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1. Introduction

[1] Scientific discussion and different points of view are a
basis of the advancement of knowledge. We acknowledge
the comments of Jones et al. [2012] as an opportunity to
publicly discuss the structure and origin of the Atlas
Mountains. Moreover, we welcome the opportunity to
compare our results with those recently published by the
group responsible for the comment [Ledo et al., 2011],
although it is not pertinent to comment in detail on a paper
published in another journal. We also wish to remark that the
paper of Ledo et al. [2011] was reviewed and published
during the revision period of our contribution [Anahnah
et al., 2011]; therefore, they are two different approaches
and data sets, measured in different sites and by different
instruments for the same region, lending readers the chance
to compare different interpretations. The main differences on
the data sets are: the profile of Anahnah et al. [2011] com-
pared with the profile of Ledo et al. [2011] is 170 km longer,
vertical magnetic data were obtained and lower frequencies
were recorded.

[2] We regret the style and way used by Jones et al.
[2012]. We shall answer only those comments of Jones
et al. [2012] related to objective issues.
[3] One of the final conclusions of Jones et al. [2012]

might serve as the starting point of our reply:

Crustal features of Anahnah et al.’s [2011] model are likely to be gen-
erally correct, however, and their model is virtually identical to the prior
crustal model published by Ledo et al. [2011], with the difference being
that the data of Anahnah et al. [2011] are modeled at an angle of N80�E,
whereas crustal strike is N50�E. This means that the structures are more
“fuzzy” and their geometries are less well resolved in Anahnah et al.’s
[2011] model compared to that of Ledo et al. [2011].

[4] In general, we agree with this comment, although our
strike analysis does not support a N50�E strike direction and
we are confident that the selected one of N80�E represents
the best choice of strike for our data set (see detailed
explanation below). However, despite the difference in
strike, Anahnah et al. [2011] obtained results similar to those
of Ledo et al. [2011]. Major geological structures are iden-
tified in both cases, which constitute the basis for geological
modeling and deriving tectonic implications.
[5] The 2D modeling of a 3D Earth is a staunch obstacle in

geophysics. Even though 3D MT methods have undergone
substantial development [e.g., Siripunvaraporn et al., 2005],
to date they still do not offer easy or suitable solutions. Gal-
vanic distortion cannot be modeled as it has a random
behavior in each site. Therefore, in a 3D earth the regional
impedance tensor (free of distortion) cannot be recovered. As
a result, it cannot be used in the inversion. This is a conse-
quence of the fact that all the impedance components are
affected (also phases) by the galvanic distortion [e.g., Ledo
et al., 1998]. For the time being, only identifying statisti-
cally similar data behavior among neighbor sites can deter-
mine (hypothetically) the regional behavior free of galvanic
distortion [e.g., Muñoz et al., 2008]. This approach assumes
of course that galvanic distortion along the sites is random.
With this understanding, should researchers conclude that 2D
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modeling is impossible or worthless? The answer is no.
Although the data is partly noisy and incomplete, and more-
over affected by 3D structures, it contains enough valuable
information to construct a 2D model. The data used should
nonetheless be processed and interpreted very carefully.

2. Data Analysis

[6] A major criticism by Jones et al. [2012] regards the
consistency between the resistivity and phase data at site 15,
commonly tested in MT studies using the approach proposed
by Parker and Booker [1996]. The theory of dispersion
relations for magnetotelluric impedance [Weidelt, 1972;
Weidelt and Kaikkonen, 1994] proved the internal consis-
tency of resistivities and phases in 1D and B-polarized 2D
media. However, the electric and magnetic fields’ causal
correlation in 3-D environments [Yee and Paulson, 1988] is
highly questioned [Egbert, 1990; Svetov, 1991]. Numerical
experiments demonstrate that dispersion relations for off-
diagonal impedances fail in 3D models [Berdichevsky and
Pokhotelov, 1997]. In such complex media as the Atlas
Mountains, where violation of the dispersion relations may
occur, 3D conductivity is especially evident in some sectors,
as the dimensionality analysis of Anahnah et al. [2011]
reveals at site 15.
[7] One possibility is to test the consistency between pha-

ses and apparent resistivities using the Parker and Booker
[1996] approach, verifying a priori if the data are compati-
ble with two-dimensional B polarization, and discarding the
inconsistent data. We opted not to reject those data including
local inconsistencies, however. These distortions could be a
consequence of 3D structures [Berdichevsky and Zhdanov,

1984]. As seen in Figure 1, the real induction arrows of site
15 deviate from the regional NW trend and point toward the
west, revealing the presence of a nearby westward conductor.
Data from site 15 did not fit with the 2D amplitude-phase
based inversion, and therefore do not introduce artifacts in
the inversion model, which is calculated using the nearby
sites; yet the global RMS is higher than it would be if this site
had been completely (or partially) discarded.
[8] Furthermore, we disagree with the comment of Jones

et al. [2012] that the low natural electromagnetic signal
during our data acquisition in May-August 2009 highly
affected the long periods. The data might be affected by the
low signal in the dead band, at longer periods the 15 days of
recording were enough to get good quality until 10,000 s at
the majority of soundings.

3. Geoelectric Strike

[9] With respect to the comments on dimensionality
analysis, we should stress first that Ledo et al. [2011] and
Anahnah et al. [2011] do not use the same data set. The
profile of Anahnah et al. [2011] is longer, extending 170 km
to the north, and measurement sites are different and record
lower frequencies than Ledo et al. [2011]. Thus, if dimen-
sionality analyses suggest a reliable 2D resistivity structure
for a 2D modeling approach, the unique strike for the profile
in both cases would be close, but not the same.
[10] Many approaches have been proposed for analysis of

the MT impedance tensor to derive the strike direction,
impedances, and distortion parameters [e.g., Bahr, 1988, 1991;
Bailey and Groom, 1987; Groom and Bailey, 1989, 1991;
Chakridi et al., 1992; Zhang et al., 1987; Smith, 1995, 1997].

Figure 1. Real induction arrows (Parkinson convention) at periods of 50, 200, 500, 1000, 5000 and
10,000 s. The ellipses represent the induction arrows with homogeneous trends in each sector. In gray,
anomalous areas in the High Atlas.
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Ledo et al. [2011, p. 84] retrieve the strike of the regional
structures and the regional impedance tensor applying the
distortion decomposition method of Groom and Bailey
[1989] (GB). They claim that, in general, “most sites dis-
play a misfit to the distortion model of below 2, so a 2D
model is valid and appropriate. The best-fit average multisite,
multi-frequency GB regional strike is N50�E, which is con-
sistent with the strike of the main surface geological struc-
tures.” This last statement is not completely true, however,
since the main geological features are in general ENE-WSW
(N80�E) trending, particularly in the High Atlas, the region of
greatest interest.
[11] We analyzed the dimensionality of the MT imped-

ance tensor using two independent methods: Bahr and phase
tensor [Caldwell et al., 2004]. If the regional structure is 2D,

the direction of Bahr [1988, 1991] strike and Groom and
Bailey [1989] strike should coincide with the principal
axes of the phase tensor [Caldwell et al., 2004]. In addition,
in a 2D Earth, induction arrows are associated only with
E polarization and oriented perpendicular to the strike [e.g.,
Jones and Price, 1970; Simpson and Bahr, 2005]. In gen-
eral, the impedance tensor of our data satisfies 2D according
to Bahr analysis, and shows quite a consistent N80�E pre-
ferred electrical strike direction (with the ambiguity of 90�;
Figure 2 [Anahnah et al., 2011]). Phase tensor analysis gives
a preferred direction of N90�E–N100�E (with the ambiguity
of 90�; Figure 3 [Anahnah et al., 2011]). The 90� uncertainty
is usually resolved by the induction vectors. In the profile,
however, the direction of the induction vectors varies with
period and spatially, again showing that the data are affected

Figure 2. Phase tensor ellipse pseudosection for the Atlas profile. The color used to fill the ellipses
shows the geometric mean of the maximum and minimum phase, while high values of F2 indicate increas-
ing conductivity with depth. The background color corresponds to the b parameter related to the dimen-
sionality (0�, 1D; and high and low values correspond to 2D/3D).

Figure 3. Two-dimensional resistivity model obtained by joint inversion of TM, TE and tipper. Data
with strong 3D distortions were excluded.
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by 3D structures (Figure 1) hampering the identification of
the optimal strike.
[12] For 10,000 s periods (mantle depths), induction

arrows point northwestward in the Atlas and northward in
the Rif, suggesting that strike is closer to N70�–90�E. For
500–1000 s and 5000 s periods, they also generally point to
the NNW (strike N80�E); but in the High Atlas, sites 12, 13,
14 and 15 were probably affected by the presence of a
conductor located to the west, which results in the counter-
clockwise rotation of the induction arrows mainly at 200 s.
The 3D influence in this region is also reflected by the
inconsistency of site 15. In the Prerif, the induction arrows
are more disperse. For the 50 s period the induction arrows
are dispersed in orientation.
[13] This behavior of the induction arrows does not allow

one to clearly discriminate between the ambiguity of 0 or
90� with respect to the results of dimensionality from the
impedance tensor. Since a N-S or N10�W strike direction
would be incompatible with the geological strike, a common
strike of N80�E for all data was considered as the most
adequate and is also in agreement with the ENE-WSW
geological strike of the High Atlas (Figure 1) [Anahnah
et al., 2011]), even taking into account that there are het-
erogeneities. Yet at mantle depth strikes may be different,
probably close to E-W.
[14] The dimensionality analysis has likewise been

improved by the presentation of the b parameter on the
phase tensor plot (Figure 2) that indicated the distribution of
dimensionality. The sites located below the High Atlas
(12 to 15) show, in depth, a 3D character that is compatible
with the zone of inconsistency in the induction arrows
(Figure 1). The 3D behavior is also consistent with the
presence of a heterogeneous anomalous mantle in the region,
thereby supporting the tectonic model.
[15] Our decision for a N80�E strike is based on strike

analysis (using different approaches) and induction vector
data as well as the known geological strike directions. We
realize that Ledo et al. [2011] came to a different conclusion
regarding the strike for crust and mantle; however, this does
not mean our strike is incorrect. The strike analysis, as
described above, was carried out over a range of periods and
showed consistent results. The methods used (phase tensor,
Bahr) are well established and valid. Using the phase tensor
analysis has the great advantage that the phase tensor is
distortion independent and no assumptions of a dimension-
ality model underlie the approach as it is the case of Groom
and Bailey [1989] and the related least squares algorithm of
McNeice and Jones [2001]. Finally, we have to point out
that Ledo et al. [2011] did not use the vertical magnetic field
information, which is important to resolve the 90� ambiguity
of the strike direction. Therefore, their decision was merely
based on their understanding of the geology. It is well
known that what happens at depth (mainly at mantle depths)
does not always appear in the same manner as it is at surface.

4. Modeling

[16] Regarding 2D inversion, Ledo et al. [2011] performed
a 2D joint inversion of TM and TE apparent resistivities and
phases. We performed an inversion of the tipper at the lon-
gest periods together with the TM and TE modes. In addition

to the above reasoning about not rejecting the inconsistent
1D-TM 2D data, we would underline that our RMS is higher
because we fit the data up to longer periods, using a site
spacing of about 10–30 km, as our target area is the lower
crust and upper mantle. Since we know that the data are
affected by 3D distortions, “overfitting” the data, especially
the TE mode, should be avoided, as it could introduce arti-
facts into the model. Anahnah et al. [2011] also fit the tipper,
giving more consistency to the inversion. Moreover, we are
confident about our results because the conductive features
revealed by our 2D inversion are in accordance with the
results derived from the phase tensor, likewise sensitive to
conductors.
[17] As it was suggested by the reviewers of this reply and

in order to check that the features of the model presented by
Anahnah et al. [2011] are not produced by 3D effects, we
redid the inversion discarding any data inconsistent with the
Sutarno phase consistent smoothing [Sutarno and Vozoff,
1991]. The new inversion (Figure 3) yielded an RMS of
4.06 using an error floor of 7% for apparent resistivities,
2 for the phases and 0.02 for the tipper. This means an
average error of 28% for apparent resistivities and 2.3� for
absolute phases. In this case the inversion was carried out
until 10,000 s using the uniform grid Laplacian regulariza-
tion, a t smoothing factor of 5 and as the horizontal to ver-
tical smoothing the values a = 1 and b = 0. Figure 4 shows
the pseudosections of data and model responses. Note that
the new model (Figure 3) maintains precisely the most
striking features of our first model, presented by Anahnah
et al. [2011], including an anomalous conductive mantle
below the High Atlas with high conductive bodies at its top,
interpreted as magmatic chambers. In addition, it is closer to
the model of Ledo et al. [2011], where the main difference
was in the conductive zone at 30 km depth beneath the Anti-
Atlas. Now, in the new model this conductive feature is
also present, though discrepancies about its depth remain,
probably due to the difference in the strike considered and
the influence of the longest periods, which are required to
better resolve such structures beneath the shallow conduc-
tive layers appearing in the Anti-Atlas.
[18] Jones et al. [2012] claim incompatibility with the

directions of the vector at one and other side of the mantle
conductor beneath the High Atlas. But this would only be
true in a simple model with a precise high-conductivity zone
between these two sites. This is not the case of the model in
the High Atlas, as the influence of all the conductors, espe-
cially the crustal conductors, changes such expected easy
behavior mentioned in their comment. In addition, note that
the anomalous mantle has a slightly low resistivity (although
not very low).

5. Conclusion

[19] Our N80�E strike is based on two different well
established methods (phase tensor and Bahr) and the
induction vector data. Ledo et al. [2011] came to a different
conclusion regarding the geoelectric strike by using another
method and without taking into account the vertical mag-
netic field information which is important to resolve the 90�
ambiguity of the strike direction.
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[20] The new inversion presented here shows the reliabil-
ity of the previous model of Anahnah et al. [2012] and, as a
consequence, it validates the geological interpretation. We
hold that the geological model presented by Anahnah et al.
[2011] is an essential and relevant matter. Jones et al.
[2012] make only general comments questioning our geo-
logical model and do not formulate precise discrepancies
with the new tectonic interpretation presented by the paper.
We must disagree with Jones et al. [2012], as from our
viewpoint the resistivity models are virtually identical, we
would underline that the major discrepancies between Ledo
et al. [2011] and Anahnah et al. [2011] reside in the geo-
logical interpretations. Our tectonic model also addresses
petrological, tectonic and geophysical data available in the
region that support the presence of anomalous mantle below

the High Atlas, probably related to a major lithospheric
thinning. Moreover, there are major differences with respect
to the interpretation of the tectonic evolution of the Atlas
proposed by Anahnah et al. [2011], who support the pres-
ence of high relief and basaltic volcanism instead of other
less constrained interpretations.
[21] Our main scientific aim is to reveal the deep structure

of the Atlas Mountains. Our long-period magnetotelluric
data widely cover a complete section and recorded longer
periods than the broadband data of Ledo et al. [2011], which
are complementary and provide a more detailed view of
the shallow part of the southern Atlas cross section. Given
these considerations, we publicly offer to combine our data
in order to construct the most accurate model of this fasci-
nating region.

Figure 4. Data and model responses pseudosections.
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