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Abstract The lithospheric structure of the Hoggar massif remains relatively
unknown. The lack of high-resolution geophysical studies devoted to it is the source
of controversial debates about its underlying structure and its geodynamics. This
study targets the western edge of the LATEA microcontinent at the intersection of
the 4°50" sub-meridian major fault and the 4°35' fault with the oued Amded NE-
SW lineament. The study area also includes the northern flank of the Tahalgha
Cenozoic Volcanic District. The analysis and modeling of magnetotelluric data
collected at 12 sites forming an EW profile of 75 km length made it possible to
build a resistivity model over a hundred km of depth. The magnetotelluric data
reveal a heterogeneous upper crust made up of probably very compact and
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mechanically strong, electrically resistive structures corresponding to hypovolcanic
granitoid and batholiths, and others more conductive probably more inhomoge-
neous, weak and more fractured corresponding to the Paleoproterozoic metamor-
phic basement. On the contrary, the lower crust and the lithospheric mantle down to
a depth of about 100 km are fairly homogeneous. The 4°50" mega-fault is rooted
into the lithospheric mantle to a depth of about 70 km. This is corroborated by
potential field data to at least the base of the crust. By comparison, the 4°35' fault
does not appear as important. The fault network highlighted by the magnetotelluric
data has probably been used to transport melt from the asthenosphere up to the
surface to give rise to the Tahalgha volcanic district. The fluids released or the
precipitated mineralization are at the origin of the strong fall of the resistivity which
gives a signature so peculiar to these faults.

Keywords Hoggar - LATEA - Tahalgha volcanic district - 4°50" fault
Magnetotellurics

1 Introduction

The present study focuses on a geologically complex area located on the western
edge of LATEA at the intersection of the major sub-meridian 4°50" mega-fault with
the NE-SW to ENE-WSW oued Amded lineament and the location of the
Tahalgha volcanic district. Indeed, the geological structure underlying this area has
been shaped by the different major geological events that have affected the African
plate since the Precambrian. According to Liégeois et al. (2003), it corresponds to
the closure during the Neoproterozoic of an oceanic domain followed by the
accretion of island arcs against the LATEA microcontinent. This old suture zone
appears today at the surface to be the sub-meridian 4°50" mega-fault. In Pan-African
times, during the formation of Gondwana, an intracontinental oblique convergence
between the West African Craton and the Saharan Metacraton shaped the current
structure of the Tuareg Shield and caused the dislocation of LATEA and the
reactivation of the 4°50' fault. This shear zone allowed a displacement of several
hundreds of km on both sides. The opening of the South Atlantic had induced
distensive movements within the African continent and the creation of numerous
aborted rifts among which that located along the lineament of oued Amded. In the
field, this lineament is represented by a corridor along which a large concentration
of NE-SW faulting can be noticed. The magmatic districts of Tahalgha, Atakor/
Manzaz, and Adrar N’Ajjer are also aligned along this lineament (Dautria and
Lesquer 1989; Ait-Hamou and Dautria 1994). During the Cenozoic, the conver-
gence between African and Eurasian plates resulted in a remote reactivation of the
Tuareg shear zones and the advent of a tholeiitic volcanism in the center of the
LATEA and alkaline volcanism towards the edges (Liégeois et al. 2005 and ref-
erences therein). The volcanic district of Tahalgha is located at the periphery of
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Fig. 1 The location of the Tuareg shield on the African continent map (in a), the location of the
study region on a schematic map of the Tuareg shield (in b, after Black et al. 1994; Liégeois et al.
2003), and a simplified geological map of the study area (modified from Bertrand and Caby 1977;
Zerrouk et al. 2016; in ¢)

LATEA, at the intersection of the fault 4°50’ and the lineament of oued Amded. It
showed intense volcanic activity during the Neogene and the Quaternary (Fig. 1).

The Hoggar Shield has been well studied from surface geology, petrology, and
xenoliths (Liégeois et al. 2003 and references therein; Dautria et al. 1988; Kourim
et al. 2014). However, its deep structure (crustal and lithospheric) remains relatively
unknown due to the paucity of geophysical studies (e.g., Bouzid et al. 2015). This is
at the origin of controversies about its deep structure and its geodynamics. Global
or continent-wide geophysical studies do not adequately resolve its underlying
lithospheric structure, particularly beneath the volcanic districts and the mega-shear
zones (Crough 1981; Lesquer et al. 1988; Pasyanos and Walter 2002; Sebai et al.
2006; Gangopadhyay et al. 2007; Fishwick and Bastow 2011; Rougier et al. 2013).
High-resolution geophysical studies are therefore of great importance in con-
straining the underlying geological structure of this region, thus bringing some
elements into the debate on its deep structure.

Magnetotelluric (MT) is a passive geophysical method able to probe the crustal
and upper mantle geological structure. From surface measurements of the natural
telluric currents and the terrestrial magnetic field rapid fluctuations, the MT method
allows to infer the distribution of the electrical conductivity in the lithosphere.
Indeed, for a stratified Earth, and for a given frequency, the electrical resistivity of
the lithosphere is proportional to the square of the ratio of the electric field com-
ponent to the magnetic field perpendicular component (Tikhonov 1950; Cagniard
1953). The penetration depth of the electromagnetic energy is proportional to the
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square root of the duration of the recordings. For broadband measurements and for
an old and resistive crust like that of the Hoggar massif, this depth can reach a
hundred km or more. The adoption of a suitable measurement step between stations
and an optimal duration of the measurements in each of the stations, enables to
image with an adapted resolution the lithospheric electrical conductivity distribu-
tion under the studied region.

The bulk electrical conductivity (inverse of resistivity) of a rock can be an
excellent geological marker. Indeed, the conductivity is poorly correlated with the
nature of the rock matrix but highly controlled with the porosity, the presence of
fluids, mineralization or melt as well as with the thermodynamic conditions that
prevail in the crust and in the upper mantle. In the crust as a whole, the increase in
pressure with depth reduces substantially the volume of pores and thus causes a
strong increase in the resistivity of rocks. In the lower crust, however, the presence
of fluids or graphite induces a significant drop in resistivity. The resistivity increases
moderately in the lithospheric mantle (Haak 1980; Lastoviskova 1983; Shankland
and Ander 1983; Jodicke 1992; Jones 1999; Jones and Ferguson 2001; Nover 2005;
Jones 2013).

Furthermore, the lithospheric electrical resistivity may vary laterally for several
reasons. Old suture zones may be areas of strong falls in resistivity due to sediments
trapped during ocean closure or due to the presence of volcanic rocks formed during
the collision (Gokarn et al. 2002; Rao et al. 2007, 2014). Similarly, the existence of
faults and shear zones in the lithosphere which can act as drain for the circulation of
fluids or zones of mineralization precipitation, or even zones of weakness allowing
magma rising to the surface, are generally associated with a sharp drop in resistivity
(see for example Jones et al. 1992; Ritter et al. 2003; Unsworth and Bedrosian
2004; Bouzid et al. 2008, 2015). The rise of melt through the lithospheric faults and
their spreading under the Moho or under the upper crust, as well as the existence of
crustal volcanic chambers and reservoirs, may also induce sharp falls in the elec-
trical resistivity within the lithosphere (Wannamaker et al. 2008; Meqbel et al.
2014; Bouzid et al. 2015).

In the present study, magnetotelluric broadband data collected at 12 sites in the
Silet/Abalessa area of the Hoggar region will be analyzed and modeled. A 2D
lithospheric resistivity model will be proposed and will be interpreted in geological
terms.

2 Geological and Geophysical Settings

The Tuareg Shield, situated in North Western Africa, is composed of three massifs,
the Hoggar in Algeria, the Adrar des Iforas in Mali and the Air in Niger. Important
sub-meridian lithospheric shear zones (4°50" and 8°30") characterize the struc-
turation of the Hoggar as dislocated blocks (Caby 2003). Historically, this led to
subdivide it into three parts, the Western Hoggar, the Central Polycyclic Hoggar
and the Eastern Hoggar (Fig. 1). Later, the Tuareg Shield has been shown to be
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composed of 23 terranes (Black et al. 1994) that mostly are superposed on the
previous subdivision. Especially, the terranes composing most of the Central
Polycyclic Hoggar (Laouni, Azrou-n-fad, Tefedest, Egéré-Aleksod) have been
shown to have a common history and have been grouped within the LATEA
(acronym of the above terranes) metacraton (Liégeois et al. 2003), an
Archeo-Eburnean basement partially reactivated during the Pan-African orogeny.
The metacraton LATEA (Liégeois et al. 2003) had a complex history, it has been
affected by an Eburnean highgrade metamorphism (amphibolite- to granulite-facies
2.1-1.9 Ga; Bendaoud et al. 2008). After that, LATEA has been dissected by shear
zones along which high-K calc-alkaline granitoid batholiths has been implemented,
generating local high-temperature amphibolite facies metamorphism (Bendaoud
et al. 2008). During the Mesoproterozoic, LATEA was cratonized by acquiring a
rigid lithospheric mantle (Black and Liégeois 1993; Abdelsalam et al. 2002;
Liégeois et al. 2003) and behaved as a passive continental margin. The
Neoproterozoic Iskel block represents the most eastern terrane of Western Hoggar.
It is inlaid between the In Tedeini terrane to the west and the LATEA metacraton to
the east and it is separated from the latter by the 4°50" shear zone. Caby (2003)
considers that Iskel corresponds to a Mesoproterozoic arc-type terrane, showing a
low degree metamorphism (greenschist to amphibolite). It is characterized by
Neoproterozoic wide magmatic-arc batholiths overlapping the early Neoproterozoic
volcano sedimentary series. The presumed Paleoproterozoic granito-gneissic
basement outcrop only in the Timgaouine area. Several west-dipping subduction
episodes led to the establishment in the middle and in the upper crust of TTG
batholiths and typical active margin volcano sedimentary series (Bechiri-Benmerzoug
2009). The 4°50" is considered as a cryptic suture connecting different crustal blocs
of LATEA microcontinent and Iskel terrane (Caby 2003) or an internal structure of
LATEA, Iskel resting upon the LATEA basement (Azzouni-Sekkal et al. 2003;
Liégeois et al. 2003, 2013). At the end of the Pan-African orogeny (during
580-540 Ma) and due to numerous stages of transtension, LATEA and Iskel have
been intruded by circular alkali-calcic granitoids called “Taourirt” (Azzouni-Sekkal
et al. 2003). Since the Oligocene period, the Tuareg shield has seen an intense
volcanic activity due to an asthenospheric upwelling (Dautria and Girod 1991;
Ait-Hamou et al. 2000) or to a reactivation of the shield by the distant
Africa-Europe convergence (Liégeois et al. 2005). The volcanic activity is repre-
sented in several districts (Adrar N’Ajjer, North-Anahef, South Amadghor,
Manzaz, Atakor, Eggéré, In Ezzane, and Tahalgha); some of them follow the
North-East South-West oued Amded lineament. The Tahalgha district constitutes
the largest volcanic area with 1800 km? and E-W lateral extension across tectonic
blocks of LATEA and Iskel terrane. It is composed by extensive basaltic lava
(Dautria 1988) issued by several strombolian stratovolcanoes whose volcanic
activity started in the Miocene.

The current Hoggar massif is a Precambrian basement of a broad lithospheric
swell morphology with a diameter of about 1000 km and an area of
~ 300,000 km?. This asymmetrical dome with a softer slope on the western side,
has an altitude of 1000-1500 m and displays volcanic districts whose altitudes
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exceed 2000 m (Dautria and Lesquer 1989). Its highest point, Mount Tahat, is
located in the Atakor volcanic district at an altitude of 2918 m (Rougier et al. 2013).
Based on the modeling of the longitudinal profiles of three major Hoggar oueds, the
crustal uplift rate of this massif was estimated by Roberts and White (2010).
According to these authors, the uplift began at the Eocene (40-50 Ma) with an
amount of 0.2-0.5 km, continued during the Miocene with an amplitude of 0.4—
0.6 km. These results are consistent with those obtained from the analysis of the
thermochronological data of apatite (U-Th)/He (Rougier et al. 2013). The Hoggar
massif as a whole was eroded during the Eocene before the beginning of the
magmatic activity at c. 35 Ma. The Hoggar basement that is now exposed on the
surface would have been buried after the Early Cretaceous under a sedimentary
cover of more than 1 km (Rougier et al. 2013).

In an attempt to study the nature and mantle structure at the origin of this
important relief of Hoggar, several geophysical studies have been initiated: using
seismic tomography, gravimetric, magnetism, heat flux, and magnetotelluric.
Seismic tomography models obtained on a global or continental scale suffer from
their low lateral resolution. These models cannot solve geological objects of less
than few hundred kilometers in size, such as the different terranes constituting the
Hoggar, suture zones or shear zones. However, these tomographic models show a
slow and thin lithospheric mantle under the Hoggar relative to the West African
Craton in the west, the Saharan metacraton to the east, and the Sahara platform to
the north (Sebai et al. 2006; Priestley et al. 2008; Begg et al. 2009; Fishwick and
Bastow 2011; Liégeois et al. 2013). On a local scale, P-wave seismic data confirm
that the Hoggar is generally characterized by a slow mantle. More particularly, the
volcanic districts of Atakor and Tahalgha are underlain by zones of low seismic
velocity in connection with the recent volcanic activity of these districts (Ayadi
et al. 2000). On an even smaller scale, around Tamanrasset, Liu and Gao (2010)
analyzed the receiver functions obtained at a single station (Geoscope seismic
station of Tamanrasset). These authors revealed a Moho at about 34 km below the
surface and spatial variations correlated with the rheological characteristics of the
crust under the two adjacent terranes. The Tefedest to the west being very fractured
contains volcanism, whereas Laouni to the east is less fractured so more rigid, is
lacking. The Bouguer anomaly map of the African continent reveals the existence
of a negative anomaly in the Hoggar massif (Pérez-Gussinyé et al. 2009). At the
Hoggar scale, although the distribution of the data is not perfectly homogeneous
and has many gaps, this anomaly appears to be localized in LATEA, more or less
coinciding with Atakor, Manzaz, and Amadror. According to Lesquer et al. (1988),
the Hoggar Bouguer anomaly map shows two types of trends: a trend corre-
sponding to the long wavelengths can be correlated with the broad topographic
swell, and the other of short wavelengths can be correlated with the structure of the
Precambrian basement of the massif. The long wavelength negative anomaly was
interpreted as the gravimetric response of a light structure underlying the crust
(Lesquer et al. 1988). The effective elastic thickness of the African continent was
estimated by Pérez-Gussinyé et al. (2009) from the coherency analysis between the
continent topography and the gravimetric data. The Hoggar massif is characterized
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by a small effective elastic thickness probably due to a relatively thin lithosphere
compared to the West African Craton, the Saharan Metacraton, and the Saharan
Platform. Heat flow data show a relatively warm lithosphere in agreement with its
Precambrian age with an average of 53 mW/m? (Lesquer et al. 1989). A strong
anomaly is observed in the north in the Saharan sedimentary basins (Takherist and
Lesquer 1989). But an important gap in the data between these two regions does not
allow to locate the southern limit of the basins anomaly. However, a relatively
important heat flux was observed near Tamanrasset town. It appears to be associ-
ated with the Cenozoic magmatic activity of the Atakor and Tahalgha volcanic
districts (Lesquer et al. 1989). On the other hand, magnetotelluric data do not show
a large-scale regional anomaly under the Hoggar (Bouzid et al. 2004). Lithospheric
conductivity anomalies have been observed that may be associated with some
geological faults (Bouzid et al. 2008) or with volcanic districts such as Atakor
(Bouzid et al. 2015).

3 Data Collection and Analysis
3.1 Data Collection

The magnetotelluric data were collected at 12 sites during two field surveys. Three
stations (53, 54 and 55) have been acquired in 2007 during a previously broad
reconnaissance survey of Western and Central Hoggar at large scale with ~40 km
interstation distance. The lateral resolution of the MT data was significantly
improved by acquiring 9 new sites (1-9) in November 2010. The whole forms an
east-west profile 75 km long, centered on the 4°50" mega-fault near Abalessa town,
located 70 km west of the city of Tamanrasset (Fig. 2). Another interesting aspect
of the MT profile location is that it is located just on the northern flank of the
Tahalgha volcanic district. To get a better lateral resolution at the upper crust depth,
a2 km measuring step was adopted near the surface trace of the 4°50' fault. Then, it
was increased to 4, 8, and 16 km towards the profile ends (Fig. 2). The horizontal
telluric (electric) component and the magnetic vector time series have been acquired
using the V5 system 2000 of Phoenix Geophysics. To attempt to reach a deep
penetration across the lithosphere, each site has been occupied for about 20 h. The
measuring sites are located far enough from any significant human activity and
electromagnetic noise level was therefore very low, then no reference station was
needed. Time series collected have been processed using a robust processing code
based on Jones and Jodicke (1984) and provided by the instrument manufacturer.
The magnetotelluric impedances and tippers obtained are of good quality and range
between periods of 0.001 and 3000 s (Fig. 3). Furthermore, visual examination of
apparent resistivity data of the tensor impedance main elements shows no large
discrepancy to the very short periods. This offset would be indicative of the pres-
ence of static shift, then no such correction was applied to data.
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Fig. 2 Location map. a A North-West Africa topographic map (GTOPO30), the study area is
pointed out by a rectangle. b A magnetotelluric sites (dots) location on SRTM3 map of the
Silet-Abalessa area. The 4°50” fault limiting Tefedest terrane from Iskel terrane as well as the 4°35'
fault and the volcanic district of Tahalgha are clearly visible on the topographic map

3.2 Tipper/Induction Vector Data Analysis

The tipper, also called magnetic transfer function, is defined as the ratio of the
magnetic field vertical component to its horizontal component. It is theoretically
zero for a layered earth but not zero for a 2D or 3D structure. Its magnitude exceeds
generally the value of 0.1, sometimes reaches 0.3 at some sites, and is even equal to
0.5 for station 54 at short periods, indicating in these latter cases strong lateral
changes in the conductivity distribution in the crust beneath the study area. This
was expected if regarding the presence of faults and the vicinity of Tahalgha
volcanic district as shown in the geological map (Fig. 1). The induction vector
(with its real and imaginary parts) is another way to represent the magnetic transfer
function. The real part of the induction vector, plotted in Parkinson’s (1962) con-
vention, points towards conductive areas that highly concentrate currents (Fig. 3).
Figure 4 shows three maps representing the Parkinson induction vectors plotted for
three periods corresponding to three penetration depths: the period of 1/8 s corre-
sponds to upper crust penetration depth, that of 8 s to the lower crust and that of
512 s to the lithospheric upper mantle. For shorter periods, induction vectors are
sensitive to local structures. They therefore indicate directions changing from site to
another. They point towards two zones in the short period data (1/64—1/8 s): the 4°
50" fault zone close to the center of the profile and another area situated west of
station 54 that may be associated with the 4°35’ fault. Although in the latter case,
the situation is less obvious due to the larger measuring step. Directions indicated
by induction vectors at long periods (7" > 1 s) are NNW to North and then NNE for
longest periods revealing a regional conductive structure located north to NE of the
MT profile (Fig. 4). This effect is due to the existence of a lithospheric zone of
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Fig. 3 TE and TM mode apparent resistivity (Rho) and phase (Phi) data, and real component of
the induction vector (Ind. v.) plotted following Parkinson’s (1962) convention corresponding to
sites 55, 9, 8, 7, 1, and 53, respectively. TE and TM mode data are extracted using Groom and
Bailey (1989) tensor decomposition for a fixed strike of N15°E

enhanced conductivity that is located out of the profile and which cannot be
modeled by these MT sounding data.

3.3 Impedance Tensor Analysis (Dimensionality, Strike)

The magnetotelluric impedance tensor analysis consists in determining the geo-
electric structure geometry (or dimensionality) and the direction of the regional
structure elongation (strike) if the latter is two-dimensional (2D). This task could



176 A. Bouzid et al.

/2 Tahalgha volcanic
| district /

/

g

/ S / T'=
i Lk ;

Fig. 4 Induction vectors (Parkinson 1962) maps plotted for three periods corresponding to three

different investigation depths. In short and medium periods (7 = 1/8 s), induction vectors point

towards two specific area situated beneath the profile: the 4°50" and the 4°35' faults. At longer
periods, lateral effects are situated north (7 = 8 s) and NE (7 = 512 s) from the MT profile

present some difficulties because the effect of near-surface small-scale inhomo-
geneities, considered as a geological noise by Bahr (1991), could distort the
magnetotelluric response of the regional studied structure. The impedance tensor
data analysis was performed according to the method of Bahr (1991) and then that
of Caldwell et al. (2004). The Bahr’s method consists in determining the values of
four dimensionality indicators relative to respective empirical threshold values. The
phase-sensitive skew of Bahr (1991) that is sensitive to the geometry of the regional
structure only becomes strong (greater than 0.3 or 0.35) for a regional 3D structure.
The Bahr skew, calculated frequency by frequency for all stations, remains mainly
less than the threshold value of 0.3 (Fig. 5). This indicates that the regional
structure under the magnetotelluric profile is roughly not 3D. On the contrary, the
Swift (1967) skew, which can be strongly affected by the presence of distortion,
exceeds the 0.06 threshold value (Marti et al. 2005) even if the regional structure is
2D or 1D. In the case of our data, this parameter is well above the threshold value
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Fig. 5 Phase-sensitive skew (1, Bahr 1991) calculated frequency by frequency for the entire
soundings. The line at 0.3 represents an empirical threshold that discriminates between a complex
3D structure ( > 0.3) and a simple 1D or 2D structure (# < 0.3). In the figure, some points above
the empirical threshold represent a dispersion due to noise in data. The Swift Skew is sensitive to
the effect of the galvanic distortion of superficial heterogeneities and may exceed the threshold of
0.06 even if the regional structure is 1D or 2D. Below, the ellipticity of the phase tensor indicates a
non-1D structure. The f-skew indicates a roughly 2D regional structure

(Fig. 5). Having a weak Bahr skew concomitantly with strong Swift skew can be
interpreted by the existence of a 1D or 2D regional structure to which are super-
imposed small superficial heterogeneities bellow the MT data resolution. To
determine more accurately the regional structure geometry (i.e., 1D or 2D), it is
necessary to call the other two Bahr’s parameters, namely the rotationally invariant
measure of two dimensionality (X) and the regional 1D indicator (). These two
parameters were calculated systemically for all frequencies and for the entire MT
stations. Their analysis site by site shows that the regional structure beneath the MT
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profile is 2D with a 3D superficial superimposed inhomogeneities, i.e., 3D/2D
structure.

Bahr’s analysis was corroborated by that of Caldwell et al. (2004), commonly
referred to as the phase tensor method. The phase tensor is defined by the ratio of
the imaginary component to the real component of the magnetotelluric impedance
tensor (Caldwell et al. 2004; Bibby et al. 2005). Thus, it reflects the regional
geoelectric structure without being sensitive to the presence of surface inhomo-
geneities. The ellipticity (1) and f-skew parameters deduced from the phase tensor
were calculated and plotted frequency by frequency and station by station (Fig. 5).
On the whole, the ellipticity remains well above the threshold value (of 0.1)
whereas f-skew remains low overall (<3°) except for long period data where it
exceeds the threshold value. It is then reasonable to conclude that the magne-
totelluric data reveal a regional 2D structure beneath the profile. The values of
p-skew (low at short periods and stronger at long periods) can be interpreted by the
response of some quasi-2D crustal geological structures which will be 2D at the
medium periods but rather 3D at the long periods (Fig. 6). In addition, this effect
will be more apparent on the TE mode data than on the TM mode data.

The regional structure being roughly 2D, it is necessary to determine the azimuth
of its elongation, commonly known as the strike angle. To this end, we used three
different approaches. The strike angle was calculated frequency by frequency for
each survey using the least square method of Groom and Bailey (1989) then the
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Fig. 6 Phase tensor section plotted using the toolbox of Krieger and Peacock (2014)
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analytical formula of Bahr (1988, 1991), and lastly the phase tensor method of
Caldwell et al. (2004).

For all three methods, the rose diagrams of the strike angles have been plotted
decade by decade to highlight any changes in the strike according to the frequency.
This revealed a change in strike at roughly 50 s of period (Fig. 7). Thus, the strike
is mainly N15°W for short and medium periods (<50 s) corresponding to crustal
depths, and N15°E for long periods (>50 s) corresponding to lithospheric upper
mantle penetration (Fig. 7). A difference of 30° in the strike direction is thus shown
by MT data between the crust and the mantle.

0.001 s-3000s 0.001s-50s 505-3000s

Groom-
Bailey
Bahr W
Phase
Tensor

Fig. 7 Strike angles calculated frequency by frequency for all soundings using Groom and Bailey
(1991) method (up), Bahr method (middle) and phase tensor method (bottom). The rose diagrams
correspond to the entire periods (left column), short and medium periods (in the center) and long
period data (right column)
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4 Modeling

MT data analysis of all soundings shows a two-dimensional lithosphere structure
striking N15°W for short and medium periods that are less than 50 s (crust) and
N15°E for long period more than 50 s (lithospheric mantle). Moreover, the mea-
suring site distribution along the profile is not regular. Sites are less spaced at the
center (more or less than 2 km) allowing a better resolution of the firsts km of the
crust, than at the ends of the profile where the interstation distance increases
gradually until reaches 16 km. Taking into account the change in strike according
to period and in the measurement step, it seems intuitively more ingenious to model
the geoelectric structure under the profile at three different scales: at the central area
(at the vicinity of 4°50") with a shallow model, but higher spatial resolution, then at
the crustal scale (strike of —15°) and at the lithospheric size (strike +15°).

Once the strike is fixed, the impedance tensor data of each sounding were
decomposed using the Groom-Bailey method (1989). TE and TM modes data are
then extracted. In all cases, the nonlinear conjugate gradient algorithm of Mackie
et al. (1997) implemented in the Geotools package was used to invert the MT data.
The algorithm consists in improving by successive iterations a starting model. At
each iteration, a new model is calculated by minimizing a functional equal to the
linear combination of a measure of the model simplicity (model roughness) and the
fit between the model response and the observed data (root mean square or rms).
The trade-off between the model roughness and the rms is made by a regularization
parameter (7).

4.1 Modeling Short and Medium Period Data

To model the crustal structure, the strike has been set to N15°W. Indeed, because of
the redundancy in the data due to the short measuring step in the central area (only
2 km) and because of the presence of moderate noise in some stations especially to
the long period data, three soundings were not used in the inversion, namely
stations 4, 6 and 54. A set of 20 periods regularly distributed between 1/560 and
100 s were chosen to achieve the inversion. Several tests were conducted to find the
best mesh that gives the lowest root mean square (rms). Then, a study was con-
ducted to determine the optimum value of the regularization parameter (7) that plays
a role as a balance between data (rms) and the simplicity of the solution (model
roughness). Thus, several inversions were performed by changing the 7 value from
1, 2, 3, etc., to 100, while keeping the remainder unchanged. For each rms value,
the model roughness is plotted with respect to the inverse of 7 (Fig. 8). Three
L-curves are therefore obtained in the case of the inversion of the TE mode data
only, the TM mode data only and simultaneously both modes data (Hansen 1992).
They provide three different optimum values of t parameter, which are, respec-
tively, 8, 10, and 8 (Fig. 8). At this stage, the inversion of apparent resistivity and
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phase data of the TE mode only and the TM mode only was carried out in two
steps, by varying the noise floor on the data. This was taken as 50% on the apparent
resistivity data and 2.87° on the phase data (equivalent to 5% on impedance). Then,
in the second step, respectively of 10% and 2.87° (Fig. 9b). On the other hand, the
simultaneous inversion of the data of both modes was carried out in two steps. In
first step, the TM model previously obtained was used as starting model, with
therefore the following noise floor values: 10% and 2.87° for respectively apparent
resistivity and phase of the TM mode data, and 50% and 2.87° for those of the TE
mode data. Then, in a second step, and for both modes, the error floor on apparent
resistivity is fixed to 10% and phase to 2.87°. The 2D model was obtained with an
rms of 3.67. A similar approach was followed to invert data of both modes but by
taking TE 2D model previously calculated as initial model. The resultant model was
obtained with an rms of 4.01.

The MT data show that the crustal structure is more conductive in the NNW
direction (TE mode) than in the perpendicular direction (TM mode). As a result, the
penetration depths obtained by the TM mode data are larger than those of the TE mode
data. On the other hand, the MT sites located directly above conductive structures
have a smaller investigation depth because they strongly attenuate the electromagnetic
waves. This is clearly shown by the Niblett-Bostick transform. Indeed, for the TE
mode data and for periods shortest than 50 s, the depth of investigation is about 40 km
under stations 8, 2, and 53 while it does notexceed 15 km under the western part of the
profile (under 55 and 9), and 18-25 km under the central part of the profile (5, 6 and 3)
and under station 1. These three zones display strong drops in electrical resistivity. In
contrast, the penetration depths are more important for the TM mode data. They
exceed 40 km except under the center of the profile where they reach 30 km.
Moreover, the TE mode data are more sensitive to the 3D effects of off-line structures
than those of the TM mode. This explains the higher rms (4.39) in the first case and
very acceptable one in the second (rms of 0.77). The geological map of the study area
shows precisely the presence of changes in geological structure geometry from 10 to
15 km to the north and south of the MT profile. On the other hand, the model cor-
responding to the TE mode is more sensitive to thin conductive structures than that of
the TM mode, which tends to smooth the structures in the model. This is most likely
the case of the conductive body located beneath the central zone clearly indicated by
the TE data but not in TM mode.

4.2 Modeling of the Central Area

To improve the spatial resolution of the resistivity model of the near surface crustal
structure close to the 4°50 fault area, a short profile of 7 stations and 16 km long
has been selected. The interstation distance varies from 1.5 to 4 km. The strike was
set to —15° (N15°W) then TE and TM mode data were extracted according to the
GB method (Groom and Bailey 1989). Apparent resistivity and phase data corre-
sponding to 19 periods ranging from 1/560 to 56 s (frequency of 0.018 Hz) were
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Fig. 8 L-curve representing the model roughness versus the reverse of regularization parameter
(7) for different root mean square (rms) for TM mode data 2D inversion corresponding to short and
medium period data of models a and b in Fig. 9 (top in a), and to broadband data of model ¢ in
Fig. 9 (bottom in b). The corner of the curve which gives the optimum value of the regularization
parameter corresponds to an rms of 1.031 in the case of the short and medium period data (a) and
1.006 in the case of the broadband data (b)

chosen to be inverted to estimate the crustal resistivity model. Models corre-
sponding to TE mode only or TM mode only and both modes data were calculated
in the same manner than that followed previously for the short and medium data of
the previous section. TE model, TM model, TE+TM model (using the obtained TE
model as starting model) and TM+TE model (using the obtained TM model as
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Fig. 9 Crustal 2D resistivity models obtained by inversion of apparent resistivity and phase of
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surface geology (colored bar on the top of the resistivity models of a and b) was taken from the
Hoggar geological map at 1/1,000,000 of Bertrand and Caby (1977). The notations used are as
follows: Prl, for Paleoproterozoic LATEA metacraton basement; g4, for high-K calc-alkaline
granitoids (HKCA, 630-580 Ma); Pr4, for Neoproterozoic volcano sedimentary series; gd3 and
gd4, for Neoproterozoic granodiorite/calco alkaline granites magmatic province
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starting model), were found with respectively the rms values of 4.72, 0.61, 3.85 and
5.47 (TM model is shown on Fig. 9a). TE model reveals mainly a strong conductive
structure under site 6 that extends to the surface. However, this conductive structure
appears with a much lower contrast on the TM model. It could then be a structure so
thin that it is not resolved by TM mode data.

4.3 Modeling of Long Period Data

The same approach was followed for the inversion of the long period data.
A significant penetration depth reaching the lithospheric mantle to about 100 km is
obtained. The central part of the profile being relatively densely covered only was
taken into account stations with good quality data. Thus, 8 stations were used in the
inversion, namely, 55, 9, 8, 54, 5, 2, 1, and 53. The strike was set to N15°E and the
Groom-Bailey TE and TM modes data were extracted from the measured tensor
(Groom and Bailey 1989). The study of the regularization parameter T gives the
following values: 9 for the TE mode data, 5 for the TM mode data, and 7 for data of
both modes (Fig. 8). Furthermore, 23 periods were used that are regularly dis-
tributed between 1/320 and 1000 s. The inversion process produces solutions with
an rms of 5.82 for the TE mode data only, 0.96 for the TM mode data only, 4.93 for
both modes data with TM model used as starting model, and 4.47 for that using TE
model as starting model (Fig. 9c for TM model). The last two models are very
similar to the TE model and do not provide more information especially for the
deeper part. As the strike change occurs around 50 s, a modeling was performed for
the long period data with a strike of —15° (as was the case for short and medium
periods). The models obtained give a better definition of the crustal part (which is
similar to the models obtained for short and long periods) but a very poor resolution
for the deep structure (homogeneous model without a change in the resistivity) with
however stronger rms. Due to a drop in electrical resistivity in some parts of the
crust, the TE mode data penetration does not exceed 15 km under station 9, while it
is about 60 km under station 1. For TM mode data, a relatively shallow penetration
is obtained under stations 2 and 9 (approximately 70 km). Everywhere else, the
depth of investigation reaches 100 km depth or more.

2D models corresponding to TE mode data were obtained with relatively strong
rms (>4 in all cases). This is because TE mode data remains very sensitive to 3D
effects and unlike those of TM mode. However, the latter give resistivity models
with a very acceptable rms but having rather smooth structures. For this purpose,
the resistivity models calculated from the TM mode data only have been selected
for geological interpretation (Fig. 9).
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5 Gravimetric and Aeromagnetic Data Constraints

The constraints provided by the gravimetric and magnetic data are complementary
to those of the MT data. Indeed, the potential methods have a better lateral reso-
lution than the MT, while the latter being a probing method better resolves the
depths of the geological layers. Potential field data available in the study area will
be analyzed and modeled. The results obtained will be integrated with those of
magnetotellurics.

The gravimetric data processed in this study come from a compilation of data
from several old gravimetric surveys to which new data are added. The new data
were collected during a field survey carried out in 2005 along a profile from
Tamanrasset to Silet. These new data, linked to the Algerian absolute measurement
network, made it possible to homogenize the data of the different surveys
(Bouyabhiaoui et al. 2011). Their measurement accuracy is of the order of 0.5 mgal.
The distribution of the measurement points is inhomogeneous, but a large part of
the points is concentrated in the center of the map with an equidistance of about
2 km. The Bouguer anomaly was calculated on the basis of a correction density of
2.67 and a topographic correction at a distance of 110 km (Fig. 10). The gravi-
metric anomaly map (Fig. 10a) shows that anomalies with an amplitude greater
than 40 mgals are elongated in an NS direction. The central area of the map is
characterized by a negative anomaly almost wedged between positive anomalies,
which suggests a mass deficit in the region centered on the 4°50’ fault. The vertical
gradient map (Fig. 10b) enhances the high frequencies and highlights the gravi-
metric anomalous axes and contacts. It shows a succession of positive and negative
anomalies, elongated in the NS direction, revealing the presence of faults within the
crust. Thus, the 4°50' fault signature can be highlighted (Fig. 10).

The magnetic data come from an aero-geophysical survey covering the entire
Algerian territory and carried out in 1971 by the American company
AERO-SERVICE CORPORATION (ASC). The direction of the flight plans is
oriented in EW. The distance between the flight lines is 2 km. It is however 40 km
for the tie lines. On a flight line, a measurement is taken every 50 m. The flight
altitude is kept constant at 150 m (Bournas et al. 2003). Moreover, the reduced to
the pole magnetic map (Fig. 11a) is dominated by a large positive anomaly cov-
ering the entire central part of the map. This strong anomaly superimposed rather
well with the Tahalgha volcanic district corresponds to the magnetic signature of
the lava field. It therefore partly hides the rest of the nearby magnetized geological
formations. The vertical gradient map (Fig. 11b) makes it possible to reduce the
effect of the lava and to highlight several magnetic discontinuities, as is the case of
the positive magnetic anomaly of NS elongation and corresponding to 4°50' fault.

The gravimetric and magnetic data along a profile that coincides with the MT
stations were inverted jointly using GEOSOFT’s GMSYS routine. The 2D model
(Fig. 12) obtained shows that the lower crust thickens at the center of the profile
under the 4°50’ fault to reach a depth of 43 km. Then, the Moho rises to a depth of
22 km to the west end and 30 km to the east end. The lower crust is bordered by
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two discontinuities and is crossed by two faults. The upper crust of almost constant
thickness reaches a depth of the order of 14 km.

6 Geological Interpretation

The magnetotelluric data acquired on the LATEA western boundary near Tahalgha
volcanic district show a mainly two-dimensional lithosphere with a structure
elongation in N15°W direction for the crust and N15°E for the underlying litho-
spheric mantle. At the scale of the study area, the N15°W strike is supported by the
local surface trace directions of the major faults affecting the study area (4°50', 4°
35' faults). By contrast, the N15°E structural direction observed in the lithospheric
mantle do not correlate with surface geological structures (Fig. 2). Taking into
account the non-regular distribution of the MT sites, with a short measuring step in
the center (up to 2 km) but wide towards the profile ends and the strike change with
the depth, on the other hand, we calculated three resistivity models at three different
scales (Fig. 9). A lithospheric model reaching an 80 km depth (Fig. 9c), then a
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crustal model (Fig. 9b) and lastly a high-resolution model of the central area around
the 4°50' fault (Fig. 9a). From depth to the surface, these three resistivity models
show a fairly homogeneous lithospheric mantle with a resistivity of 100-200 Qm.
The lithospheric mantle contains a subvertical conductor rooted down to a depth of
about 70 km and ascending to the base of the upper crust. This conductor, reaching
a width of 10-20 km, perhaps less because it may appear more spread due to a loss
in resolution with depth inherent to the magnetotelluric technique, is located
directly below the 4°50’ fault (C3, Fig. 9). However, the model does not show any
change in resistivity at the Moho depth, estimated at about 34 km below the surface
by the analysis of the receiver functions obtained at the GEOSCOPE station at
Tamanrasset (Fig. 9c). On the other hand, a very inhomogeneous upper crust is
revealed. This modeled upper crust has an excellent correlation with the surface
geology (Fig. 9b). From the crustal resistivity model, one can discern some crustal
blocks corresponding to batholiths (R1, R2, and R3, Fig. 9b), characterized by a
very resistive upper crust (>10,000 Qm) and others corresponding to the
Paleoproterozoic metamorphic basement, much less resistive (C2 and C4, Fig. 9b).
In the vicinity of the 4°50" fault, the central area of about 20 km lateral width is
underlain by a relatively conductive middle and lower crust of about 100 Qm (C3,
Fig. 9b). But, at both profile ends, particularly under the metamorphic blocks of the
Paleoproterozoic and late Neoproterozoic metamorphic basement, the crustal
resistivity is relatively larger reaching a resistivity of about 500 Qm (C2 and C4,
Fig. 9b). These two portions of the crust are crossed by subvertical faults that are
rooted in the crust.

The magnetotelluric profile spreads over the western edge of LATEA which is
an old craton remobilized during the Pan-African Orogeny. At the scale of the
studied area, the Tefedest terrane is characterized by a Polycyclic Paleoproterozoic
gneissic basement (Prl) that is intruded by (630-580 Ma) HKCA granitoids (g4) at
the eastern edge of the profile. The two crustal blocks are separated by an
intra-terrane sub-meridian shear zone of N10°E direction at the local scale (Fig. 1).
The magnetotelluric model reveals a resistive (>10,000 Qm) upper crust below
Tefedest terrane of about 15 km thick beneath the Pan-African batholith of Tit (R3,
Fig. 9b; see Fig. 2) to the east, and <10 km thick under the Paleoproterozoic
metamorphic basement to the west (C4, Fig. 9b). The intra-terrane shear zone
separating the two latter crustal portions, probably having played an important role
in the HKCA batholith emplacement during the Pan-African Orogeny, is underlain
by a subvertical conductor that reaches at least the base of the crust (C5, Fig. 9b).
This conductive body could be interpreted as the electrical signature of a shear zone
within the upper crust as shear zones often causes a decrease in the electrical
resistivity due to an increase in porosity and to the presence fluids or mineralization
in the pores.

The western part of the MT profile is located on the Iskel thrust terrane whose
crust seems to be more inhomogeneous and complex with several conductive and
resistive crustal portions as might be expected from the surface geology and the
geologic history of this island arc (Fig. 9b). From the resistivity model, we can
discern from east (near 4°50’ fault) to west, three crustal entities: a thick granitoid
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batholith probably the continuation of Anou-Eheli (640 Ma) batholiths
(Bechiri-Benmerzoug 2009), rooted in the base of the upper crust (R2, Fig. 9b), a
conductive block corresponding to a metagreywakes formation limited to the east
by a 4°35' sub-meridian fault (C2, Fig. 9b), and to the west a resistive block
representing a thick Neoproterozoic batholiths (R1, Fig. 9b).

The mega-shear zone commonly known as 4°50" fault limiting the Tefedest
terrane (LATEA) to the east from the Iskel terrane (Western Hoggar) to the west, is
clearly evidenced by the MT data (Fig. 9). It corresponds to a conductive sub-
vertical body of 10 km width or more in the lower crust and upper mantle (C3,
Fig. 9b and c) but only of few kms width near the surface where it joins the 4°50’
trace at the surface (Fig. 9a). This change in width with depth could be explained
by the rheological behavior of the crust near the Abalessa area. Indeed, in the upper
crust, the 4°50" fault is sharp when it crosses the thick, resistive, and compact
batholith, whose behavior is rather rigid (Fig. 9a). At the lithospheric scale, its
signature is evident to a depth of several tens of kilometers. This fault appears to be
connected with the conductive structures C2 and C4 (Fig. 9b and c) of the middle
crust beneath the studied area. The loss in resolution of the method in the deep
lithosphere does not make it highlighted to these depths (Fig. 9c). The model
obtained by joint inversion of potential data (Fig. 12) is in agreement with the
resistivity model (Fig. 9b). Unlike the case of 4°50', the resistivity model shows
that the fault of 4°35', located inside the Iskel terrane, is not associated with any
deep conductor. This is corroborated by the potential data model. Consequently, the
4°50" appears as the major fault in the area, with a deep root in the lithospheric
mantle.

The MT profile is located just on the northern flank and parallel to the Tahalgha
volcanic district which extends in the E-W direction. Some stations are located
even near or at some kilometers from volcanoes. The Pan-African structure,
especially the various crustal faults and the fragile zones of the upper crust which
correspond to conductive structures on the resistivity model, has certainly allowed
the transport of melt from asthenosphere to surface. Fluids released by the magma
and/or the precipitation of mineralization give rise to strong drops in the resistivity.
In the absence of other constraints, the resistivity model cannot clearly state whe-
ther this signature corresponds to a Pan-African heritage, or to the Cenozoic
reactivation. On another side, the relatively short length of the MT profile
(~75 km) with respect to the width of the oued Amded lineament (see Fig. 1) does
not make it possible to constrain the lithospheric structure of this important geo-
logical object.

7 Conclusions

The crustal and upper mantle structure of the Hoggar massif is the subject of hot
scientific debates because it remains relatively unknown. Indeed, the lack of
high-resolution geophysical studies in the region allows discrepancies between the
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various hypotheses formulated on the structure and deep nature of the Hoggar
massif. In the present study, magnetotelluric was used to constrain the lithospheric
geological structure of the Abalessa region, located on the LATEA western
boundary. The study area is geologically complex because it is located at the
intersection of the 4°50" major fault with the oued Amded lineament, and on the
northern flank of the Tahalgha volcanic district.

The collection of nine magnetotelluric sites added to three former sites belonging
to a reconnaissance campaign allowed to model the crustal and upper mantle
structure down to a hundred kilometers depth. Magnetotelluric data reveal crustal
structures striking N15°W. This direction changes on 30° in the lithospheric mantle
to be at N15°E. The resistivity model obtained by inversion of magnetotelluric data
shows a rather inhomogeneous upper crust. The latter is made up of probably very
compact and strong, electrically resistive structures corresponding to granitoids and
batholiths, and others more conductive probably more inhomogeneous, weaker and
more fractured corresponding to the Paleoproterozoic metamorphic basement. On
the contrary, the lower crust and the lithospheric mantle down to a depth of about
100 km are fairly homogeneous.

The signature of some important faults is apparent at the crustal scale. Beneath
the eastern side of the MT profile, the fault separating the Tit batholith (g4) to the
east from the Proterozoic basement to the west can be discerned (Prl, Fig. 9). In the
profile on the western side, another crustal fault underlays the shallow batholith.
The relatively short profile size makes it impossible to check whether these two
faults are connected to others. The most important electrical signature is that of the
4°50' fault which appears to extend into the lithospheric mantle to a depth of about
70 km. This is corroborated by the potential field data showing a root for the 4°50’
fault to at least the base of the crust. Near the surface and in the upper crust, this
fault is relatively thin because it crosses a rigid medium. At depth, it becomes wider
due to a lower ductile crust. On the other hand, the fault 4°35' is not as deep. The
fault network highlighted by the magnetotelluric model has probably been used to
transport melt from the asthenosphere up to the surface to give rise to the Tahalgha
volcanic district. The fluids released or the precipitated mineralization are at the
origin of the strong fall of the resistivity which gives a so peculiar signature to these
faults. The results obtained in this study will be more thorough during other
magnetotelluric surveys planned soon in this area of the Hoggar massif.
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