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ABSTRACT
Monogenetic volcanic fields develop worldwide in different geodynamic settings, and understanding their evolution may pro-
vide crustal, thermal, and topographical constraints. We focus on the small monogenetic Siroua volcanic field that has formed
since the late Miocene along the tectonic lineament separating the High Atlas and the Anti-Atlas Mountains of Morocco, though
the evolution of which is still unclear. We investigate the formation and evolution of the Siroua monogenetic field using geo-
statistical methods that allow us to classify the spatial distribution of vents in their geological contexts. In addition, we use
aeromagnetism to obtain information about the tectonic structures underlying the field. Each method is evaluated separately,
and then combined to discuss the relationship between the volcanism and the tectonic framework at regional and local scales.
Our findings indicate that although vents are broadly randomly distributed, some correlation between volcanic alignments and
the structural framework is locally observed. These findings corroborate existing knowledge about the influence of pre-existing
structures on the propagation of magmas and on the spatial distribution of volcanic vents within monogenetic volcanic fields.

KEYWORDS: Siroua volcanic field; Spatial distribution; Nearest neighbor; Kernel density; Pre-existing
structures; Volcano-tectonic interaction.

1 INTRODUCTION

Monogenetic volcanic fields are common volcanic geological
features occurring worldwide across all tectonic settings, in-
cluding extensional settings [e.g. Menzies et al. 1985], sub-
duction zones [e.g. Connor 1987], and intraplate locations
[e.g. Cañón-Tapia 2016]. Monogenetic volcanic fields con-
sist of small-volume volcanoes (≤1 km3), which have erupted
through one continuous or many discontinuous small erup-
tions [e.g. Németh and Kereszturi 2015] fed directly from the
deep mantle region [Smith and Németh 2017] by one or a
few small-volume magma batches. Some monogenetic fields
only host a few volcanoes, while others host hundreds of cen-
ters [e.g. Le Corvec et al. 2013b]. The surface expression of
monogenetic volcanism exhibits a wide diversity of volcanic
morphologies, including lava domes, scoria cones, tuff cones,
tuff rings, maar-diatreme volcanoes, small explosion craters,
necks, and lava flows [e.g. Connor et al. 2000; Németh 2010;
Németh and Kereszturi 2015; Smith and Németh 2017], and
the composition can vary from basic to as acidic as rhyolites
[e.g. Austin-Erickson et al. 2011]. Monogenetic volcanic fields
are still the subject of intense research worldwide to elucidate
their geological formation and behavior through time because
a considerable number of monogenetic fields are geologically
active and some have developed within or near urban areas,
e.g. Auckland, New Zealand; Makkah City, Saudi Arabia; Ice-
land; and Mexico City [Rossi 1996; Agustín-Flores et al. 2011;
Bebbington and Cronin 2011; Runge et al. 2014].

∗Q mustapha.bouiflane@is.um5.ac.ma

Understanding the potential link between monogenetic vol-
canic fields and tectonic structures may provide crucial con-
straints for connecting crustal deformation with volcanism. In
this sense, we here propose an approach based on the com-
bination of both spatial distribution analyses (i.e. clustering,
and spatial distribution of vents) and aeromagnetism to bet-
ter understand the volcanic feeding systems and the tectonic
setting at regional and local scales. We study the Siroua vol-
canic field, which was active during the Neogene-Quaternary
period [Berrahma and Delaloye 1989; Berrahma et al. 1993;
Lanari et al. 2023a]. Its relationship with the tectonic evolu-
tion of the area is still not clear. Indeed, in the Anti-Atlas,
landform analyses indicate late-Miocene uplift [Aït Hssaine
and Bridgland 2009; Guimerà et al. 2011] that is coeval with
a late Miocene volcanic event, including activity of two vol-
canic fields: the Siroua in the western, and the Saghro in the
eastern (Figure 1) [Berrahma et al. 1993; Guimerà et al. 2011].
Furthermore, the presence of lithospheric tectonic discontinu-
ities mainly the Anti-Atlas Major Fault (AAMF), which is in-
herited from the Pan-African orogenic events [Choubert 1947]
and cross-cutting the Siroua volcanics field [Lanari et al. 2020a]
may suggest potential tectonic control in it evolution.

2 TECTONIC AND VOLCANIC SETTINGS

2.1 Tectonic setting

The Atlas Mountains, consisting of the High, Middle, and Anti-
Atlas, represent a complex tectonic setting resulting from the
Variscan orogenesis, Mesozoic rifting, and Cenozoic compres-
sion [Mattauer et al. 1972; Mattauer et al. 1977; Proust et al.
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Figure 1: [A] Geological sketch map of the West African Craton, location of the Siroua volcanic field in an area lying between the
High-Atlas and the Anti-Atlas Mountains. [B] The three main Neogene-Quaternary volcanic groups from north to south Morocco:
1) the Eastern Rif mountain-belt, featuring the Ras Tarf, Gourougou, Trois Fourches, and Jbel Guilliz volcanic fields; 2) Middle
Atlas, including the Ifrane-Azrou volcanic field; 3) Siroua volcanic field, situated between the High Atlas and the Anti-Atlas Moun-
tains. [C] Schematic geological map showing the location of the Siroua volcanic field and its relation to nearby Precambrian
inliers, Neogene basins and faults.

1977; Frizon de Lamotte et al. 2000; Ait Brahim et al. 2002] (Fig-
ure 1C, Figure 3). Field geological surveys and thermochrono-
logical studies indicate that the High Atlas Mountains have
experienced a compression phase that began during the late
Eocene [Frizon de Lamotte et al. 2009; Leprêtre et al. 2015;
2018; Lanari et al. 2020a; b; 2023b]. The main surge of com-
pression started in the middle to late Miocene (see compilation
and reconstruction presented in Lanari et al. [2023b]) and per-
sisted at lower rates until recent times [Arboleya et al. 2008;
Tesón and Teixell 2008], with evidence of surface uplift also
observed in the surrounding regions [e.g. Clementucci et al.
2023a; b] and volcanism [e.g. Lanari et al. 2023b].

However, in the Anti-Atlas, Miocene deformation is not doc-
umented, except for a large E–W Anti-Atlas Major strike-slip
fault system cutting the Siroua massif to the south [Lanari et al.
2020a]. In addition, landform analyses indicate late-Miocene
uplift [Aït Hssaine and Bridgland 2009; Guimerà et al. 2011]
that is coeval with a late Miocene volcanic event, including
activity of the Siroua volcanic field.
In the High Atlas, morphological and seismotectonic evi-
dence indicate active Quaternary uplift and deformation [e.g.
Meghraoui et al. 1999; Sébrier et al. 2006; Boulton et al. 2014;
Pastor et al. 2015], whereas the Quaternary evolution of the
Anti-Atlas is still poorly constrained. There, volcanism ceased
after 2 Ma [Berrahma and Delaloye 1989; Berrahma et al. 1993],
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and morphological features suggest a waning of uplift since ~2
Ma [Lanari et al. 2022].
The Siroua volcanic field is bounded by the following struc-
tures: (i) in the north by the E–W trending crustal fault named
the “South Atlas Fault,” which corresponds to a major strike-
slip zone inherited from the Pan-African orogeny; (ii) in the
east by the NE–SW striking transform fault of Azdem, which
acts as a transfer fault connecting the west segments of the
South Atlas Fault with the east segment of the South Atlas
Fault, (iii) in the southern part by the E–W trending crustal
fault named the “Anti-Atlas Major Fault,” which corresponds
to a major strike-slip fault zone. The Anti-Atlas Major Fault
(AAMF), which is inherited from the Pan-African orogenic
events [Choubert 1947], runs roughly E–W, and subdivides
the Anti-Atlas belt into two distinct domains [Ennih and Lié-
geois 2001], (1) the western and central Anti-Atlas, SW and
along the AAMF; and (2) the eastern Anti-Atlas, situated NE
of the AAMF to the South Atlas Fault (SAF) (Figure 1).

2.2 Volcanic setting

Jurassic, Paleogene, and Neogene/Pleistocene volcanic prod-
ucts are widespread throughout northwestern Africa and
southern Spain [e.g. Turner et al. 1999; Duggen et al. 2009;
Casalini et al. 2022]. However, only the late Miocene volcan-
ism occurs together with the orogenic evolution of the High-
and Middle-Atlas [e.g. Lanari et al. 2023a]. In Morocco, from
north to south, we can identify: (i) the Eastern Rif mountain
belt, featuring the Ras Tarf, Gourougou, Trois Fourches, and
Jbel Guilliz volcanoes [Hernandez and Bellon 1985; El Bakkali
1995; El Bakkali et al. 1998]; (ii) the Middle Atlas volcanic field,
comprising the largest and youngest basaltic volcanic province
in Morocco [Choubert et al. 1968; Bellon 1976; Harmand and
Cantagrel 1984; Moukadiri and Pin 1998; El Azzouzi et al. 1999;
Amine et al. 2019; Benamrane et al. 2022; 2023]; and (iii) the
Siroua and Saghro volcanic fields in an area lying between
the High-Atlas and the Anti-Atlas Mountains (Figure 1A, 1B)
[Rachdi et al. 1985; Berrahma and Delaloye 1989; Berrahma
et al. 1993; Berrahma 1995].
The Siroua volcanic field, the focus of our study, covers an
area of approximately 600 km2 and directly overlies the Pre-
cambrian basement (Figure 1A), which is composed of an as-
semblage of plutonic and metamorphic rocks. According to K-
Ar dating, Siroua volcanism occurred from the Late Miocene
to the Early Pliocene (10.8 to 2.7 Ma [Berrahma et al. 1993]).
New K/Ar ages on mafic lavas yield ages between 8.6 and 2.4
Ma [Lanari et al. 2023a], which correspond well with the range
of ages previously found for the Siroua and Saghro volcanic
fields [Berrahma and Delaloye 1989; Berrahma et al. 1993].
The Siroua volcanic field consists predominantly of tuffs and
lavas, the former being more abundant, with predominant air-
fall tuffs [Berrahma and Delaloye 1989]. The tuffs are often al-
tered and deposited directly on the Precambrian substratum.
The volcanic suite is characterized mostly by hyperalkaline
rocks and a few basic rocks, consisting of nepheline-bearing
trachyte, quartz trachyte, comendite, phonolite, mugearite,
benmoreite, and hawaiite. Ignimbrites also occur but only
appear during the latest stage of volcanic activity [Berrahma
1982]. Dykes of trachytes and rhyolites associated with pyro-

clastics and spectacular phonolitic domes and necks are found
in the center and northern part of the Siroua volcanic field
(Figure 2), whereas the southern part consists of trachytic lava
flows.

3 METHODS
3.1 Spatial distribution analysis of volcanic edifices

Spatial distribution analysis is an important tool for studying
volcanic fields. Understanding the spatial distribution of vol-
canic activity within a volcanic field can provide insights into
the underlying volcanic plumbing system as well as the crustal
mechanical layering and help to understand the factors that
control the temporal evolution of monogenetic volcanic fields
[e.g. Mazzarini 2003; 2007; Mazzarini et al. 2010; Le Corvec
et al. 2013a; b; Muirhead et al. 2016a; b].
There are several statistical methods to analyze the spatial
distribution of volcanic fields. These involve calculating vari-
ous measures of spatial clustering or dispersion and the spatial
density of volcanic vents within a volcanic field. In this work,
we adopted a combination of Poisson nearest-neighbor analy-
sis and kernel density estimation to get quantifiable results of
the spatial analysis in the Siroua volcanic field.

3.1.1 Poisson nearest neighbor analysis
Poisson nearest neighbor analysis is a statistical test (𝑅) com-
monly used in the study of the spatial distribution of vol-
canic constructs in a volcanic field. This method can help
to determine whether volcanic constructs are randomly dis-
tributed throughout the field or whether they tend to cluster
in certain areas [e.g. Connor and Hill 1995; Condit and Con-
nor 1996; Le Corvec et al. 2013b]. We used the Geological
Image Analysis Software (GIAS∗) developed by Beggan and
Hamilton [2010] to evaluate the spatial distribution of volcanic
centers in each volcanic field, compared to that expected for
a Poisson nearest-neighbor statistical model [Clark and Evans
1954]. The GIAS inputs are in the form of a two-column table
of geographic coordinates of volcanic centers (i.e. point fea-
tures) directly extracted from the geological map sheet. The
main nearest neighbor distances are determined both for the
observed population (𝑅o) and expected distributions in a pop-
ulation (𝑅e), then their mean distances are calculated to obtain
𝑅o and 𝑅e, respectively [Baloga et al. 2007]. GIAS calculates
the population density using a convex hull generated by con-
necting the outermost points of the population [Hamilton et al.
2010; Le Corvec et al. 2013b], divided by the number of volca-
noes per volcanic field. GIAS outputs a histogram of the mean
nearest neighbor distances and four different graphs, plotting:
(i) the volcanic edifices and the convex boundary hull of the
field; (ii) an 𝑅 statistical value and a𝐶 statistical value resulting
from the nearest neighbor analysis, plotted with a confidence
interval of 2σ; and (iii) the skewness versus kurtosis.
𝑅 compares the spatial distribution of the natural system
with the Poisson model, while 𝐶 assesses the significance of
this comparison. Hamilton et al. [2010] described different
scenarios depending on the relationship between the 𝑅 and 𝐶
values and their respective thresholds of significance:

∗www.geoanalysis.org
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Figure 2: Geological map of the study area. Shaded relief map displaying the main faults, the distribution of volcanic edifices
(black triangles), and the deposits of the Siroua volcanic field. AAMF denotes the Anti-Atlas Major Fault. Faults are compiled
from the Taliouine geological map-sheet at a scale of 1:100,000 which also yielded the volcano coordinates.

Figure 3: Volcanic edifices in the central part of the Siroua volcanic field (Siroua area). The summit of the highest volcano, Adrar
n’Siroua, is 3,304 m above sea level.
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1. If 𝑅 and 𝐶 fall within ±2σ of the significance level of
their expected values, the observed distribution is consistent
with the Poisson model (i.e. randomly scattered).

2. If 𝐶 falls outside the ±2σ of the significance level, and
𝑅 is larger than +2σ, the Poisson model is rejected, and the
observed distribution is dispersed relative to the Poisson dis-
tribution.

3. If 𝐶 falls outside the ±2σ of the significance level, and
𝑅 is less than −2σ, the Poisson model is rejected, and the
observed distribution is clustered relative to the Poisson dis-
tribution.

4. If 𝐶 falls within ±2σ of the significance level, and 𝑅 falls
outside ±2σ, the spatial distribution shows equivocal signifi-
cance, and the result is not interpretable.

3.1.2 The Kernel density estimation
Kernel density estimation is a commonly used statistical
method in a wide range of fields, including volcanology, to
evaluate the spatial density of volcano locations. This method
can provide insights into the behavior of volcanic systems [e.g.
Connor and Hill 1995; Lutz and Gutmann 1995; Connor et
al. 2000; Martin et al. 2004]. Kernel density estimation is a
non-parametric method that estimates the probability density
function of random variables [Silverman 1986]. It estimates
the value of the target variable per unit area from point data
(i.e. volcanic vent coordinates), fitting a probability density
function to each point.
Let (𝑥1, 𝑥2 ,..., 𝑥𝑁 ) be independent and identically dis-
tributed random variables from some distribution with an un-
known probability density function ( 𝑓̂ ). In the statistical liter-
ature, it is common to read that a nonparametric estimator of
the probability density functions can be obtained by evaluat-
ing:

𝑓̂ (𝑥) = 1
𝑁ℎ

+
𝑁∑︁
𝑖=1

𝐾

(
𝑥 − 𝑋𝑖
ℎ

)
(1)

where 𝐾 () is the kernel (a symmetric probability density func-
tion), 𝑋𝑖 , represents one of the 𝑁 observations, and ℎ > 0 is
a smoothing parameter (known as the bandwidth or search
radius). The commonly used Kernel functions are Gaussian,
uniform, and triangular. However, the Gaussian kernel is often
used because it has convenient mathematical properties com-
pared with the other kernels [Wand and Jones 1994], with a
small efficiency loss. The spatial distribution of the volcanic
edifice density in a volcanic field is computed by applying a
two-dimensional, symmetric Gaussian kernel density function
[e.g. Connor and Connor 2009; Kiyosugi et al. 2012; Bartolini et
al. 2013; Cañón-Tapia 2016; Morfulis et al. 2020; Cañón-Tapia
2022].

3.2 Alignment analysis of volcanic edifices

Several authors describe cases where the alignment of edi-
fices within volcanic fields seems to be influenced by both
regional and local stress fields and pre-existing structures [e.g.
Le Corvec et al. 2013b, and references therein]. Some studies

on volcanic fields describe cases where volcanic edifices ap-
pear to be aligned along pre-existing faults [Lesti et al. 2008;
Boyce 2013; Jordan et al. 2013; Blaikie et al. 2014; Van Otter-
loo et al. 2014; Cas et al. 2016]. Moreover, according to Cebriá
et al. [2011], the closer the vents are to each other, the higher
the probability that they are fed by the same fissure and, con-
sequently, that they are aligned along a fracture. This would
imply that quantifying azimuth trends of faults underlying a
volcanic field is necessary for determining whether a spatial
relationship exists between the alignment of edifices and fault
trends.

3.3 Aeromagnetism

Aeromagnetism is a geophysical exploration technique de-
ployed for mineral exploration and has been used with suc-
cess to complement geological data [e.g. Milligan and Gunn
1997; Isles and Rankin 2013]. Furthermore, the application of
aeromagnetic surveys to map tectonic structures has increased
with the development of high-resolution surveys and filtering
techniques [e.g. Nabighian et al. 2005]. Among other results,
magnetic grid anomalies obtained after applying various filters
to a recorded geomagnetic field offer the possibility to produce
azimuths of faults underlying volcanic fields and sedimentary
basins.

3.3.1 Geomagnetic fault detection
Faults or fault segments can often be simplified as planar ge-
ological features. They are commonly observed at the sur-
face, buried near the surface (i.e. covered mostly by younger
sediments and lava flows), or they affect basement rocks
more deeply, making them difficult to detect by geological
observation alone. A detailed analysis of magnetic data can
yield important insights into the structural framework of a
volcanic field, and several studies have demonstrated that
high-resolution aeromagnetic data allows for the improvement
of structural models [e.g. Grauch 2001; Grauch et al. 2006;
Grauch and Hudson 2007]. Based on the literature, faults are
expressed as linear contrasts (i.e. magnetic lineaments) [e.g.
Finn and Morgan 2002]. However, the recognition of faults
in aeromagnetic data can be challenging because most faults
do not have a direct magnetic signature [Isles and Rankin
2013]. In this case, various typical magnetic signatures of
faults can assist the interpreter in providing evidence that the
linear anomalies are aeromagnetic expressions of faults, such
as: (i) the dislocation of lateral continuity of a magnetic lin-
eament, (ii) apparent displacement of a magnetic lithological
boundary, (iii) traces where the presumed fault disrupts the
continuous magnetic lineament, causing significant left-lateral
or right-lateral offsets, and (iv) the consistent correspondence
to mapped faults. Considering the geological context of our
study, we interpret magnetic lineaments that may be associ-
ated with faults with caution, since similar lineaments may
also originate from artifacts due to non-uniform terrain clear-
ance and topographic effects [e.g. Grauch 2001; Grauch et al.
2006; Grauch and Hudson 2007].
To distinguish magnetic signatures corresponding to faults
from the rest of the magnetic anomalies, a set of transforma-
tions are applied step by step to the magnetic data. These
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transformations are a set of mathematical filters offered by the
OASIS Montaj software∗. In the following, we will present
the enhanced processing steps for fault identification.

3.3.2 Enhanced processing steps
Reduction to the pole transformation. The reduction to the
pole transformation is a technique that minimizes the polar-
ity effects of a magnetic anomaly [Baranov 1957; Baranov and
Naudy 1964; Blakely 1995]. These polarity effects manifest as
a shift of the main anomaly away from the center of the mag-
netic causative source, due to the magnetic inclination and
declination angles at the location of the measurement. The
reduction to the pole transformation positions anomalies di-
rectly above their causative geological bodies, thereby facili-
tating the interpretation of aeromagnetic anomalies and their
comparison with geological data.
The reduction to the pole of aeromagnetic data was com-
puted from the residual magnetic anomaly grid by considering
the magnetic field inclination and declination angles at the lo-
cation and the time they were conducted.

Vertical derivative transformations. To improve the mag-
netic signature of faults, a set of magnetic derivative trans-
formations, preferably applied to the reduction to the pole
anomaly grid, is used. These transformations include band-
pass filters, which accentuate the magnetic signal and reveal
linear anomalies over geological contacts such as faults, edges
of intrusions, and dikes [Cordell and Grauch 1985]. They are
often referred to as “Edge detectors” filters [Blakely and Simp-
son 1986]. Various derivatives (or gradients) can be applied in
terms of the directions of the derivative (𝑥, 𝑦, and 𝑧) and or-
ders of the derivative (commonly first order). The first-order
vertical derivative of the magnetic field intensity is given by
[Evjen 1936]:

VDR(𝑧) =
𝜕𝐹

𝜕𝑧
(2)

where 𝜕𝐹
𝜕𝑧
represents the vertical (𝑧) derivatives of the mag-

netic field intensity (𝐹).

Tilt derivative transformations. The tilt derivative is a
geometrical function of the vertical

(
𝜕𝐹
𝜕𝑧

)
and horizontal(

𝜕𝐹
𝜕𝑥

)
;
(
𝜕𝐹
𝜕𝑦

)
derivatives of the magnetic field intensity (𝐹).

The tilt derivative is in fact an angle parameter with values
ranging between (π/2 and π/2), the zero contours locating
close to the source–body contact. The tilt derivative as applied
equalizes the total field amplitudes and thus emphasizes struc-
tural features [Miller and Singh 1994; Verduzco et al. 2004].
This derivative is particularly useful for detecting subtle mag-
netic lineaments that are not so evident in the original data
and provides greater confidence in mapping faults and shear
zones [Lahti and Karinen 2010; Fairhead et al. 2011]. The tilt
derivative is given by:

∗https://www.seequent.com/products-solutions/
geosoft-oasis-montaj/

TDR = θ = arctan
©­­­­«

𝜕𝐹
𝜕𝑧√︂(

𝜕𝐹
𝜕𝑥

)2
+
(
𝜕𝐹
𝜕𝑦

)2
ª®®®®¬

(3)

where
(
𝜕𝐹
𝜕𝑥

)
and

(
𝜕𝐹
𝜕𝑦

)
are the horizontal (x, y) derivatives, and(

𝜕𝐹
𝜕𝑧

)
is the vertical (𝑧) derivative of the magnetic field inten-

sity (𝐹).
All derivative filters were computed after the reduction to
the pole transformation. The grid was further upward con-
tinued by a distance of 150 m in order to diminish the high-
frequency noise associated with the leveling effects.

4 DATABASE
4.1 Spatial distribution data

We created a spatial database using point features (i.e. vol-
canic edifices coordinates) by identifying the volcanic edifices
through both the geological map-sheet of Taliouine 1:100,000
covering the entire Siroua volcanic field† and Google Earth.
We visually identified a total of 65 individual volcanic edifices,
mostly classified as lava domes and necks (Figure 3).

4.2 Structural data

The faults are compiled from the geological map-sheet of Tal-
iouine 1:100,000 covering the entire area (Figure 3) and in-
ferred faults derived from aeromagnetic maps (Figure 7).

4.3 Aeromagnetic data

The helicopter-borne geophysical survey was carried out in
1998 by Fugro Airborne Surveys Inc. for the Ministry of En-
ergy and Mines, Morocco‡, covering most of the Anti-Atlas
domain as well as the Siroua volcanic field and several ar-
eas in Morocco for mineral exploration objectives§. The
airborne geophysical surveys are operated using multisensor
equipment simultaneously, including, the DIGHEM® multi-
frequency electromagnetic system (DIG: digital, H: helicopter-
borne, EM: electromagnetic), supplemented by a 256-channel
Gamma-Ray spectrometry and scalar magnetic measure-
ments. The magnetic measurements were collected with
a Scintrex CS-2 Cesium vapor magnetometer (sensitivity of
0.01 nT). The magnetometer samples 10 times a second, re-
sulting in a magnetic measurement sampling interval between
2 and 3 m along flight lines. The survey was flown at a low
nominal flight altitude of 30 meters (30 m draped above the
topography), with 500 m spacing between the traverse lines
and 5000 m spacing between the tie lines flown perpendicular
to the traverse lines. The magnetic datasets were interpolated
onto a square grid with a cell size of 125 m using the minimum
curvature method. The airborne magnetic data were obtained
in the form of a residual magnetic anomaly after subtracting
the International Geomagnetic Reference Field (IGRF epoch)
values from the total magnetic intensity data.
†source: www.cartesgeoscientifiques.mem.gov.ma
‡www.mem.gov.ma
§source: www.cartesgeoscientifiques.mem.gov.ma

Presses universitaires de �rasbourg Page 840

https://www.seequent.com/products-solutions/geosoft-oasis-montaj/
https://www.seequent.com/products-solutions/geosoft-oasis-montaj/
www.cartesgeoscientifiques.mem.gov.ma
www.mem.gov.ma
www.cartesgeoscientifiques.mem.gov.ma


VOLC

V

NIC

V

7(2): 835–851. https://doi.org/10.30909/vol.07.02.835851

5 RESULTS
5.1 Spatial analysis results
5.1.1 Poisson nearest neighbor analysis
The result of the Poisson nearest-neighbor analysis (Figure 4
and Table 1) shows that the spatial distribution of the volcanic
edifices within the Siroua volcanic field is random and similar
to the Poisson distribution.

Table 1: Parameters and results from Poisson nearest neighbor
analysis.

Parameters Results

Total # of volcanic edifices (N) 65
Area convex hull (m2) 5.51 × 108
Density (ρo) (# edifices m−2) 1.03 × 10−7
Minimum NN Distance (m) 334.67
Maximum NN Distance (m) 6059.92
Mean distance NN (Ro) (m) 1499
Expected Poisson distribution (Re) (m) 1554
𝑅 0.965
Ideal 𝑅 1.0601
𝑅 positive thresholds at 2σ 1.2169
𝑅 negative thresholds at 2σ 0.9033
Distribution implication Random
𝐶 −0.506
Ideal 𝐶 0.8722
𝐶 positive thresholds at 2σ 3.1394
𝐶 negative thresholds at 2σ −1.395
Model fit implication Significant

5.1.2 Kernel density estimation result
The vent density distribution map, produced by applying
the kernel density estimation (Figure 5 and Figure 8), clearly
shows four clusters: (a) two clusters (1 and 2) in the center
of the Siroua volcanic field, forming ellipses with long axes
trending NE–SW; (b) in the Agandy region (north of the Siroua
volcanic field), two clusters 3 and 4 consist of volcanic edifices
inside ellipses with long axes trending NNW–SSE; (c) in con-
trast, the southern portions of the Siroua volcanic field present
lower densities and a sparser distribution.

5.2 Interpretation of magnetic anomalies
The residual magnetic anomaly map of the study area (Fig-
ure 6A) shows a wide variation in magnetic intensity (from
−1394.72 to +1140.64 nT) and enables the identification of
several types of anomalies reflecting the geological formations
representing different ages of intrusive and extrusive rocks.
The residual magnetic anomaly grid was enhanced by ap-
plying a reduction to the pole transformation to ascertain the
correlation between magnetic anomalies and geological for-
mations. The reduction to the pole map (Figure 6B) revealed
a relatively strong magnetic anomaly (3.7 to +1140.64 nT)
could be deciphered toward the northern and northeastern
parts of the study area, which may be caused by the high
susceptibility of Precambrian basement rocks of the Siroua
massif [Hodel et al. 2020], and a weaker magnetic anomaly

(from −8.2 to −1394.72 nT) towards the southern part, which
may reflect a possible transition zone adjacent to the Anti-Atlas
Major crustal fault systems. The first-order vertical derivative
map (Figure 6C) and tilt derivative map (Figure 6D), obtained
after the filtering process, were found to be more informa-
tive about the shallow surface features and resulted in a better
representation of near-surface features (such as faults).

5.3 Identification of faults from geomagnetism

Figure 6C displays the first-order vertical derivative of the
reduction to the pole magnetic field, upward-continued to
150 m, and Figure 6D is the map of the tilt derivative of the
reduction to the pole magnetic field, also upward-continued to
150 m. Both the first-order vertical derivative and tilt deriva-
tive filters emphasize short-wavelength features and enhance
shallow crosscutting or overprinting structures, such as net-
works of faults and segments of dykes. Magnetic trends of var-
ious directions were delineated (Figure 6C), and both positive
and negative lineaments were found associated with mapped
and unmapped tectonic structures. The positive magnetic lin-
eaments are associated with mapped and covered segments of
the Ighrem doleritic dyke. Based on the magnetic structural
identification procedure (as explained above), possible fault lo-
cations were manually traced along the center of prominent
magnetic lineaments on the derivative magnetic maps (i.e. tilt
derivative and first-order vertical derivative) and were digi-
tized as polyline shapefiles. The structural pattern, established
from inferred faults, is presented in Figure 7.

6 DISCUSSION
6.1 Spatial distribution pattern

Sixty-five volcanic edifices are distributed over 600 km2
within the study area. A large number of well-exposed
monogenetic edifices are still preserved and provide an ex-
cellent opportunity to study the geological processes involved
in their formation. Two geostatistical methods have been
used to scrutinize the distribution of volcanic edifices. Poisson
nearest-neighbor analysis indicates that, independently from
the tectonic setting, the spatial distribution is consistent with
a random Poisson distribution. Morfulis et al. [2020] suggest
two styles for monogenetic volcanic fields: (i) fields dominated
by magmatic activity, with a clustered pattern and (ii) fields
dominated by tectonics, with a random and Poisson distribu-
tion pattern. However, in the Siroua volcanic field, although
the overall distribution appears “random” and consistent with
a Poisson distribution, we applied Kernel density estimation
to further investigate the spatial density in zones of distributed
volcanism. This method revealed clusters of volcanic edifices
over a range of scales, which are not immediately obvious in
the broader random pattern. The detected clustering, quanti-
tatively identified through this statistical approach rather than
by mere visual inspection, might provide insights into the un-
derlying plumbing system of the volcanic field, the possible re-
lationship with tectonic structures and the local stress regime
during the volcanism [e.g. Le Corvec et al. 2013b; Mazzarini
and Isola 2021].A similar situation has been reported at other
small subsets of monogenetic volcanic fields (e.g. Auckland,
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Figure 4: R-Plot and C-Plot illustrating the R-values and C-statistics against the number of volcanic centers. The Siroua volcanic
field (SVF, indicated by a red dot) is compared with 37 monogenetic volcanic fields studied worldwide [Le Corvec et al. 2013b].
The SVF aligns with a random spatial distribution according to the Poisson model.

Figure 5: Vent density distributionmap derived fromGaussian Kernel analysis (depicted by grey contoured density levels) overlaid
with volcanic edifices (black triangles). Agglomerative hierarchical clustering reveals four clusters (blue ellipses).
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Figure 6: Magnetic anomaly maps of the study area: [A] Residual magnetic field, [B] Reduction to the pole map, [C] Vertical
derivative map with traced inferred faults, and [D] Tilt angle map with shaded relief effect.

South Auckland, East Eifel, Pre-Chaîne des Puys, Snake River
North Volcanic Fields), which often display random to uni-
form distributions [Spörli and Eastwood 1997; Le Corvec et
al. 2013b].

6.2 Tectonic structures

The azimuths of the inferred fault strikes (Figure 7) indicate
that the Siroua area overlies multiple tectonic structures. In
the southern portion of the volcanic field, ESE and minor ENE
and E–W trends, compatible with the Anti-Atlas Major strike-
slip fault, are predominant. Moreover, we observe that some
fault segments disrupt the continuous magnetic lineament of
the Ighrem doleritic dyke, causing significant left-lateral and
right-lateral offsets. Such kinematics, indicating an E–W fault
wrench system, are consistent with both the Mesozoic left-

lateral rift phase [Mattauer et al. 1972; Mattauer et al. 1977;
Proust et al. 1977] and the most recent right-lateral transpres-
sive phase [e.g. Lanari et al. 2020a]. In the central part of the
field (Siroua village), we identify a well-developed NE–SW
trend nearly parallel to the NE–SW Ighrem dyke. Such a di-
rection is consistent with an overall dextral sigmoidal shape
caused by an oblique tectonic direction of compression ori-
ented NW–SE, which characterizes the entire Atlas system at
the orogenic scale [Soumaya et al. 2018]. However, an ad-
ditional minor family of NW–SE faults is inferred between
Tachokchout and Tizi villages. In the northern portion of the
Siroua volcanic field, we can infer an overall pattern of criss-
crossing fault zones with NE–SW trending faults that may
be coupled with the NE–SW Azdem transform fault. At the
northern border of the field, N–S magnetic lineaments may
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Figure 7: [A] Structural map showing inferred faults (black lines) and the distribution of monogenetic edifices (black dots). Note
the N and NW striking faults in the Agandiy area. Insets [B] and [C] provide detailed views of the Agandiy and Siroua areas,
respectively, highlighting the relationship between fault patterns and volcanic distribution.

be attributed to the mapped forced folds and reverse faults
[Emran and Medina 2016].

6.3 Clustering and volcanic alignments

The Kernel density estimation map (Figure 8) provides a clear
image of four clusters: two in the center of the field and two
in the northern part of the Siroua volcanic field. The clus-
ters map is then superimposed on the structural pattern es-
tablished from the inferred faults (Figure 8). The directions of
the faults within each cluster were plotted in a rose diagram
using GEOrient software [Holcombe 2010]. The observed ori-
entation of both faults and the azimuth of the major axis of
the ellipse is compared in Table 2.

Table 2: The comparison between the azimuth of themajor axis
of the ellipse for each cluster and faults orientation inside clus-
ters.

Cluster Number ofvolcanic
edifices

Azimuth of the
major axis of the
ellipse (°)

Azimuth of
inferred faults (°)

1 12 N49 N45
2 13 N49 N41
3 8 N160 N175
4 6 N157 N135

We observe two preferred orientations: in the central part
of the field, both faults and the azimuth of the major axes
of the ellipses of clusters 1 and 2 tend to be aligned along
an N45° direction. This orientation may be related to the
influence of the well-developed ENE–WSW and E–W trends
predominantly attributed to the Anti-Atlas Major strike-slip
fault that cuts through the Siroua volcanic field. In contrast,
in the northern part of the area, both the inferred faults and
the azimuth of the major axes of the ellipses of clusters 3 and
4 tend to be aligned along an N165° direction.
The difference in alignment orientation between the central
and northern parts of the Siroua volcanic field could be ex-
plained by the influence of the structures and the local stress
regime at the time of volcanic activity. In terms of magma
emitted in the field, the Kernel density estimation maps (Fig-
ure 5 and Figure 8) show that the greatest density of vol-
canic edifices is in the central part of the Siroua volcanic
field, around Siroua, with a density of 36 edifices compared
to 21 in the northern part, and the lowest density of volcanic
vents, with only 8 edifices, is found in the southern part. This
non-clustered distribution and fewer numbers of edifices in
the southern portion of the Siroua volcanic field could be ex-
plained by a low concentration of tectonic structures favoring
the magma ascent. Additionally, age differences among the
volcanoes within these clusters might also influence the ob-
served spatial distribution. The presence of younger or older
volcanic features could correlate with phases of tectonic ac-
tivity, providing further insights into the clustering pattern.
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Figure 8: Vent density distributionmap from Figure 5 with overlaid volcanic edifices (black triangles), mapped and inferred faults.
Agglomerative hierarchical clustering reveals four clusters (blue ellipses). In the center of the Siroua volcanic field, Clusters 1
and 2 align NE–SW, while in the Agandiy region, Clusters 3 and 4 align NNW–SSE. The area south of Cluster 1 exhibits lower vent
densities and a more dispersed distribution. On the right, rose diagrams compare the orientations of faults with the major axes
of the ellipses for each cluster.

This aspect, combined with the structural influences from the
southern Anti-Atlas ridge (Figure 1), which shows only a very
limited amount of late Miocene deformation as documented
by several authors [e.g. Sébrier et al. 2006; Malusà et al. 2007],
suggests a complex interplay of geological factors shaping the
volcanic landscape.

6.4 Factors influencing the evolution of the Siroua Volcanic
Field

The Siroua volcanic field is an example of monogenetic vol-
canism developed in the complex setting of the Atlas moun-
tains where coeval (since the late Miocene) mantle dynamics,
volcanism, and crustal deformation contribute to its final evo-
lution.

i. Mantle Dynamics: Several studies indicate that local
isostasy cannot explain the high topography of the Moroccan
Atlas. Although the exact process is still unclear, the uplift
has been proposed to be driven by mantle upwellings due to
the Canary plume [Missenard et al. 2006; Duggen et al. 2009;
Civiero et al. 2018], lithospheric thinning [Ramdani 1998], or
a combination of both [Zeyen et al. 2005; Duggen et al. 2009;
Missenard and Cadoux 2011]. In addition, Lanari et al. [2023a]
showed that the residual topography peaks precisely beneath

the Siroua volcanic field, suggesting a potential link between
volcanism and mantle dynamics.

ii. Volcanism: The anorogenic signature in the magmatism
of the Siroua volcanic field indicates a deep mantle source for
the volcanic activity in the region [see Lanari et al. 2023a, and
references therein].

iii. Crustal Deformation: The Siroua volcanic field volcan-
ism started during the middle Miocene [Berrahma and De-
laloye 1989; Lanari et al. 2023a] together with a main defor-
mation and cooling event as evidenced by low-temperature
thermochronology [e.g. Leprêtre et al. 2018; Lanari et al. 2020a;
b]. This contemporaneity is also confirmed by late Miocene
Anti-Atlas volcanic deposits offset by oblique faults [Lanari et
al. 2020a], suggesting a positive correlation between crustal
deformation and magma ascent [e.g. Lanari et al. 2023b]. Tec-
tonic structures (i.e. mapped pre-existing faults and inferred
local structures) together with the regional and local stress
state play a critical role in the spatial distribution of other vol-
canic edifices [e.g. Le Corvec et al. 2013b; Németh and Keresz-
turi 2015].

Our findings reveal that crustal faults oriented NE–SW
and ENE–WSW, related to the pre-existing crustal Anti-Atlas
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Major fault system, may favor the development of different
magma pathways. Specifically, in the northern part of the
Siroua volcanic field, the preferred alignment of volcanic ed-
ifices can be explained by the influence of shallow fractures
and faults possibly related to local deformation. Local frac-
tures and the local stress field could have generated prefer-
ential paths into discontinuities favoring magma ascent [e.g.
Galland et al. 2007; Menand et al. 2010; Tibaldi et al. 2017].

7 CONCLUSIONS
i. We studied the Siroua volcanic field by combining statis-
tical analyses on both the spatial distributions of volcanic ed-
ifices and their alignments, together with aeromagnetism and
geological information. This approach provides an improved
understanding of the volcanic activity of Siroua monogenetic
volcanism.

ii. Spatial and density analysis allows the detection of clus-
tering features that may not be apparent on visual observa-
tion. This may identify preferential areas for magma sources
at depth.

iii. Aeromagnetism, as a geophysical imaging method,
helps to identify masked faults underlying the massif of Siroua.

iv. Our analysis using Kernel Density Estimation indicates
a deviation from a random Poisson distribution, highlighting
elliptical biases aligned parallel to local fault systems. This
pattern suggests that while volcanic edifices are not strictly
aligned with tectonic structures, local structural controls and
stress fields influence magma ascent directions.

v. Finally, our work confirms and documents a positive
correlation between crustal deformation and the Siroua vol-
canic field’s monogenetic centers. It must be emphasized
that more detailed volcanological and structural studies of the
field combined with new, more detailed radiometric ages are
needed in the area to improve knowledge about the still de-
bated spatio-temporal evolution of volcanic activity.
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