and the amplitude coefficient related to
a buried sphere or a cylinder-like structure. The method uses the deconvolu-
tion technique to avoid the local minima, where the nonlinear optimization
problem describing the suitable simple geometric-shaped model of structure
is transformed into a linear optimization one. The linear problem is there-
after solved by the very well-known algorithm in linear optimization called
the simplex algorithm of Dantzig (Phillips et al., 1976) in order to definitely
reach the global minima.

In this paper, an easy and simple interpretation method based on quad-
ratic polynomial regression is proposed for interpreting residual gravity field
anomalies and for best-estimating of model parameters values, e.g. the depth
to the top or to the center of the body, the horizontal location and the
amplitude coefficient related to a buried sphere, semi-infinite vertical rod
or infinite horizontal rod. The reliability and capability of the proposed
interpretation method is demonstrated using synthetic data set and con-
taminated by a white Gaussian noise level of 25%. The results acquired
show that the estimated parameter values derived by this method are very
close to the assumed true values of parameters.

The validity of this method is also demonstrated using three real field
gravity anomalies taken from Cuba, Sweden and Iran. Comparable and ac-
ceptable agreements are shown between the results derived by the proposed
method and those obtained by other interpretation methods. Moreover, the
depth obtained by such a proposed method is found to be in high accordance
with that obtained from the real field data information.

2. Theory

A theoretical and synthetic residual gravity anomaly related to various ge-
ological models such as a sphere, a semi-infinite vertical rod and an infinite
horizontal rod have been treated in this research, in order to demonstrate
the validity and the applicability of the proposed interpretation method.

The general expression of the residual gravity anomaly (V ) at any point
M(x) along the x-axis of a semi-infinite vertical rod-like structure, an in-
finite horizontal rod-like structure and a sphere-like structure, in a Carte-
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sian coordinate system (Fig. 1) can be given according to Nettleton (1962),
Gupta (1983) as:

Vz(xi) =
k(

(xi − x0)
2 + z2

)q (i = 1, ..., N), (1)

where q is the geometrical shape factor of the buried structure given as:
q = 1.5 for a sphere, q = 0.5 for a semi-infinite vertical rod and q = 1
for an infinite horizontal rod, x0 is the horizontal location of the buried
body, z is the depth from the surface to the center of the buried structure
(sphere or infinite horizontal rod) or the depth from the surface to the top of
the buried object (semi-infinite vertical rod), k is the amplitude coefficient

Fig. 1. Diagrams of simple geometrical structures (sphere, semi-infinite vertical rod and
infinite horizontal rod).
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given by: k = 4
3πGρr3z for a sphere, k = πGρr2 for a semi-infinite vertical

rod and k = 2πGρr2z for an infinite horizontal rod, where ρ is the density
contrast, G is the universal gravitational constant, r is the radius, and finally
xi (i = 1, . . . ,N) is the horizontal position coordinate.

The set of Eq. (1) consists of N nonlinear equations in function of the
three independent parameters k, x0 and z. The term Vi will be used, for
simplification, instead of the term Vz(xi) (i = 1, ...,N), in the rest of the
paper.

From Eq. (1), it can be easily observed that the sign of the parameter k
is similar and coincident to the sign of Vi (i = 1, ...,N).

Taking the absolute values of both sides of Eq. (1) we find

|Vi| = |k|(
(xi − x0)

2 + z2
)q (i = 1, ..., N). (2)

The simple manipulation of the Eq. (2) will give us

|Vi|−
1
q = |k|− 1

q x2i − 2x0|k|−
1
q xi + |k|− 1

q

(
x20 + z2

)
(i = 1, ...,N). (3)

And with help of the following symbolism:

A = |k|− 1
q , (4)

B = −2x0|k|−
1
q , (5)

C = |k|− 1
q

(
x20 + z2

)
. (6)

The Eq. (3) can be written as

|Vi|−
1
q = Ax2i +Bxi + C (i = 1, ..., N). (7)

The right hand side in Eq. (7), is a quadratic polynomial in function of
xi, the values of the coefficients A, B, and C, can be determined through

performing a quadratic curve regression between xi and yi = |Vi|−
1
q (i =

1, ..., N) using one of the familiar statistical programs as Microsoft Excel or
through solving the following set of simultaneously linear equations by the
well-known direct method of Gauss
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N∑
i=1

x4i

)
A+

(
N∑
i=1

x3i

)
B +

(
N∑
i=1

x2i

)
C =

N∑
i=1

x2i |Vi|−
1
q

(
N∑
i=1

x3i

)
A+

(
N∑
i=1

x2i

)
B +

(
N∑
i=1

xi

)
C =

N∑
i=1

xi|Vi|−
1
q

(
N∑
i=1

x2i

)
A+

(
N∑
i=1

xi

)
B +NC =

N∑
i=1

|Vi|−
1
q

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭
. (8)

After knowing the unique optimal values of A, B, and C, then the best-
estimate of the amplitude coefficient (k) can be easily obtained from Eq. (4)
as:

k =
1

Aq
, when Vi ≥ 0 (i = 1, ...,N), (9)

k = − 1

Aq
, when Vi ≤ 0 (i = 1, ...,N). (10)

Also, the best-estimate of the horizontal location (x0) of the buried body
can be found from Eq. (5) as:

x0 = − B

2A
. (11)

Finally, the best- estimate of the depth (z) from the surface to the center
of the buried structure (sphere or infinite horizontal rod) or the depth from
the surface to the top of the buried object (semi-infinite vertical rod) can
be reached from Eq. (6) as:

z =

√
|4AC −B2 |

2A
. (12)

It is useful to mention that there is no loss of generality in assuming the
source geometry of the gravity anomaly is a priori known. There are in
addition no imposed restrictions on the generality of the proposed interpre-
tation method.

Before explaining how we can solve this ambiguity and this inconve-
nience, we will define the statistical criterion of preference called the Root
Mean Square Error (RMSE; Collins, 2003), based on the minimal value, be-
tween the field gravity data anomaly and the computed gravity one, using
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the estimated values of z, x0 and k resulted from Eqs. (9–12) for a specific
value of the geometric shape factor q = 0.5, 1, and 1.5. The formula of this
statistical criterion is given as:

RMSE =

√√√√√ N∑
i=1

(
V O
i − V C

i

)2
N

, (13)

where V O
i and V C

i (i = 1, ..., N) are the observed and the computed gravity
values at the point xi (i = 1, ..., N), respectively.

In the case where the source geometry of the gravity field anomaly is
unknown, the following next procedure composed of three steps should be
followed:

First, the gravity field anomaly is interpreted by adapting and assuming
the source geometry as a semi-infinite vertical rod (q = 0.5), where Root
Mean Square Error RMSE V is computed using Eq. (13) with the esti-
mated values of z, x0 and k derived from Eqs. (9–12).

Second, the gravity field anomaly is re-interpreted by adapting the source
geometry as an infinite horizontal rod (q = 1), where the Root Mean Square
Error RMSE H is also computed using Eq. (13) with the estimated values
of z, x0 and k derived from Eqs. (9–12).

Third, the gravity field anomaly is re-interpreted by assuming the source
geometry as a sphere (q = 1.5), where the Root Mean Square ErrorRMSE S
is also computed using Eq. (13) with the estimated values of z, x0 and k
derived from Eqs. (9–12).

The lowest one of the three reached values of RMSE V , RMSE H and
RMSE S is selected as a convincible solution, which exactly indicates to the
suitable source geometry related to the responsible gravity field anomaly.

The square of correlation coefficient is another statistical criterion of pref-
erence that can be also applied to select the best optimum gravity solution.
It is defined through the following mathematical expression:

R2 =

(
N∑
i=1

(
V O
i − V̄ O

)
×

(
V C
i − V̄ C

))2

N∑
i=1

(
V O
i − V̄ O

)2 × N∑
i=1

(
V C
i − V̄ C

)2 , (14)

where V̄ O and V̄ C are the arithmetic means of V O
i and V C

i (i = 1, ...,N)
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respectively. We calculate R-squared for the three assumed types of geomet-
ric shapes of the buried structure, R2 V , R2 H and R2 S for a semi-infinite
vertical rod (q = 0.5), an infinite horizontal rod (q = 1), and a sphere
(q = 1.5) respectively, by using Eq. (14) with the estimated values of z, x0

and k resulted from Eqs. (9–12).
The highest one of the three reached values of R2 V , R2 H and R2 S

is selected as a convincible solution, which exactly and in directly indi-
cates to the suitable source geometry related to the responsible gravity field
anomaly.

3. Test on the synthetic data

A synthetic gravity anomaly Vz(xi) (i = 1, ...,N) due to a spherical structure
is generated from Eq. (1), by using the following values of model parameters:
geometric shape factor q = 1.5, depth from the surface to the center of the
buried spherical structure z = 35m, amplitude coefficient k = 1500mGalm3

and the horizontal location x0 = 5m.
The generated synthetic anomaly is perturbed and contaminated by a

Gaussian random noise of 25% maximum, using continuous normal distribu-
tion, where one additional gravity anomaly is generated (Fig. 2). This regen-
erated gravity anomaly is consequently interpreted by the proposed method.
Table 1 summarizes all acquired results concerning this anomaly, the geo-
physical parameters (z, k, x0) and the preference criterions (RMSE,R2),
and this for the three structures a priori assumed; a semi-infinite vertical
rod, an infinite horizontal rod and a sphere.

Table 1 shows that the lowest RMSE of the three reached values of
RMSE V , RMSE H and RMSE S or the highest one of the three reached
values of R2 V , R2 H and R2 S, and clearly indicates that the suitable
source geometry related to the responsible contaminated synthetic gravity
anomaly is a sphere.

The results documented and presented in Table 1 show without any
doubt that the estimated parameter values, derived by the proposed inter-
pretation method, are very close to the true assumed values of parameters.
This clearly proves the efficiency and the capability of the new proposed
interpretation method.

169



Tlas M., Asfahani J.: Interpretation of gravity anomalies due to . . . (161–178)

Fig. 2. The effect of the sphere without the noise (solid line) and with 25% noise added
(dotted line). The model parameters are in the Table 1.

Table 1. Interpretation of a synthetic gravity anomaly with 25% maximum level of Gaus-
sian random noise.

Source geometric shape Model
parameters

True values
of model
parameters

Estimated values of
model parameters
with maximum 25%
random noise

Semi-infinite vertical
rod (q = 0.5)

z (m) 35 13.60

k (mGalm)
x0 (m)

1500
5

0.33
5.54

RMSE (mGal)
R2

–
–

0.0083
0.9102

Infinite horizontal rod
(q = 1)

z (m) 35 22.03

k (mGalm2)
x0 (m)

1500
5

20.25
4.97

RMSE (mGal)
R2

–
–

0.0037
0.9155

Sphere (q = 1.5) z (m) 35 34.83

k (mGalm3)
x0 (m)

1500
5

1503.20
4.76

RMSE (mGal)
R2

–
–

0.0027
0.9276
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4. Tests on the real data

Three field residual gravity anomalies over various geological structures are
interpreted by the new proposed method. The three field gravity anomalies
are interpreted according to the three different geological structures, e.g. a
sphere, an infinite horizontal rod, and a semi-infinite vertical rod. The re-
sulting model with the lowest reached value of RMSE or the highest reached
value of R2 is selected as the best and the suitable model for estimating the
parameters of the field residual gravity anomaly.

4.1. Chromites deposit residual field gravity anomaly, Cuba

Fig. 3 shows a normalized residual field gravity anomaly measured over a
chromites deposit in Camaguey province, Cuba (Robinson and Coruh, 1988).
The gravity anomaly has been interpreted by the proposed method assum-
ing a priori the source geometry is a semi-infinite vertical rod (q = 0.5),
an infinite horizontal rod (q = 1), and sphere (q = 1.5). Table 2 shows in
details all the obtained results related to this anomaly.

From Table 2, the lowest RMSE of the three reached values ofRMSE V ,
RMSE H and RMSE S or the highest one of the three reached values of

Fig. 3. Normalized residual gravity field anomaly over a chromites deposit, Camaguey
province, Cuba (dotted line). The evaluated curve by the proposed method is presented
for an infinite horizontal rod model (solid line). The model parameters are in the Table 2.
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Table 2. Interpretation of the Chromites field residual gravity anomaly, Cuba.

Model Semi-infinite Infinite Sphere
parameters vertical rod horizontal rod

z (m) 7.94 17.55 26.50

k 7.24 (mGalm) 318.55 (mGalm2) 17256.00 (mGalm3)

x0 (m) 0.22 –0.44 –0.62

RMSE (mGal) 0.1264 0.0170 0.0351

R2 0.9526 0.9969 0.9923

R2 V , R2 H and R2 S has been obtained for the infinite horizontal rod.
Results of RMSE and R2 mean that the field residual gravity anomaly is
must to be preferably modeled as an infinite horizontal rod.

The depth obtained in this case (z = 17.55m) is found to be in a good
agreement with that obtained from drill-hole information (z = 21m). The
computed gravity anomaly has been drawn according to these estimated
values of infinite horizontal rod model parameters as shown in Fig. 3. The
comparison between field and computed anomalies clearly indicates the close
agreement between them, which attests the capability and the validity of
the proposed method.

4.2. Karrbo residual field gravity anomaly, Sweden

Fig. 4 shows a field residual gravity anomaly of a profile 25.6m length
measured over the two-dimensional pyrrhotite ore, Karrbo, Vastmanland,
Sweden (Shaw and Agarwal, 1990). The field gravity anomaly has been also
interpreted by the proposed method for the three different geological struc-
tures a priori assumed. Table 3 shows the complete obtained results related
to this interpreted anomaly.

From Table 3, the lowest RMSE of the three reached values ofRMSE V ,
RMSE H and RMSE S or the highest one of the three reached values of
R2 V , R2 H and R2 S has been obtained for the infinite horizontal rod,
meaning that, the field residual gravity anomaly is preferably to be mod-
eled as an infinite horizontal rod.

The depth in this case (z = 4.69m) is found to be in good agreement
with the depth reported by Tlas et al. (2005) (z = 4.82m), Asfahani and
Tlas (2015) (z = 4.7m), Shaw and Agarwal (1990) (z = 5.8m), and El-
Araby (2000) (z = 5.23m). The computed gravity anomaly has been drawn
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Fig. 4. Residual gravity field anomaly over the two-dimensional pyrrhotite ore, Karrbo,
Vastmanland, Sweden (dotted line). The evaluated curve by the proposed method is pre-
sented for an infinite horizontal rod model (solid line). The model parameters are in the
Table 3.

Table 3. Interpretation of the Karrbo field residual gravity anomaly, Sweden.

Model Semi-infinite Infinite Sphere
parameters vertical rod horizontal rod

z (m) 3.04 4.69 7.50

k 1.67 (mGalm) 22.45 (mGalm2) 365.95 (mGalm3)

x0 (m) 0.27 0.21 0.19

RMSE (mGal) 0.2381 0.0063 0.0530

R2 0.9971 0.9996 0.9869

according to these estimated values of infinite horizontal rod model pa-
rameters as shown in Fig. 4. The comparison between field and computed
anomalies clearly indicates the close agreement between them, which attests
the capability and the validity of the suggested method.

4.3. Dehloran residual field gravity anomaly, Iran

Fig. 5 shows a field residual gravity anomaly measured over an area located
in West of Iran in the Zagros tectonic zone, Iran (Abedi et al., 2010). The
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field gravity anomaly has been also interpreted by the proposed method; the
obtained results for this anomaly are completely summarized in Table 4.

From Table 4, the lowest one of the three reached values of RMSE V ,
RMSE H and RMSE S or the highest one of the three reached values
of R2 V , R2 H and R2 S has been obtained for the infinite horizontal rod,
meaning that, the field residual gravity anomaly is preferably to be modeled
as an infinite horizontal rod.

The depth obtained in this case (z = 24.59m) is found to be in good
agreement with that reported by (Abedi et al., 2010) by using three differ-
ent interpretation methods, the normalized method (z = 23.73m), the least-

Fig. 5. Residual gravity field anomaly over an area located in West of Iran in the Zagros
tectonic zone, Iran (dotted line). The evaluated curve by the proposed method is pre-
sented for an infinite horizontal rod model (solid line). The model parameters are in the
Table 4.

Table 4. Interpretation of the Dehloran field residual gravity anomaly, Iran.

Model Semi-infinite Infinite Sphere
parameters vertical rod horizontal rod

z (m) 12.26 24.59 32.74

k –6.52 (mGalm) –291.46 (mGalm2) –16641.00 (mGalm3)

x0 (m) 27.42 27.62 27.69

RMSE (mGal) 0.0171 0.0129 0.0158

R2 0.9785 0.9892 0.9834
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squares method (z = 23.31m), the neural network method (z = 22.8m) and
also with that obtained from drill-hole information (z = 23m).

The computed gravity anomaly has been drawn according to these esti-
mated values of infinite horizontal rod model parameters as shown in Fig. 5.
The comparison between field and computed anomalies clearly indicates the
close agreement between them, which attests the capability and the validity
of the suggested method.

5. Conclusion

A new simple and very easy method is proposed herein for the interpreta-
tion of residual gravity anomalies due to different simple geometric-shaped
models such as a semi-infinite vertical rod, an infinite horizontal rod and a
sphere. The proposed interpretative method is mainly based on quadratic
curve fitting to best-estimate the model parameters values, e.g. the depth
to the top or to the center of the buried structure, the amplitude coefficient
and the horizontal location from a residual gravity anomaly profile. The
method has been firstly tested on synthetic data set corrupted and contam-
inated by a white Gaussian random noise maximum level of 25% in order
to demonstrate its reliability and its capability. The results acquired show
clearly that the estimated parameter values derived by the proposed method
are very close to the assumed true values of parameters.

The validity and the applicability of this new method are also demon-
strated by applying it to three real field gravity anomalies from Cuba, Swe-
den and Iran. A comparable and acceptable agreement is shown between
the results derived by the method and those obtained by other interpreta-
tion methods.

Moreover, the depth obtained by such a proposed method is found to be
in high accordance with that obtained from the real field data information.

The interpretation method can be easily put in MATLAB code or in
Excel sheet. Therefore, the new proposed methodology of interpretation is
highly recommended for routine analysis of gravity anomalies in an attempt
to determine the best-estimate values of parameters related to spheres, semi-
infinite vertical rods and infinite horizontal rods-like structures.
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Abstract: We present a new digital Moho depth map of the Carpathian-Pannonian

region. The map was produced by compiling Moho discontinuity depth data, which were

obtained by interpretation of seismic measurements taking into account the results of

2-D and 3-D integrated geophysical modelling. The resultant map is characterized by

significant Moho-depth variations. The trends and features of the Moho in this region

were correlated with tectonic units.

Key words: geophysical interpretation, seismics, Moho depth, Carpathian-Pannonian
crust

1. Introduction

Research on the morphology of the Moho boundary (the crustal thickness)
in the Carpathian-Pannonian region has a long history. It has been a sub-
ject of extensive studies since the 1950s, using the two standard geophysical
methods for the determination of the depth to the Moho: seismic reflec-
tion and refraction measurements (Szafián and Horváth, 2006). The first
results of the 2-D and 3-D seismic measurements in the states that fall
into the area under investigation were published, for example, in works of
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Mayerová et al. (1985, 1994), Bucha and Bĺı̌zkovský (1994), Guterch et al.
(1976, 1983, 1984), Gálfi and Stegena (1960), Szénás (1972), Lazarescu
et al. (1983), Dragaševič (1987), Aljinovič (1987), Aric and Gutdeutsch
(1987), Sollogub et al. (1973), Sollogub (1988), Chekunov et al. (1988),
Kharitonov et al. (1993), Posgay et al. (1996) and Il’chenko and Buharev
(2001).

To the first works that attempted to compile Moho depth maps be-
long the publications of Szénás (1972), Beránek and Zátopek (1981a,b),
Guterch et al. (1984, 1986), Šefara et al. (1987), Sollogub (1986), Posgay
et al. (1991, 1995), Horváth (1993), Horváth et al. (2006), Dimitrijevič
(1995), Lenkey et al. (1998) and Lenkey (1999).

For specific areas of Europe the maps of the depth to Moho were sum-
marized for example in the papers of Hauser et al., (2001, 2007), Knapp et
al. (2005) and Martin et al. (2006).

The results of seismic international projects of the CELEBRATION
2000, ALP 2002 and SUDETES 2003 have contributed exceptional cognition
about the crustal thickness in the area of Central Europe. The courses of
the Moho interface along the profiles were published in the papers of Grad et
al. (2006, 2009a), Środa et al. (2006), Hrubcová et al. (2005, 2008, 2010),
Behm et al. (2007), Brückl et al. (2007, 2010), Hrubcová and Środa (2015),
Brückl (2011), Jańık et al. (2009, 2011) and Malinowski et al. (2009, 2013).

The digital crustal models of the Moho depth in very small scales were
also presented. Ziegler and Dezes (2006) produced the Moho depth map for
the Western and Central Europe; Tesauro et al. (2008) for Europe; Grad
et al. (2009b), Molinari and Morelli (2011) for European plate; Artemieva
and Thybo (2013) for Europe, Greenland, and the North Atlantic region.

For completeness, it should be noted that in the past (e.g. Szafián et
al., 1997; Zeyen et al., 2002; Dérerová et al., 2006; Kaban et al., 2010), as
well as in the recent past (e.g. Alasonati Tašárová et al., 2016; Grinč et al.,
2013; Kiss et al., 2015), the Moho depth calculations have also been made
by integrated modelling of the potential fields.

Based on an analysis of the results of the Moho depth determination, we
found that in recent years several new Moho depth maps have been pub-
lished (e.g. Tesauro et al., 2008; Grad et al., 2009b; Artemieva and Thybo,
2013), but at too small scales that occupy very large territories. Such maps
often miss a more detailed Moho morphology, which has significant impact
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on the quality and accuracy of potential field modelling. Therefore, the
goal of this paper is to present a new digital model of the Moho depth in
a larger scale solely for the Carpathian-Pannonian region and its nearest
surrounding tectonic units. In addition, we correlate the regional variations
in crustal thickness with the main tectonic units.

2. New model of the crustal thickness

Our compilation is based on digitization of original seismic profiles that
were produced in the last 15–20 years. In the area of Ukraine, some data
were also older, since there were no newer seismic measurements performed,
except for the results along the seismic profile PANCAKE (Starostenko et al.,
2013). For the new Moho depth model (Fig. 1), the results obtained along

Fig. 1. The Moho depth map in the Carpathian-Pannonian region.
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the seismic profiles, which are shown in Table 1, were prominent. There are
basically no seismic data for other orogens of the southern Europe (e.g. the
Balkanides and the Dinarides, Artemieva and Thybo, 2013). From this point
of view we used in the Dinarides and Adriatic Sea the results published by
Horváth et al. (2006), Artemieva and Thybo (2013). For correlation of
the Moho depth model with the main tectonic units the tectonic map of
the Carpathian-Pannonian region and their surrounding areas is shown in
Fig. 2.

Table 1. The profiles that served as key inputs for constructing the Moho depth map.

Profile Key references

CEL01 Środa et al. (2006), Jańık et al. (2011)

CEL02 Malinowski et al. (2005), Jańık et al. (2009)

CEL03 Jańık et al. (2009)

CEL04 Środa et al. (2006), Jańık et al. (2011)

CEL05 Grad et al. (2006), Jańık et al. (2011)

CEL06 Jańık et al. (2011)

CEL08 Malinowski et al. (2003)

CEL09 Hrubcová et al. (2005)

CEL10/Alp04 Hrubcová et al. (2005, 2008), Grad et al. (2009a)

CEL11 Jańık et al. (2011)

CEL12 Jańık et al. (2011)

CEL14 Jańık et al. (2009)

CEL21 Jańık et al. (2009)

CEL28 Jańık et al. (2011)

VRANCEA99 Hauser et al. (2001)

VRANCEA S - UKRAINIAN AES Kharitonov et al. (1993)

VRANCEA 2001 Hauser et al. (2007)

PANCAKE Starostenko et al. 2013

II Sollogub et al. (1973), Chekunov et al. (1988),
Il’chenko and Buharev (2001)

IV Sollogub (1988)

VI Sollogub (1988)

SO4 Hrubcová et al. (2010)

3. Correlation of tectonic units with Moho depth

The most interesting feature of the Moho depth map (Fig. 1) is an ex-
traordinarily thin crust, reaching only 24–25 km in its central part of the
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Fig. 2. Tectonic map of the Carpathian-Pannonian basin region (modified after Bielik
1998 and Kováč, 2000). BM – Bohemian Massif, M – Moldanubicum, HT – High Tatras,
TESZ – Trans European Suture Zone.

Pannonian Basin (the Great Hungarian Plain). From this area, it can be
seen that the depth of Moho increases towards all sides. In other words, it
grows in the direction to the orogenic regions of the Western, Eastern and
Southern Carpathians, Dinarides, Eastern Alps and the Bohemian Massif.
The Moho decrease can be observed up to the East European Craton region,
where the crust reaches the largest thickness. Here we can see three expres-
sive crustal roots (depressions). The first one is located NE of Krakow and
reaches 50 km, while the other (NE of Ternopil’) is even larger and is elon-
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gated in the NW-SE direction. The crustal thickness reaches ∼60 km, which
is the thickest crust in the whole studied area. Both these depressions are
split by a third depression, which is characterized by two maximum crustal
thicknesses of ∼50 km. Its shape is significantly elongated in the direction
of NE–SW. The Trans-European Suture Zone (TESZ) is represented by a
linear horizontal gradient of the Moho depth isolines, whose NW–SE direc-
tion is identical with the course of this zone. It is interesting to note that
the Carpathian Mts. are located over the maximum dip of the Moho in the
direction from the Pannonian Basin to the West Paleozoic European plat-
form, the East European Craton and the Moesian Platform. The largest
local Moho depression (42 km) in the Western Carpathians is located NE
of the High Tatras in Poland. The Bohemian Massif’s crust varies from
∼27 km on its NW border to 40 km on its southern one, where it is built
by the Moldanubicum. In the Eastern Alps, the thickness of the crust is
about 40 km. However, it is well known (Ziegler and Dezes, 2006) that this
territory is the easiest part of the significant Alpine crustal root (∼55 km).
The Dinarides are also characterized by the thicker crust (∼40 km). In the
direction to the Adriatic Sea, the crustal thickness thins significantly to only
about 30 km.

4. Conclusion

From the resultant Moho depth map the studied area, which is represented
by thin (< 40 km), “normal” (40–45 km) and thick (> 45 km) crust, can be
divided into the following areas: (a) the Carpathian arc, (b) the Pannonian
Basin, (c) the East European Craton, (d) the West Paleozoic European
Platform (including the Bohemian Massif), (e) the Trans European Suture
Zone, (f) the Eastern Alps, (g) the Dinarides and (h) the Adriatic zone.
Thin crust (< 40 km):

(a) Carpathian arc: the crust thickness varies from 30 km in the Internides
to 40 km in the Externides. In the Western and Southern Carpathians,
two local crustal depressions can be observed. The smaller Western
Carpathian one reaches a thickness of 40–42 km and the greater South-
ern Carpathian one has a maximum thickness of 42.5 km.

(b) Pannonian Basin: a very thin crust (24–30 km).
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(c) East European Craton: a very thick crust (45–60 km). Three crustal
roots can be observed with the maximum crustal thicknesses of 50 km
and 60 km.

(d) West-Paleozoic European Platform (including the Bohemian Massif):
the average crustal thickness varies from 27.5 km to 40 km.

(e) Trans-European Suture Zone: typical feature is a sharp drop of Moho
from a depth of ∼37.5 km to ∼42.5 km. The drop is in the direction
from SW to NE. The depth isolines have NW–SE direction, which
correlates with the direction of this significant suture zone.

(f) Eastern Alps: thick crust (40 km).

(g) Dinarides: thick crust of about 40 km.

(h) Adriatic zone: the crustal thickness is ∼30 km.

The results indicate that the Moho depth variations depend mostly on
the age of the latest thermal processes, which had been taking place in each
of the tectonic units.
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Central Europe: Puzzle pieces from Pannonian Basin to Trans-European Suture
Zone resolved by geophysical-petrological modelling. Tectonics, 35, 1–32.
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and technical explosions. 8. Celoštátńı konference geofyzik̊u. Sekce S1-seizmická.
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