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Abstract
An integrated stratigraphic, sedimentological, volcanological, and geochemical studies were conducted for the first time on 
the eruptive products of the Marssous volcano, Bahariya Depression, Western Desert, Egypt. The rarity of complex vol-
canological studies in the west Red Sea rift makes these investigated volcanoes important as they offer a clue to the style of 
volcanism, eruptive environment and magma genesis during magmatism complimentary to those areas extensively studied 
in the Arabian Peninsula toward Syria and Eastern Turkey. The Marssous volcano is small monogenetic scoria cone that 
shows a polyphase feeding system, consisting of unconformable superimposed characteristic effusive-to-explosive eruptive 
units, suggesting a wide spectrum of diverse eruptive styles through a complex feeder network. On the basis of the sedi-
mentological characteristics, field relationships, lava flow textures and granulometric indicators, five volcanic units have 
been identified from the base to top as (1) coherent porphyritic massive basalts (Bpm), (2) stratified tuff beds (Unit 1), (3) 
crude-bedded lapilli tuff beds with bombs (Unit 2), (4) massive agglutinate beds (composed of spatter and fluidal bombs) 
formed by lava fountains (Unit 3), (5) porphyritic vesicular basalts (Bpv), and (6) subvolcanic feeder intrusions. The degree 
of vesicularity and the size of the clasts increase from thin Unit 1 (ash to lapilli) through more thick Unit 2 (lapilli-bomb) to 
Unit 3 (breadcrusted scoriaceous bomb) as an indicative of an increased magma flux and the high eruptive energy together 
with an enlarged of degassing fragmentation. There is consequently a progressive evolution from an initial Phreatomagmatic 
explosive stage followed an initial effusive event to dry magmatic explosive (Strombolian & Hawaiian) and effusive eruptive 
styles in the later. With eruption progression, the external water to fuel Phreatomagmatism was diminished relatively early 
in the eruptions giving way to accumulate a pyorclastic fall deposition of Strombolian to Hawaiian lava-fountain episodes 
together with effusive eruptions, all together forming the majority of the pyroclastic and effusive successions of Gabal Mars-
sous. These eruptive phases have happened during a continuous deposition without any time pauses in a short period of time 
as a result of a single cone-forming eruptions. The Marssous volcano shares resemblances in terms of inferred eruption style 
and structures with other scoria cones elsewhere in the broad regional context such as North Africa, Mediterranean province, 
and Arabian Peninsula, and thus provides an outstanding field laboratory to explore scoria cones architecture and growth 
from a global perspective. This volcano event is a key tectono-stratigraphic marker for an early manifestation, coinciding 
with the initiation of Red Sea rifting opening.
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Introduction

Monogenetic volcanoes are natural landforms formed by 
explosive and effusive eruptions both on land and on oce-
anic systems on Earth and they also exist on other plan-
ets (e.g., Németh and Kereszturi 2015). They prompted 
by the upsurge of small magma bunches within a distinct 
life time and without chronological hiatuses in their erup-
tive history (Cañón-Tapia 2016; Smith and Nemeth 2017). 
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Their eruptive outputs can encompass numerous eruptive 
mechanisms, constructing diverse magma conducts such as 
effusive eruptions, or explosive (dry) fragmentation, e.g., 
Hawaiian or Strombolian eruptions, or as hydromagmatic 
(wet) fragmentation that may develop under dissimilar geo-
dynamic conditions (Wohletz and Heiken 1992; Valentine 
and Gregg 2008; Kereszturi and Németh 2012a, b; Németh 
and Kósik 2020). They are characterized by wide spectrum 
of an edifice–building pyroclastic successions which mirror 
the type and grade of the interaction between internal- and 
external factors during the eruption process (Valentine and 
Gregg 2008; Kereszturi and Németh 2012a, b; Németh and 
Kereszturi 2015; Smith and Nemeth 2017). Processes such 
as shallow magma degassing, magma-water interaction, flow 
localization, abrupt decompression, and disequilibrium of 
magmatic foam all are responsible to govern explosive erup-
tions (Houghton et al. 2004). Eruptions of monogenetic vol-
canoes give valuable values for describing the tephra depos-
its, eruptive styles, morphologies, depositional processes, 
and genesis of the magmas that formed them in syn-eruptive 
and post-eruptive times, so providing vital idea about the 
eruptive mechanisms (e.g., Kereszturi et al. 2012; Murtagh 
and White 2013; Valentine et al. 2014; Kosik et al. 2016; 
Maro and Caffe 2016; Graettinger and Valentine 2017).

Monogenetic volcanoes can manifest in various forms from 
scoria cones to small shields and maar-diatremes, demonstrat-
ing the comprehensive scale of conceivable eruptive itinerar-
ies. Scoria cones are one of the well-known small-volume (≤ 
0.1 km3) subaerial monogenetic volcanoes, which commonly 
preserve petrological features indicative to their rapid growth 
and short-lived life in geological sense (e.g., Valentine and 
Gregg 2008; Johnson et al. 2014; Németh and Kereszturi 
2015; Pedrazzi et al. 2016). They formed in various tectonic 
settings including subduction, or continental rift, or mantle 
plume (Kienle et al. 1980; Cañón-Tapia 2016). Scoria cones 
vary in eruptive style from some mild intermittent or initial 
phreatomagmatic, through prevailing Strombolian to Hawaiian 
style explosions and mostly driven by mafic to intermediate 
magma (Fisher and Schmincke 1984; Kereszturi and Németh 
2012a; Nemeth and Kosik 2020). These volcanoes provide 
key information about the the variability of the eruptive com-
plexity and genesis of the magmas that formed them, as the 
magmatic processes involved during the course of the ascent 
of these magmas to the surface are commonly well preserved 
(e.g., Brenna et al. 2010, 2011; McGee and Smith 2016; Smith 
and Nemeth 2017). The scoria cones consist mainly of sco-
ria accumulations (lapilli to bomb-size, ash used to be blown 
away) and are usually associated with lava flows (Walker 2000; 
Kereszturi and Németh 2012a; Risso et al. 2015). Recently, 
several studies on scoria cones have shown that their outputs 
reflect noteworthy verifications about their explosive eruption 
styles, facies architecture, and edifice geometry (Wood 1980; 
Valentine et al. 2005, 2007; Vespermann and Schmincke 2000; 

Guilbaud et al. 2009; Németh et al. 2011; Murcia et al. 2015). 
Older (1 My +) scoria cones are commonly dissected due to 
denudation and erosion exposing their inner architecture, pro-
viding invaluable assets to study shallow magma plumbing 
system linked to magmatic explosive eruption style-domianted 
small-volume volcano growth (Petronis et al. 2013, 2015, 
2018). In this contribution, we document a complex, but still 
small-volume volcanic edifice from Egypt that provide clues to 
understand the growth of small-volume intraplate volcanoes.

No detailed data have previously been mentioned regard-
ing the stratigraphy and lithofacies of Marssous volcano and 
its deposits. This work offers for the first time a full field-
based documentation and description of facies architecture 
and eruptive mechanism included in the construction of 
Early Miocene scoria cone situated in the Gabal Marssous, 
Bahariya depression (BD), North Egypt, based on the strati-
graphic successions and sedimentological characters of the 
rock protrusions. We selected Gabal Marssous to document 
a typical small-volume, but complex volcano formed predat-
ing the Red Sea rifting (Burke 1996; Bosworth and William 
2015; Ligi et al. 2018) in its African rift shoulder side for 
the following reasons: (1) Gabal Marrsous has spectacularly 
well-preserved crescent morphology, (2) it is an outstanding 
set of outcrops exposing various mafic pyroclastic deposits, 
with excellent accessibility, not having counterpart in the 
entire region; (3) it has rhythmic layers of pyroclastic units 
recording repeated explosive and effusive phases, hence 
demonstrating a distinctive change in eruptive styles; and 
(4) lava flows are recognized in Gabal Marssous compared 
with the predominant subvolcanic intrusions in the northern 
areas of the Bahariya depression (Khalaf et al. 2019). So, the 
present work aims to (i) elucidate and describe the lithofa-
cies characteristics of the exposed volcanic deposits from the 
eroded Marssous volcano, BD based on stratigraphy, sedi-
mentology, petrography, and SEM microscopy, (ii) clarify 
the evolutionary history of the scoria cone, (iii) offer insight 
about processes-controlled emplacement mechanism and the 
dynamics of the plumbing system to understand its erup-
tive styles, and (iv) compare the studied volcanics with the 
equivalent rock units worldwide. The selected scoria cone 
in the Gabal Marssous is a representative volcano because it 
displays effusive to explosive phases, giving a good chance 
to comprehend the lateral and vertical facies distribution of 
the composite eruptions on mafic scoria cone that can be 
prolonged to other scoria cones elsewhere.

Geological backgrounds

Regional stratigraphy and tectonic framework

The Red Sea rift is an astonishing model of a broad exten-
sional zone separating African from the Arabian plate. This 
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NNW-SSE trending rift extends about 2200 km in length 
and its opening initiated at 30 Ma (Roobol and Camp 1991; 
Camp and Roobol 1992; Bosworth et al 2005; Bryan and 
Ernst 2008). The Red Sea rift is associated with three vol-
canic phases involving (i) pre-rift volcanism (46–34 Ma); 
(ii) syn-rift volcanism (30–25 Ma), and (iii) post-rift volcan-
ism (< 20 Ma) (Bosworth and Stockli 2016). The southern 
Red Sea region involve voluminous volcanic phases which 
extend from Afar and Yemen to Saudi Arabia (Harret vol-
canic fields), Jordan, and Syria. In contrast, the northern Red 
Sea province involving Egypt has less voluminous volcanism 
and less evidence for doming (Camp and Roobol 1992; Shaw 
et al. 1968). There is a change in source for these volcanoes 
from plume-derived volcanism underneath the Afar and Ara-
bian plate (Ilani et al. 2001) to upper lithospheric mantle 
(Schilling et al. 1992; Volker et al. 1997).

Polyphase extensional and inversion tectonics affected 
the African plate during Mesozoic and Cenozoic Eras 
(Bosworth 1992; Bosworth et al. 2008). NW-SE compres-
sional phase affected Late Cretaceous-Early Tertiary basins 
(Fig. 1A). This basin inversion produced the Syrian Arc 
System (SAS) which extends from Syria to central Egypt 
through the Western Desert of Egypt (Guiraud and Bosworth 
1997; Guiraud et al. 2005). A great number of E–W and 
NE–SW trending sedimentary basins which are delimited 
by folds and tectonic horsts belonging to SAS are exposed 
in North Egypt (Fig. 1A), especially in the BD (Said 1962, 
1990; Sehim 1993; Guiraud et al. 2005; Bosworth et al. 
2008). Most of these basins were occupied by diverse rocks 
of marine to nonmarine sedimentary rocks together with 
volcanic and volcaniclastic deposits directly related to Red 
Sea rift opening.

The Bahariya depression is positioned in the Western 
Desert, 320 km southwest of Cairo, delimited between lati-
tudes 27°48ʹ N and 28°30ʹ N and longitudes 28°35ʹ E and 
29°10ʹ E, covering an area of about 1800 km2. It attains a 
width of about 42 km with a chief axis running southwest-
northeast for around 90 km, displaying a large oval shape. 
The excavation of the BD was accredited to aeolian and karst 
routes facilitated by the structural alignment (Said 1962; 
El Aref et al. 1987, 1991). The stratigraphic record in the 
BD involves sedimentary strata of Cenomanian to Lutetian 
(Said 1990). Cenomanian clastic sediments (Bahariya For-
mation) appear on the basin floor, while Eocene carbonates 
occupy the escarpments of the BD (Fig. 1C, D).The former 
is characterized by large concentric structures (CS) along 
the Mid Bahariya fault (Fig. 1C, Mazzini et al. 2019). The 
BD is characterized by abundant inselbergs of Upper Cre-
taceous rocks, consisting of (a) ferricrite crusts forming the 
Black Desert (El Aref et al. 2017), (b) karstic Campanian 
and Eocene carbonates (El Aref et al. 2017), or (c) Miocene 
lava flows and subvolcanic intrusions (Bosworth et al. 2015; 
Khalaf and Hammed 2016).

The BD was subjected to several structural processes 
during Upper Cretaceous, Post-Middle Eocene, and Middle 
Miocene periods (Moustafa et al. 2003). During Late Cre-
taceous period, the BD was affected by enechelon pattern of 
double-plunging anticlines and synclines along NE-dextral 
wrench faults of the compressional SAS (Fig. 1A; Sehim 
1993; Moustafa et al. 2003; El Ghamry et al. 2020). The lat-
ter authors concluded that these wrench deformations inter-
mittently rejuvenated during Late Eocene/Miocene period 
that are well exposed with three main E-NE-oriented fault 
systems involving Northern, Mid- and Southern Bahariya 
fault systems pronounced across the BD (Fig.2). During 
the Middle Miocene, the BD was influenced by a chain of 
NNW-and NW-trending normal faults forming grabens (1–2 
km wide) and accompanied by eruption of lava flows as well 
as subvolcanic intrusions (Moustafa et al., 2003; Bosworth 
et al., 2015). This volcanic phase was most probably linked 
to the Gulf of Suez and Red Sea Rift during Early Miocene 
(Moustafa et al., 2003). Abdel Aal (1998) approved that the 
basalts of west Cairo were linked to rifting during Early 
Miocene and decided that the magma outlets were controlled 
by E–W and NW-trending fault systems.

The Bahariya volcanoes

In North Egypt, the Cenozoic volcanoes occupy pervasive 
districts (15,000–25,000 km2). They are well exposed in 
Bahariya depression, Gabal Qatrani, west Cairo, Cairo-Suez 
road, and Sinai Peninsula as well as Minya and Samalut 
along River Nile. Their outcrops occur in the form of mafic 
scoria/cinder cones, lava flows, and subvolcanic intrusions 
that were erupted between 27 and 20 Ma (Meneisy 1990; 
Baldridge et al. 1991; Endress et al. 2009, 2011). The Baha-
riya volcanoes (BV) represent short-lived monogenetic vol-
canoes that are mostly dispersed in the Northwestern Desert 
of Egypt. The latter suffered intense deformation and mag-
matism during Oligocene-Miocene epoch. The BV are well 
exposed within the northern block of the Mid-Bahariya 
fault and form the Gabals of El-Mandisha, El-Mayesra, El-
Agoz, El-Hefhuf, and El-Marssous (Fig. 1B). These occur-
rences are chiefly characterized by wide varieties of litho-
facies involving pyroclastics, lava flows, peperitic breccias 
and sills/dikes (Khalaf et al. 2019). The former two facies 
are well exposed in the Gabal Marssous, while lava flows, 
peperitic breccias and their feeder sills/dikes form the main 
constituents of El-Mandisha, El-Mayesra, El-Agoz, and El-
Hefhuf (Fig. 1B). These volcanic exposures occur as isolated 
masses with no direct contact between them that overlie 
Bahariya and El-Hefhuf Formations of Upper Cretaceous 
(Fig. 1D). Based on 40Ar/39Ar dating, volcanism occured 
between 23 and 20 Ma (e.g., Bosworth et al. 2015). New 
40Ar/39Ar dating revealed age of 23.71 ± 0.06 and 23.73 ± 
0.01 Ma for the eruption of the BV (Khalaf and Sano 2020). 
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These volcanic exposures have diverse periods of inten-
sive small-volume mafic volcanism (Khalaf and Hammed 
2016), as a result of outpouring of asthenospheric mantle 
over regional-scale (e.g., Lustrino and Wilson 2007; Maz-
zarini et al. 2013; Rooney et al. 2014; Ma et al. 2016; Khalaf 
and Sano 2020).

The Marssous scoria cone is one of the Neogene volca-
noes exposed along the north section of the Western Desert 
during opening of the Red Sea. This scoria cone situated at 
the western flank of the BD (Fig. 1C), 13 km southwest of 
the Bawiti town, represents Miocene subaerial small-vol-
ume volcanic episode recorded in North Egypt. It is settled 
inside the main Bahariya depression close to the escarp-
ment of the Eocene plateau. The Marssous cone forms broad 
semicircular volcanic depression (Fig. 2). Its chief exposure 
displays a semi-circular shape within an incomplete ring 
having rugged landscape (Fig. 2A–C). The volcanic cone is 
asymmetrically elongated NW–SE, ~1500 m long and 1000 
m wide, covering an area of about 4.0 km2 and 100 m high 
overlying Bahariya Formation without clear metamorphic 
effect at the contact between them (Fig. 1E, F). The eastern 
flank of the scoria cone displays a fan-shaped morphology 
compared with circular-shaped topography in its western 
part (Fig. 3A). Most of the rock surfaces are covered by 
Quaternary aeolian sand (Fig. 3A). Along the inner slopes 
of the cone exposed volcanic rocks show a dip angle of 
60°–80°. The outcrops of the cone are dissected by numer-
ous fractures/faults. Gullies and ravines together produced 
pronounced valley incisions, cone segmentation and trunca-
tions. These faults are NW and NE-trending dip-slip normal 
faults (Fig. 1D) with pitches of slickenside lineation around 
80°–90° (Fig. 3B). The circular faults are the most common 
recorded types as evidenced by a circular valley bounding 
the main cone from its northern, northeastern, and eastern 
parts (Fig. 3D) and the displacement of the upper lava down-
wards towards the cone with a downthrown side towards the 
main cone. The Marssous cone preserves mafic pyroclastic 
deposits, two distinct lava flows and dikes (Figs. 1F, 2D). 
The pyroclastic rocks are sandwiched between the lava flows 
(Fig. 2D). The lava flows are slightly tilted radially away 
from the cone and show considerable dip close to faults. 
The whole succession is unconformably capping the Upper 

Cretaceous Bahariya formation which is remarkably tilted 
under the nearly horizontal flows (Fig. 1F). 20.66 ± 0.55 Ma 
is assigned to the Marssous volcanoes based on K/Ar dating 
(Agostini et al. 2016).

Methology and terminology

The rock lithofacies were described in the field based on 
lithological, sedimentological, textural, and primary struc-
tures characteristics. Two stratigraphic sections (Figs. 4, 5) 
were documented at the east and west of the scoria cone 
(Fig. 2C). Field mapping was done to recognise volcanic 
lithofacies, clast size, textural composition, pyroclast con-
stituents, deposit characteristics, and alteration type (Sohn 
and Chough 1992; Németh and Martin 2007). Petrographic 
features for more than 50 thin sections were investigated by 
optical microscopy to document compositional character-
istics of the examined volcanoes. Petrographic features are 
further studied by Scanning Electron Microscopy (SEM). 
SEM observations were made using a JEOL JXA-898A elec-
tron prob microanalyzer-JEOL-Japan operating at 30 kV at 
the Egyptian Geological Survey. Whole-rock analyses of five 
lavas and three scoria samples were done at the National 
Museum of Nature and Science, Tsuskuba, Japan using 
XRF and ICP-MS techniques (Supplementary Table 1). In 
this paper, pyroclastic deposits were classified based on the 
granulometry scheme after Sohn and Chough (1992). The 
facies description of the coherent lava flows was based on 
the composition followed by the fabric and lava structures 
(e.g., massive, porphyritic, aphanitic, vesicular) as suggested 
by McPhie et al. (1993). The lithofacies were assembled in 
facies associations involving genetically related rock units 
(Collinson 1969, 1996; Dalrymple 2010).

Results

Stratigraphy and facies association

This study offers for the first time a detailed field-based 
documentation and description of facies architecture and 
eruptive mechanism involved in the formation of the Mars-
sous volcanoes based on their sedimentological and textural 
characteristics. Eleven lithofacies were documented for the 
Marssous volcano which are divided into three coherent 
and eight volcaniclastics, following an analogous system-
atic adoption by Sohn and Chough (1992) and Rossetti et al. 
(2014). They are grouped into three major facies associa-
tions including pahoehoe lava flows, proximal pyroclastics, 
and coherent subvolcanic intrusions. The rock lithofacies are 
defined and interpreted in Table 1.

Fig. 1   A The Mesozoic and Early Cenozoic basins of northern and 
central Egypt; AG Abu Gharadig basin, F Faghur basin, S Shushan 
basin (after Bosworth et  al. 2015). B Shaded relief Digital Eleva-
tion Model (Alos-Palsar DEM data, 12.5  m resolution) showing 
the topography of the investigated Bahariya volcanics. C, D The 
geological map and the stratigraphic section of the Bahariya Oasis 
(after Moustafa et al. 2003). E Flat and broad circular depression of 
the Marssous scoria cone. F Panorama showing the eastern parts of 
Gabal Marssous. The rock sequence starts by the Bahariya Formation 
at the base followed up section by lava1, pyroclastic deposits, and 
lava 2 at the topsection. Photo looking west. Note NE-trending nor-
mal faults cut the Marssous sequence forming grabren structure

◂
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Pahoehoe lava flows

Pahoehoe lava flows spread east and west of the scoria cone, 
covering an area of ~ 4 km2. They form two stratigraphic 
packages that underlie and cap the pyroclastic deposits, 
characterizing the Gabal Marssous scoria cone (Figs. 1E, 
2). The lavas having a thickness of about 25 m, represent 
about 40% of preserved volcanic products of the scoria cone. 
The high thickness suggests the lavas filled some gullies 
or small valley. The lavas are considered as a simple lava 
flow (Walker 1971; Pinkerton and Sparks 1976; Murcia and 
Németh 2020). On the basis of texture and vesiculation, two 
facies types are identified east and south of the scoria cone: 
massive porphyritic basalt (Bpm) and vesicular porphyritic 
basalt (Bpv).

Massive porphyritic basalts (Bpm)  Description This facies 
forms irregular unconformable contact with the underly-
ing Bahariya Formation (Fig.  1F). The latter separates 

from the overlying lava flow (lava 1) along thin peperi-
tic breccias at the eastern ridge of the scoria cone. This 
brecciated zone, 5–10 cm thick, is clast-supported and 
contains 4–15 cm large basaltic clasts embedded in sandy 
matrix (Fig. 3C). This lava facies is massive, dark gray in 
color, poorly vesicular, aphanitic coherent flow and attains 
15–20 m in thickness. The lava architecture is marked by 
low slope. Its base is 1–2 m thick with some spherical 
vesicles (3–5 mm in size) that decline at the flow top. The 
flow core, 10–15 m in thickness, is characterized by thin 
platy horizontal (3–5 cm) and colonnade joints which 
range in width from 0.7 to 1 m. This flow is crossed by 
a complex system of fractures. The platy joints are near 
horizontal in cross-section view, dipping frequently ~10°. 
Low angle fractures with 15°–30° dip are common in 
some outcrops (Fig.  3E). The flow top has smooth con-
volute surfaces (Fig. 4), occupied by loose fragments dis-
playing ball shape and is reddish-brown in color, due to 
the effect of weathering and alteration.

Fig. 2   A Detailed geologic map of Gabal Marssous area. B The cross 
section showing field relationship of the studied rock units at Mars-
sous scoria cone. C High resolution Google Earth satellite image 
(0.5 m/pixel) showing crescent-shaped topography of Marssous sco-

ria cone. Note the situation of two stratigraphic sections for facies 
analysis (S1 & S2). D Stratigraphic column of the rock units in Gabal 
Marssous area
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Vesicular porphyritic basalts (Bpv)  Description This 
facies, 5–25 m thick, characterizes the eastern/southern 
part of the scoria cone and the Hefheufe area. Along 
the west ridge of the scoria cone, the flows of this facies 
unconformable overlie the pyroclastic deposits (Fig.  4) 
with undulated topography (Fig. 3F) along a planar, tran-
sitional diffuse brecciated contact (Fig. 6A). The latter, up 
to 60 cm in thick, is clast-supported, consisting of tephra 
and lava clasts set in schistose matrix.The lava flows dis-
play heterogeneous texture that is characterized by exist-

ence of irregular scoriaceous fragmental patches (Fig. 6B) 
especially close to the transitional contact with the pyro-
clastics deposit. These patches have variable shape and it 
is highly enriched in spherical vesicles. Away from this 
contact, the remaining lava flows are black gey, massive, 
homogeneous, isotropic, and aphyric in texture. These 
flows are enriched in spherical vesicles (Fig.  6C). The 
15–20-m-thick core of the lava is jointed into 30–40 cm 
wide columns with fan or colonnade arrangement, and it 
is capped by 5-m-thick blocky domain (Fig. 6D). Classic 

Fig. 3   A Panorama showing 
semi-circular morphology of 
Gabal Marssous. Photo looking 
northwest. B Well-developed 
slickensides in a basalt fragment 
found along one of the normal 
faults affecting the eastern parts 
of the area. C Thin peperitic 
breccias delineated along the 
contact between Bahariya For-
mation and lava 1. D Panorama 
showing the northwestern side 
of Gabal Marssous illustrat-
ing the ring fault surrounding 
the main cone. Photo looking 
southeast. E Network of hori-
zontal and low angle fractures/
joints (5°–20°) crosscut massive 
porphyritic basalts of Pahoehoe 
flow (Bpm). F Undulated topog-
raphy of vesicular porphyritic 
basalts of Pahoehoe flow (Bpv)
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volcanic structures including lava balls (Fig. 6D) and ropy 
pahoehoe can be identified (Fig. 3F). The lava flows and 
the underlying pyroclastics are intruded by feeder dike 
associated with extensive alteration zone (Fig. 6D). Rock 
samples from both Bpm and Bpv have the same mineral 
composition. They are massive, porphyritic, holocrystal-
line, consisted of 18–26% phenocrysts involving olivine, 
and clinopyroxene embedded in plagioclase laths-rich 
groundmass (Fig. 6F). Subhedral crystals of olivine with 
partial to complete alteration especially along fractures 
and crystal margins have been observed (Fig. 6F). Clino-
pyroxene phenocrysts are even more abundant than those 
of olivine.They form subhedral crystals, with pink pleo-
chroism, displaying characteristic oscillatory and hour 
glass or sector zoning (Fig.  6G). Olivine-clinopyroxene 
glomerocrysts are enclosed in fine-grained intersertal, 
pilotaxitic, to flow intergranular matrix, comprising vari-

able amounts of plagioclase laths, clinopyroxene prisms, 
and skeletal acicular ilmenite rods.

Promixal pyroclastic rocks

The pyroclastics rocks, up to 80 m thick, represent the 
dominant rock types through the whole area of the Mars-
sous volcano (Fig. 2A). Their deposits cover the pre–exist-
ing topography. In spite of the common inaccessibility of 
the pyroclastic deposits, they have been described in two 
distinct sites (Figs. 4, 5), situated on the eastern and west-
ern ridges of the cone (Fig. 2C). The distance between the 
two sites is about 1000 m. The faults-controlled contact 
separates between the two sites involving thick sequence 
of pyroclastic rocks and jointed lava flows (Fig. 2A, B). 
Their beds usually dip south-westwards by 60°. The rock 
outcrops of the pyroclastic deposits display a discrete color 

Fig. 4   Schematic stratigraphic section along the east scoria cone. A 
Fluviolacustrine sediments of Bahariya Fm (lithofacies A) represent 
the basement rocks. B Peperitic breccias (Bp, lithofacies B). C Mas-
sive porphyritic basalts (Bpm, lithofacies C), D Lapilli beds with 
bombs (LBb) of pyroclastic unit 2 (lithofacies D) comprises three 

lithofacies involving crude bedded medium lapilli tuff-Strombolian 
(mLTcb-S), crude bedded coarse lapilli tuff-Strombolian (cLTcb-S), 
and massive tuff breccias-Strombolian (TBm-S). E Vesicular porphy-
ritic basalts of Pahoehoe flow (Bpv, lithofacies E). See Fig. (3C) for 
location
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zonations ranging from whitish grey through brown to red 
at the topmost. They are hetrogeneous, comprising massive 
to crude bedded, matrix-to clast-support, weakly to highly 
agglutinated, poorly to moderately sorted, tuff to lapilli and 
bombs that become coarser near the top (Fig. 5). So, three 
main pyroclastic units were identified and discriminated in 
ascending order based on the sedimentological character-
istics and color difference between the units, namely lower 
Unit 1 (whitish grey), tuff beds (Tb), middle Unit 2 (brown), 
lapillituff beds with bombs (LBb), and upper Unit 3 (red) 
spatter-scoria bomb beds (Bb) (Fig. 5). Universally the rela-
tive abundances of the tuff beds decreses up-section and con-
sequently lapillituff and agglomeratic beds become progres-
sively more dominant in upsection. At all the studied sites, 
the pyroclastic deposits show significant variation in color, 
thickness, and lithological features. Unit 1 occurs at the base, 
while Unit 3 occupy the top part of the scoria cone (Fig. 5). 
On the western side of the scoria cone, all three units occur, 
but on the eastern side, only Unit 2 is present (Fig. 4). The 
boundaries between these units are gradational to sharp that 
are characterized by ‶well-developed unconformity surface″, 

signifying main fluctuations in the sedimentary and eruptive 
regime of the volcanic system.

Unit 1: tuff beds (Tb)  Description This unit, up to 25 m 
thick, underlying the lava flows along unconformable sur-
face, forms the bottom of the scoria cone at the western part. 
(Figs. 5, 7A). Its base is unexposed, due to thick alluvium/
talus cover (Fig.  7A). The boundary between Unit 1 and 
overlying Unit 2 is uncertain and unclear because most of its 
unravelling borders are covered by aeolian sand. The facies 
of Unit 1 is stratified or planar bedded, poorly sorted, and 
matrix-supported (Fig. 7A, B). The bedding of the former 
dips 20°–50° towards west. Its outcrops are organized in 
centimeter- to decimeter-thick stacked beds that vary from 
fine tuff to fine lapilli tuff grading to tuff breccia (e.g., fT to 
fLT and TB on Fig. 7A, B). The contacts between the lapilli 
tuff and tuff layers are gradational and difuse, without signs 
of erosional surfaces. The thickness of the beds is abruptly 
changing over short distances, but obvious single beds are in 
the range of centimetres to some meters thick. The sequence 
of the Unit 1 is formed by moderately to weakly indurated, 

Fig. 5   Schematic stratigraphic section along the west scoria cone. A 
Tuff beds (Tb) of pyroclastic Unit 1 contains three lithofacies involv-
ing stratified fine lapilli tuff-Phreatomagmatism (fLTs-Ph), stratified 
fine tuff-Phreatomagmatism (fts-Ph), and masstive tuff breccias-
Phreatomagmatism (TBm-Ph). B Lapilli beds with bombs (LBb) of 
pyroclastic Unit 2 comprises three lithofacies involving crude bed-
ded medium lapilli tuff-Strombolian (mLTcb-S), crude bedded coarse 
lapilli tuff-Strombolian (cLTcb-S), and massive tuff breccias-Strom-

bolian (TBm-S). E, C Spatter-scoria bomb beds (Bb) of pyroclastic 
Unit 3 include two lithofacies involving massive coarse lapilli tuff-
Hawaiian (cLTm-H) and massive tuff breccias-Hawaiian (TBm-H). D 
Massive breccia (Bm). E Vesicular porphyritic basalts of Pahoehoe 
flow (Bpv). See Fig. 3C for location. In both sections, the grain size 
variation, angularity, and degree of welding for each eruptive phase 
have been represented
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layers of a thinly stratified alternation of ungraded to nor-
mally graded fine lapilli tuff (fLT) and fine tuff (fT) beds 
with characteristically planar low angle cross and dune 
bedding structure (Fig. 7A, B). Tuff breccia layers showing 
inverse grading (Fig. 7B), prevail towards the upper parts 
of this sequence. Beds from Unit 1 are enriched in juve-
nile clasts ranging from ash to lapilli together with ballistic 
bombs ranging in size from 5 up to 10 cm in size (Fig. 7C). 
Ash and lapilli grain size of black-colored volcanic cog-
nate lithic clasts are also observed. Bombs embedded in 

the tuff/lapilli tuff sequence are equant to sub-equant and 
often exhibit impact sags and bread-crusted external sur-
face (Fig. 7C, B). Chilled margins of the bomb-sized clasts 
(Fig. 7D) are common. These juvenile clasts occur as angu-
lar to amoeboid grains with different shapes (skeletal/spin-
dle to blocky) bounded by sharp fractures and have incipient 
to moderate vesicularity. The color of the former vary from 
black to brown as the result of palagonitic alteration for the 
latter color. The blocky juvenile pyroclastics vary in crys-
tallinity from brown microlitic sideromelane (SM) to black 

Fig. 6   A close-up view showing 
transition zone between under-
lying spatter-scoria beds (Unit3) 
and overlying vesicular porphy-
ritic basalts of Pahoehoe flow 
(Bpv). Note the scorianeous 
nature with spherical-shaped 
vesicles of bomb-sized clasts. 
B Dispersed ghost scoriaceous 
clasts outlines in lower part 
of Bpv lavas, suggesting their 
original pyroclastic origin 
(Clastogenic lava flows). C Bpv 
Lava flows display spherical 
vesicles close to its base. Two 
joint tiers involving fan and 
colonnade joints characterize 
the Bpv lavas, unconformably 
overlying pyroclastic Unit 3. 
Note the prevailing of rounded 
pseudopillows and ball structure 
in the upper part of lava flows. 
Note vertical feeder dike cross 
cut the whole sequence. € Mas-
sive jointed ring dikes invade 
the Gabal Marssous sequence 
marking the final eruption 
phase. F Cross polarized light 
photomicrograph of coherent 
lava flows consisting rod-like 
olivine (ol) and subhedral-euhe-
dral six-sided zoned clinopy-
roxene (cpx) set in plagioclase 
laths-rich matrix exhibiting 
fluidic texture. G Cross polar-
ized light photomicrograph of 
Subhedral glomeroporphyritic 
clinopyroxenes (cpx) showing 
hour glass or sector zoing set in 
plagioclase laths-rich matrix



64	 International Journal of Earth Sciences (2022) 111:53–84

1 3

tachylite (Ta) and occasionally are completely replaced 
by palagonite (Fig.  7E). Altered peridotite xenoliths are 
observed in the Unit 1. Accretionary lapilli are occasion-
ally observed within tuff/lapilli tuff beds (Fig.  7F). These 
lapilli vary in shape from spherical to elongated form having 
5 mm–2.5 cm in size, dispersed in palagonitized ashy matrix 
(Fig. 7B). The tuffʼs groundmass is aphanitic, holohyaline to 
hemicrystalline, consisting of olivine and pyroxene crystals, 
and fine tuff/lapilli-sized palagonized juvenile fragments 
together with black weathered clasts of lava flows. Fine-to 

medium-grained sandstone derived from the Bahariya For-
mation are observed in Unit 1 as ash-to lapilli-sized acces-
sory lithic clasts.

Unit 2: lapilli tuff beds with  bombs (LBb)  Description In 
the eastern part of the scoria cone, Unit 2 underlies the lava 
flows (Fig. 4), but this unit is preserved below Unit 3 in its 
western part (Fig. 5). The rocks of this unit, ~20–40 m thick, 
are dark brown to red, poorly to moderately sorted, and 
clast-supported. This unit is composed of steeply inclined 

Fig. 7   A Pyroclastic Unit 1 
(phreatomagmatic deposits) 
underlines the Bpv lavas along 
angular unconformity surface. 
Three lithofacies characterize 
pyroclastic unit 1 involving 
fLTs-Ph, phreatomagmatic fine 
lapilli tuffs; fTs-Ph, phreato-
magmatic fine tuffs; TB-Ph, 
phreatomagmatic tuff breccia. B 
Close field view showing cross 
bedding and dune structures in 
fLTs-Ph/fTs-Ph/TB-Ph beds. 
C Cauliflower-shaped bomb 
with characteristically surface 
cracks. D Subrounded impacted 
bomb with bread-crusted 
surface cracks and chilled 
margins. E Plane polarized 
photomicrograph showing the 
dominance of blocky juvenile 
pyroclasts with low vesicular-
ity and range of groundmass 
crystallinity from brown 
microlitic sideromelane (SM) 
to black tachylite (Ta). F Field 
photo showing three subfacies 
consisting of planar cross bed-
ded fT-Ph and fLT-Ph that are 
enriched in micro-accretionary 
lapilli
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nearly sub-vertical stack of beds, composing of decimeter- 
to meter-thick crudely stratified/bedded, medium to coarse 
lapilli tuff (mLTcb & cLTcb) grading to massive tuff brec-
cia (TBm) (Fig. 8A–C). The base and topmost part of the 
sequence consist of moderately to well indurated, normally 
to reverse-graded thinly stratified alternation of medium to 
coarse lapilli beds fluctuating in thickness from < 1 to 5 
cm (Fig. 8A, B). The layers of tuff breccias (~ 6 cm thick) 
occupy the middle stratigraphic part of this unit interbed-
ded with lapilli-dominated beds along gradational borders 

(Fig.  8A). The latter are commonly planar non-erosional 
surfaces lacking any breaks with comparatively good lateral 
continuous dispersion up to many meters. In the field, juve-
nile fragments are subround to amoeboid glassy lapilli and 
ballistic bomb-sized clasts varying in shape from spongy, 
blocky, fluidal, spindle elongated or flattened (wood-shaped 
outlines) generated by plastic deformation (Fig.  8C–E). 
Bunch of moderately to highly coalesced/agglutinated, 
globular to elongated dense pyroclastic bombs with con-
nected clast margins commonly merged together have been 

Fig. 8   A Pyroclastic Unit 2 
(strombolian deposits) involve 
three lithofacies involving mLT-
S, strombolian medium lapilli 
tuff; cLT-S, strombolian coarse 
lapilli tuff; TB-S, strombolian 
tuff breccia. Note flattened 
deformation and highly vesicu-
larity of the juvenile clasts. B 
Crude bedding in deposits of 
Unit 2 marked by rhythmic 
alternating of mLT-S and cLT-
S-rich layers. C Normal grading 
in mLT-and cLT-rich tephra 
displaying spindle, ribbon, and 
teardrop shape. D Close-up 
view of TB-S showing different 
morphology of bomb-sized 
clasts involving blocky- and 
spindle-shaped scorianeous 
bomb-sized clasts with impact 
sag structure (D) and elongated 
cauliflowered-shaped bombs 
with gigantic vesicles and 
impact sag structure (E). F 
Plane polarized light photomi-
crograph demonstrating spheri-
cal vesicles of different size in 
scoriaceous bomb with large 
vugs set in sideromelane (SM) 
and tachyalite (Ta)-rich matrix. 
Note colloform texture of SM. 
G Plane polarized light photo-
micrograph showing globular 
shape of glass achneliths and 
abundant vugs set in tachyalite 
(Ta)-rich matrix
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observed (Fig.  8D, E). Some of these flattened clasts are 
characterized by cauliflower shapes (Fig. 8D, E). Most of 
these coarse juvenile fragments are 4–15 cm in size with 
18–20 cm in diameter in close packed clast-supported 
beds. The former occur as scattered lapilli/bombs at dif-
ferent stratigraphic height in the sequence. Ballistic bomb 
sags are noticed, displaying minor distortions (Fig. 8D, E). 
The exterior outline of juvenile clasts varies from even flu-
idal ropy surfaces (Fig. 8D) to scoriaceous spherical shape 
(Fig.  8F). The beds of this unit are characterized by high 
quantity of moderately to highly vesicular clasts (lapilli/
bomb-rich materials) if compared to Unit 1. The vesicles 
are subrounded, spherical to elongation/stretched in shape 
(Figs. 8D–F), ranging in size from 2 to 50 mm and some-
times they are filled by calcite, zeolite, and brownish palago-
nite creating a colloform texture (Fig. 8F). Petrographically, 
the juvenile clasts are porphyritic rock with heterogeneous 
fabric, containing olivine, pyroxene, and Fe–Ti oxide that 
are dispersed in a holohyaline to hyalocrystalline black tach-
ylite to microcrystalline yellowish sideromelane-rich matrix 
(Fig. 8F, G). Some blocky-type glassy fragments display < 
1 mm rounded (Pele's tears) or ≤ 2 mm elongated, fluidal 
shaped clasts which may correspond to spheroidal droplet 
(achneliths) (Porritt et  al. 2012; Carracedo-Sánchez et  al. 
2015). The achneliths are 50 μm–3 cm wide, massive, holo-
hyaline, and comprise microliths set in tachylitic ground-
mass containing feldspar laths (Fig. 8G).

Unit 3: spatter‑scoria bomb beds (Bb)  Description Spat-
ter and scoria bomb beds are well exposed at the western 
side of the scoria cone, unconformably overlying the Unit 
2 along sharp contact (Figs. 5, 9A). Their upper boundary 
is transitional interfingering with the overlying lava flows 
(Fig.  6A). These beds are extremely juvenile-rich, inter-
nally massive, black to dark red in color, moderately to well 
sorted, clast-supported lacking any internal bedding. They 
are intensely oxidized to redish colour near the feeder dike 
(Fig. 6D). Spatter and scoria deposits include moderately to 
highly welded coarse lapilli tuff (cLT) grading to agglomer-
ate (BA) with thickness up to 5 m (Fig. 9B, C). They often 
exhibit agglutination and their juvenile clasts have an obvi-
ously high vesicularity, demonstrating scoriaceous frame-
work. The beds of Unit 3 have fragments varying in size 
from coarse lapilli to blocks and bombs which are better 
sorted than those in Unit 2. The spatter deposits comprise 
moderate welded very dense to dense spatters (medium/
coarse lapilli tuff) at the base and highly welded varieties 
(bombs-rich vuggy spatter) grading to lava flows at the top 
section (Fig. 9D, E) as previously projected by Carracedo-
Sánchez et al. (2012) for the lithofacies classification. The 
protrusions of these rocks consist of rhythmic alternat-
ing spheroidal scoriaceous lapilli- and ballistic bomb-
sized clasts with blocks (Fig.  9B–G). In some locations, 

the bomb-sized clasts forming agglomerate (BA) occur at 
the base followed by thick horizons of coarse lapilli-sized 
beds (Fig.  10A). The average clast size varies from 5 to 
10 cm and some fragments occasionally attain a size of 5 
× 20 cm. The juvenile bombs display different forms and 
shapes varying subequant, elongate, spindle, or bulbous 
clasts with bread-crusted cauliflower and/or ropy surface/
or rheomorphic textures that are locally stacked or bunched 
clasts set in a fine-grained clastic matrix (Fig. 9B–H/10A, 
B). Folded- and convolute outlines with flow-banding inte-
riors characterizing the bomb clasts together with typi-
cally agglutination and/or coalescence have been observed 
(Fig. 9G, H, 10A, B). Some accidental basaltic clasts (5 cm 
in length) has been detected within these deposits (Fig. 10C, 
D). Most of the spheroidal bombs/lapilli and Ash-size clasts 
are highly welded and composite (Fig.  10B) (Carracedo 
Sánchez et al. 2009, 2010) with abundant voids or hollows 
in their interiors that are recorded within the spatter depos-
its. Ash-size spheroidal clasts resemble to crystals/spinning 
droplets, achnoliths, or pelletal lapilli (Junqueira-Brod et al. 
1999; Alvarado et al. 2011; Carracedo-Sánchez et al. 2015). 
The composite bombs are composed of ash- to lapilli-size 
welded clasts enclosed in a cryptocrystalline groundmass 
(Fig. 10D). These clasts involve mantle xenoliths comprising 
olivine and pyroxene, juvenile/crystals fragments, spinning/
isotropic droplets, and achnoliths or melt blobs (Fig. 10E). 
They are microcrystalline, showing hyalocrystalline texture 
with microlitic matrix and highly vesicular tachylitic mes-
ostasis. The matrix involves curved, ill-defined cryptocrys-
talline carapaces consisting of quenched juvenile microphe-
nocrysts and tachylitic microlites with hollows. The latter 
are subrounded and irregular in shape, ranging from 2 mm 
to 5 mm in size and filled by calcite, acicular zeolite, and 
brownish palagonite (Fig.10F).

Coherent subvolcanic intrusions  Description The intru-
sions appear in various forms and have variation in thick-
ness (0.5–3 m) with lengths from 5 to ~ 100 m (Fig. 6E). 
They occur as curved subvertical to vertical coherent igne-
ous rock bodies.The former strike NE and NW-trend dis-
playing ring outcrops and dips 35° to the northeast that are 
recorded at the southern parts of the scoria cone (Fig. 6E).
They display variation in thickness restricted between 3 
m at the base and 20 m thick at the dike head with 100 
m length, establishing segmented dikes (Fig.  6E). The 
latter has been detected along the base of the pahoehoe 
lava flows (Bpv) and the underlying pyroclastic deposits 
(Fig. 6D) forming a funnel-like zone with localized exten-
sive thermal alterations adjacent to dike and near the con-
tact between lava flow and pyroclastic rock with amoeboid 
borders (Fig. 6D).These coherent lava dikes are aphanitic, 
massive, black in color, poorly vesicular, and coher-
ent basalt consisting of olivine and clinopyroxene set in 
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aphyric matrix. In addition, pyroclastic dikes have been 
observed which cross cut the pyroclastic Unit 2 (LBb). 
These clastic dikes are aligned along NW-SE and consist 
of lapilli/block fragments and brown to black juvenile 
clasts within a phanitic fine-grained matrix, analogous to 
those of the LBb rocks (Fig. 10G). They vary in thickness 
from 10 cm to 2 m and in length from 3 to 5 m (Fig. 12G).

SEM investigation

The SEM studies (Fig. 11) display that the exposed pyro-
clastic deposits at Gabal Marssous further support diverse 
modes of fragmentation (phreatomagmatic vs. magmatic 
eruptive style) based on their miscellaneous morphologies 
of juvenile pyroclasts (Heiken 1974; Honnorez and Kirst 

Fig. 9   A Viewpoint of the 
western sector of the Mars-
sous cone showing spatter-
scoria beds (Bb) and overlying 
clastogenetic lava flows (Bpv) 
forming Unit 3 that under-
lies strombolian lapilli-bomb 
tephra (Unit 2). Two lithofacies 
characterize pyroclastic Unit 
3 involving cLTm-H, Hawaiin 
coarse massive lapillituff; 
BAm-H, Hawaiin massive bomb 
agglomerate. B Massive spatter 
deposit mainly marked by dif-
ferences in clast sizes (bomb-
rich vs. lapillirich levels). C 
Thick lenses of broken and 
breadcrusted clast-supported 
bomb-sized tephra (BA) alter-
nating with lapilli-sized tephra 
(cLT). D Close-up view of Bb 
beds showing variation in rock 
compactness from very dense 
to dense spatter deposits. Note 
spheroidal lapilli/bomb tephra 
passing to transitional alteration 
zone separating spatters and 
clastogenic lava flows (Bpv). E 
Detail of the progressive den-
sification (from top to bottom) 
from dense to vuggy spatter 
deposits of Hawaiian style. 
Clast outlines and the inter-
clasts hollows disappear gradu-
ally with the increase of the 
clast coalescence. F Close-up 
of BAm showing equant bombs 
with ropy surface textures and 
convolute concentric fabric. 
G Elongate deformed bombs 
with ropy surface texture and 
cauliflower morphology
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1975; Wohletz and Sheridan 1983; Wohletz 1986; Heiken 
and Wohletz 1991).

Unit 1 is made of juvenile, crystal, and lithic clasts 
ranging from ash to lapilli-sized pyroclasts. Unit 1 is 
dominated by the presence of unequant, blocky and 
glassy shards (Figs.11A-C). Curved fractures and per-
litic cracks characterize these juvenile clasts displaying 
spongy appearance (Fig.11A). Clast exteriors can be pla-
nar but commonly are even (Fig. 11A, C). Its shape dis-
plays irregular, subangular, and spherical masses forming 

moss-like morphology (Fig. 11A, C), as an indication of 
fine ash derived from explosive phreatomagmatic frag-
mentation (Heiken and Wohletz 1991). Juvenile pyroclasts 
from Unit 1 has low vesicularity having globular vesicles 
(Fig. 11E). The products of Unit 1 exhibit an intense alter-
ation involving zeolite-filling cavities and palagonization 
(Fig. 11B–E), which reveal the attendance of a hydrous 
phase in this unit. Such alteration covers elongate juvenile 
and crystal clasts (Fig. 11B, D).

Fig. 10   A Highly welded spatter 
with deformed, subvertical, 
ropy fabric. B Scoriaceous 
Composite spheroid bombs with 
cauliflower morphology. Note 
deformed lapilli-sized juvenile 
clast with ropy surface texture. 
C Aphyric basaltic fragment 
is observed within the spatter 
deposits. D Plane polarized 
photomicrograph showing 
petrographic composition of 
basaltic fragments consisting 
of olivine (ol) and plagioclase 
(plag) set in tachylitic matrix. 
Note rounded glass sphers 
known as achneliths. E plane 
polarized photomicrograph of 
composite spheroidal bomb 
consisting of olivine crystals-
rich core (Iherzolite xenolith ?) 
surrounded by spinning droplet 
with diffuse contours. Note the 
presence of cryptodroplets of 
achneliths together with abun-
dant vesicles set in cryptocrys-
talline tachylitic (Ta) matrix. F 
Cross polarized light photomi-
crograph showing Gel Globules 
of palagonite totally replace 
juvenile clasts (extensive palag-
onization) coupled with the for-
mation of secondary minerals 
(mainly acicular zeolites, calcite 
and clay). G Massive vertical 
pyroclastic dikes crosscut the 
pyroclastic Unit 2, marking 
the final eruption phase. Note 
the thickness variation from 
thin at the base to thick at the 
dike head, demonstrating dike 
segmentation
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In Unit 2, juvenile clasts are highly scoriaceous and 
less blocky if compared with Unit 1 (Fig. 11F–H). SEM 
images show that Unit 2 comprises coalescence aggregates 
of cored crystal clasts (mostly pyroxene) and globular iso-
tropic glass droplets confirming composite lapilli-sized 
textures (Fig.  11G–H). Less amount of juvenile pyro-
clasts with moss-like morphology were still noted com-
pared with Unit 1. Vesicles in juvenile clasts are rounded 
to elongated in shape, which are frequently significantly 
larger (> 100 μm) (Fig. 11H) compared with this in Unit 

1. More asymmetrical shapes are due to the sporadic coa-
lescence of glass bubbles.

In Unit 3, the largest proportion of the fragments having 
variable size (lapilli to bomb) are composed of spheroical 
composite bombs, similar to those im Calatrava volcanic 
field, Spain (Carracedo Sánchez et al. 2009). The amal-
gamation of these fragments deliberates a botryoidal or 
cauliflower-like facet (Fig. 11I, J). Spinning droplets show 
micro-concentric folded layers (Fig.11J), infrequently in spi-
ral arrangement and the predominant components of glass 

Fig. 11   SEM images for pyroclastics belonging to phreatomagmatic 
(A–E), strombolian (F–H), and Hawaiian phase (I–L). A Juvenile 
clasts are characterized by planar surface with curved fractures and 
perlitic cracks displaying spongy appearance. Cracks may form by 
mechanical or chemical processes and are probably a result of vol-
ume changes during hydration, typical of phreatomagmatic eruptions 
(Clarke et  al. 2009). B Secondary alteration coating on glass shard. 
C Ash to tuff-sized tephra exhibits unequant, a highly irregular sur-
face consisting of small globular and angular masses blocky parti-
cles forming moss-like morphology. This shape also is character-
istic of fine grained pyroclasts of phreatomagmatic origin (Heiken 
and Wohletz 1991). D Phenocrysts partly coated with altered basal-
tic glass shards. E Dish-shaped morphology with localised acicular 
zeolite growth and secondary alteration coating on pyroclastic clasts. 
F Moderately sorted, spheroidal shape and moderate to high vesicu-
larity together with coalescence aggregates characterize strombolian 

compared with early phreatomagmatic pyroclastics. G Composite 
lapilli-sized tephra consist of cored crystal fragments (most properly 
pyroxene) and globular isotropic glass droplets. H Various pyroclas-
tics involving globular glass clasts (i.e., achneliths), droplet-coated 
crystals, and scoriaceous glass fragments typify the strombolian erup-
tion of unit 2. I Variable size of achneliths Coalescence (i.e., melt 
blobs) exhibit botryoidal aggregates. J Spinning droplet with diffuse 
contours and a core made of crystal droplets surrounded by botryoi-
dal glass globules and oriented isotropic droplets forming composite 
spheroidal lapilli/bombs. Note spiral arrangement of glass constitu-
ents. K Coalescence of glass globules with secondary palagonite 
and zeolite-filling voids or hollows between the globules. L Highly 
vesicular scoriaceous juvenile fragments with spherical and deformed 
(flattened) shape of some of the vesicles.SEM exhibits the fresh sur-
face looking of the most of juvenile clasts in Unit 2 and Unit 3 com-
pared with this in Unit 1
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spherules/globules (Fig. 11K). The incorporation of such 
globules is equivalent and comparable to what so called 
spherical lava spray (i.e., ‶melt blobs″ or ‶achneliths″) (e.g., 
Walker and Croasdale 1971). Most of the juvenile pyroclasts 
reveal high degree of coalescence (Fig. 11G–K). They are 
completely lacking in Unit 1. The juvenile particles have 
large hollows and exhibit different strengths of palagoniti-
zation and fragmentation (Fig. 11K), though negligible in 
extent compared with this in Unit 1. The fresh surface look-
ing of the juvenile glass clasts (Fig. 11) is an indicative of 
low magnitude of palagonitisation and degree of hydrous 
alteration in Unit 3. Juvenile clasts (Fig. 11L) is character-
ized by abundant number of oval to spherical vesicles with 
respect to those of Units 1 and 2.

Geochemistry

The Marssousʼs basalts are characterized by low loss on 
ignition (LOI, < 2 wt%), however the scoria samples show 
high LOI (4–10) and total alkali, suggesting the probable 
mobilization of elements such as K, Rb, Ba, and Sr. The 
mobilization of the latter elements is due to the alterations 

and glass decomposition accompanying the deposition of 
clays and zeolites in vesicles characterizing the scoria sam-
ples. This leads to an enhancement of alkali interdiffusion 
through glass hydration (Johnson and Smellie 2007). The 
chemical composition of the basaltic and scoria samples 
is similar in some major (TiO2, P2O5) and trace elements 
(e.g., Ni, Cr, Th, Y, Zr, Nb) confirming their genetic link and 
derivation from the same parental magma, independently of 
magma fragmentation.

We base our geochemical interpretations on the immobile 
elements that return the original nature of the lavas prior 
to alteration, using the Nb/Y vs. Zr/Ti binary diagram of 
Winchester and Floyd (1976), modified by Pearce (1996). 
On this diagram (Fig. 12A), the basaltic and scoria samples 
plot within the alkali basalt field.Tectonic discrimination 
ternary diagram (Fig. 12B) that relys on immobile elements 
approves the geochemical characteristics of the within plate 
alkali basalts. In chondrite-normalized REE plots (nor-
malization values are those of McDonough and Sun 1995) 
(Fig. 12C), all coherent lavas contain high LREE contents 
if compared with HREE [(La/Yb)N ~21, Tb/Lu)N = 2.54, 
Nb/Yb ratio =36] that are indicative of derivation from an 

Fig. 12   Geochemical characteristics of the pyroclastics and lava 
flows. A Zr/Ti vs. Nb/Y diagram (after Winchester and Floyd 1976). 
B Zr/4–Y–2Nb discrimination diagram (Meschede 1986). WP within 
plate, Alk B alkali basalt, ThB tholeiitic basalt, E-MORB enriched 
Mid Ocean Ridge Basalt, N-MORB Normal Mid Ocean Ridge Basalt. 

C Chondrite normalized rare earth element for lava flows. D Ocean 
island basalt (OIB) normalized major/trace elements for lava flows 
The averages of N- and E-type MORB and oceanic island basalts 
(OIB) are involved for comparison (after Sun and McDonough 1989)
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enriched mantle source.The high ratios of Zr/Hf (47) , La/
Nb (0.57) and Ba/Nb (7.30) for the basalts suggest their 
derivations from asthenosphere mantle (Taylor and McLen-
nan 1985). In ocean island basalt (OIB)-normalized plot 
(Fig. 12D), the Marssous basalts has a pattern that slightly 
resembles the OIB pattern, but high Rb and P together with 
relatively low some incompatible trace and REE character-
ize the Marssous basalts relative to OIB. This can further 
be supported by the similarities of Nb/Ta, Nb/U and Ce/
Pb ratios in both the OIB (e.g., Nb/Ta =17.5, Nb/U = 47, 
Ce/Pb = 25 ± 5) (Hofmann 2003) and the studied basalts 
(23, 44 and 28, respectively). The basalts have low Th/La 
(0.12–0.13) and Th/Ce (0.05–0.06) ratios, which rule out 
the possibility of significant crustal contamination through 
their eruptions to the surface (Sun and McDonough 1989).

Discussion

Facies architecture and eruptive mechanism

Marssous's scoria cone can be deliberated a unique compos-
ite volcano in light of eruptive fragmentations having dif-
ferent eruptive dynamisms that prevailed during the diverse 
eruptive styles. The field, sedimentological, petrographical, 
and SEM features of the pyroclastic deposits demonstrated 
great variations in their lithofacies, grain size, shape, degree 
of vesiculations, and surface morphology which reflect 
synchronous and evolutionary multistages of nucleation 
and growth (Fig. 11). The preserved Marssous᾿s succession 
represents an eroded maar/tuff ring with intra-crater scoria 
cone, as supported by: (i) there is a well-localized, semicir-
cular volcanic depression (Fig. 1E), (ii) the rock outcrops 
have crescent edifice, (iii) the scoria᾿s bowl is filled with lava 
flows, ash beds (Ab), lapillituff beds with bombs (LBb), and 
scorianeous bomb agglomerates (BA), representing vent to 
crater zone. The absence of prevailing paloesoils and ero-
sive surfaces in the volcanic sequences suggests that these 
sequences are closely related in time belonging to the same 
eruption and emplaced consecutively, similar to monoge-
netic volcanoes elsewhere (e.g., Lorenz 1986; Németh et al. 
2003b).

The development of the Miocene succession in the rift-
related Marssous basin forming scoria cone can be shortened 
in six successive phases (Fig. 13) formed by asthenospheric 
mantle-derived magmas to the surface without any signifi-
cant crustal contamination as mentioned by Khalaf and Sano 
(2020). These phases comprise magmatic pahoehoe effusive 
(Bpm) and magmatic explosive phases involving phreato-
magmatic (Unit 1), Strombolian (Unit 2), and Hawaiian 
(Unit 3) explosive eruptions together with pahoehoe lava 
flow (Bpv) and subvolcanic intrusions. The fluctuation of 
lava flows and pyroclastic rocks in the stratigraphic list 

(Figs. 4, 5) gives evidence for time overlapping, signifying 
diverse modes of fragmentation and dissimilar eruptive pro-
cesses. The variations in the effusive and magmatic explo-
sive styles may be accredited to oscillations in magma flow 
circumstances linked to changes in crystallinity and vesicu-
larity of the injected magma (Cimarelli et al. 2010; Sable 
et al. 2006; Saucedo et al. 2017). These eruptive variations 
inferred to form in distinct eruptive phases but still within a 
narrow time frame attesting the fundamentally monogenetic 
behaviour of the seemingly complex volcano (White 1990; 
Németh and Kereszturi 2015; Smith and Nemeth 2017).

Phase 1: Pahoehoe lava flow (Bpm)

The early phase in the Marssous area began by the erup-
tion of the basalts (Bpm) of pahoehoe type, superimposing 
the Bahariya Formation of Upper Cretaceous. The massive 
characters and convolute surfaces of the basalts (Bpm) typ-
ify a pahoehoe lava flow (Rowland and Walker 1987; Self 
et al. 1998). A low-slopes and low effusion rates facilitate 
the development of pahoehoe flows (Rowland and Walker 
1987; Belousov and Belousova 2018). The horizontal col-
umns characterizing Bpm lava indicate vertical cooling front 
and a strong limited deflection of isotherms as the effect of 
meteoric water appearance during lava eruption (Long and 
Wood 1986; Sheth et al. 2015). These basaltic lavas typically 
issue from the cone base as a fissure eruption in the form 
of either coherent flows or overflow/or breaking of a lava 
lake from small fractures, similar to the mafic monogenetic 
volcanoes elsewhere (Thordarson and Self 1993; Keating 
et al. 2008; Valentine and Gregg 2008; Lefebvre et al. 2012, 
2016). The homogenous texture of these flows reflect rapid 
magma ascent and flow emplacement, implying lack of lava 
stagnation and short residence time in crustal reservoirs as 
the result of continuous lava supply (Hon et al. 1994; Cash-
man et al. 2014), analogous to Hawaii and other subaerial 
volcanoes worldwide (e.g., Belousov and Belousova 2018). 
The time break between the eruption of Miocene lavas and 
accumulation of the sediments of the Bahariya Formation 
was long enough to create distinct topographic that captured 
the outpouring lava.

Phase 2: phreatomagmatic explosive phase

The second phase of the volcano growth started by the vent-
opening eruption of pyroclastic unit 1 typical for explosive 
phreatomagmatic eruptions that exhumed an explosion cra-
ter in the Upper Cretaceous substrate. It was triggered by 
the intersection of the rising magma with the aquifer of the 
Bahariya Formation, as evidenced by the presence of quartz/
feldspar lithic clasts. The occurrence of the latter reflect 
excavation into the country rock and fragmentation likely 
occurred at shallow depth, producing vertical mingling of 
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magma-derived juvenile debris and country rocks as the 
result of downward subsidence during the eruption (White 
and Ross 2011; Valentine and White 2012). The rocks of this 
phase are paler in colour, poorly sorted, bedded, fLTs-ph to 
fTs-ph grading to TBm-ph (Fig. 7) having a high quantity of 
fine matrix (i.e., matrix-supported). The morphological and 
textural features of the juvenile clasts (angular blocky clasts 
with surface particle adherings, fine grain size, poor sorting, 
low amount of vesicles, alteration mineral growths, palago-
nitization, etc) deliver evidence on the mode of magma frag-
mentation, as consequence of phreatomagmatic explosions 
(Heiken 1972; Wohletz and SHeridan 1983; Lorenz 1985, 
1987; White 1991a, b; Houghton et al. 1996; Zimanowski 
et al. 1997; Buettner et al. 2002; Rosi et al. 2006; Latutrie 

and Ross 2018; Ross et al. 2018; Németh and Kósik 2020). 
The latter interpretation is reinforced by the sedimentary 
characteristics (planar, low angle cross bedding and dune, 
good grading, fine-grained size) of the pervasive lithofa-
cies fLT and fT which reflect deposition by lateral mov-
ing flows forming low-energy, wet pyroclastic surges of the 
pyroclastic density currents (PDCs) and not from pyroclast 
fallout (Fisher and Waters 1970; Schumacher and Schmincke 
1991; Sumner and Branney 2002). The architecture of these 
bedded deposits comprises millimetric to centimeters sub-
vertical beds (Fig. 7B) designed by several deep explosions 
triggering surges ejection (e.g.,Bélanger and Ross 2018; 
Latutrie and Ross 2019). Moreover, the occurrence of accre-
tionary lapilli and impact sags also give a mark of explosive 

Fig. 13   Cartoon sketch of inferred eruptive processes, displaying six 
consecutive evolutionary phases of El Marssous scoria cone. Phase 
1 Lava effusion commences and issues from the cone base either as 
coherent lava flows or breaking of lava pond inside the scoria cone 
through small fractures. Phase 2 Phreatomagmatic eruption starts 
when groundwater-rich Bahariya Fm, aquifer is interrupted by ris-
ing magma. Phase 3. Reduced magma–water interaction leads to 
strombolian eruptive style and development of cauliflower and plas-
tic deformed lapilli-bomb-rich tephra. Phase 4 Eruption progresses 
to a purely Hawaiin regime, lacking evidence for the involvement 

of external water: explosive fragmentation, fluidized transport, and 
agglutination/coalescence of pyroclasts in the gas thrust region of the 
eruption column (gas-rich phase) lead to formation of flattened and 
spheroidal composite lapilli- to bomb-sized tephra. Phase 5 Eruption 
of Pahoehoe lava flows with characteristically ghost soriaceous clasts 
localized along spatter-lava flows forming clastogenic flows. Phase 6 
In the final eruptive history of scoria cone, injection of squeezed lava/
tephra through fractures produce coherent and pyroclastic dikes that 
fed the pyroclastics and lava flows
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magma-water interaction forming phreatomagmatic mafic 
tephra (Wohletz and Sheridan 1983; Johnson 1989; Chough 
and Sohn 1990; Sohn and Chough 1990; Cioni et al 1992; 
Lorenz 2000; Németh et al. 2001; Sottili et al. 2010; Lefe-
bvre 2013; Brand et al. 2014; Murcia et al., 2015; Németh 
and Kósik 2020; Ureta et al. 2020a, b).

The shift from Phase 1 (effusion-dominated) to Phase 2 
(phreatomagmatic explosion-dominated) suggests a major 
modification in the eruptive mechanism as the result of rapid 
fluctuations in magma discharge, volatile flux, and ground 
water flow variations to switch magmatic effusive erup-
tions to explosive phases. This shift can take place due to a 
decline in the discharge rate, permitting link between magma 
and water in the early eruptive initial stage (Houghton et al. 
1999). The great proportion of fine particles (ash & fine 
lapilli) within Unit 1 is good evidence for the increased effi-
ciency of the fragmentation and fast decompression rates 
without any major magma storage as the magma approach-
ing the surface expands (Walker 1973) during phreatomag-
matic phase (Houghton and Smith 1993; Buettner et al. 
2002; Zimanowski and Buettner 2003; González et al. 2019; 
Murcia and Németh 2020; Ureta et al. 2021). Documentation 
of phreatomagmatism in the study area proposes widespread 
groundwater accessibility (e.g., Sohn 1996; Kereszturi et al. 
2012), highlighting the function of the substrate hydrogeo-
logical circumstances in the growth of the phreatomagmatic 
eruptive phase.

Phase 3: strombolian explosive phase

Phase 3 returns a rapid switch from phreatomagmatic to a 
Strombolian Phase that produced structureless to diffusely 
bedded, and moderate sorted pyroclastic deposits consist-
ing of medium-to coarse lapilli tuffs (mLTcb-S to cLTcb-S) 
interbedded with massive tuff breccias, (TBm-S on Fig. 8) 
that hinder size grading, forming magmatic explosive rocks 
which overlain the previous deposits. Unit 2 is inferred as 
ballistics and air fallout deposit that rises in the highest 
part of an eruptive column as scoriaceous expelled juve-
nile tephra mixed with gas bubbles and fluid clots on bal-
listic trajectories together with recycled blocks (Fisher and 
Schmincke 1984; Cas and Wright 1987; Martin and Nem-
eth 2005). Pyroclastic deposits of Unit 2 are dominated by 
coarse-grained juvenile clasts (lapilli/bomb) with moderate 
to high vesiculation, small portion of fine ash, and lack of 
matrix (clast-supported) that typifies pyroclastic facies of 
Strombolian eruptions via less energetic explosions com-
pared to wet surge deposit of Unit 2 comprising fine-grained 
Tb lithofacies (McGetchin et al. 1974; Houghton and Hack-
ett 1984; Martin and Nemeth 2006; Rowland et al. 2009; 
Gurioli et al. 2014).

Strombolian eruptions have flattening and agglutinated 
clasts (Fig. 8A–C) which infer load compaction upon landing 

and sporadically higher retained heat that were formed as 
separate eruptions because of the gas decoupling (Houghton 
and Gonnermann 2008). Stretched vesicles recorded in juve-
nile bomb clasts may occur either during transport (e.g., flu-
idal bombs), or shearing near the conduit boundaries during 
magma ascent, demonstrating degassing procedures and post 
depositional vesiculation in magma (Branney and Kokelaar 
1992; Polacci et al. 2003). The fall deposit can be inferred as 
eruptive pulses with a high ascent rate, viscosity, and magma 
ascent velocity. All these influences facilitate accretion and 
sporadic Strombolian overflowing of gas pockets at shallow 
depth because the high gas bubbles outbursts enable sub-
stantial coalescence when the magma rise is comparatively 
quick with decline effect of external water inflow (Parfitt and 
Wilson 1995; Vergniolle and Mangan 2000; Parfitt 2004; 
Ureta et al. 2021). Volatile exsolution and decompressional 
expansion have great effect on bubble coalescence processes 
(Fig. 11) (Cashman et al. 2014; Shea et al., 2010; Murtagh 
and White 2013). The change to a Strombolian style hap-
pens when a restricted water supply (ponded lake?) became 
exhausted or if the water supply was condensed as the con-
sequence of cyclical variations (Lorenz 1986; Parfitt 2004; 
Kosik et al. 2016).

Phase 4: Hawaiian explosive phase

This eruption phase unconformable overlying Unit 2, rep-
resents the fourth explosive phase of the Marssous scoria 
cone (Fig. 13). The former corresponds to a clast-supported, 
massive, scoriaceous to agglutinated scoria and spatter 
clasts (cLTm-H to BAm-H on Fig. 9). Coarsening-upward 
of spatter deposits suggest that this phase was characterized 
by a moderately, explosive activity gradually increasing in 
energy aided by an increase in the mass magma discharge 
and magma ascent speed (Parfitt and Wilson 1995; Parfitt 
2004; Andronico et al. 2008; Valentine and Gregg 2008). 
The transition from lapillituff-bombs (LBb) to spatter-scoria 
(Bb) fall deposit suggests a change of the eruptive style from 
Strombolian to Hawaiin (Parfitt et al. 1995; Sumner et al. 
2005; Valentine and Gregg 2008; Carracedo-Sánchez et al. 
2012; Aravena et al. 2017). Several sedimentary features 
(e.g., moderate sorting, lack of ash-sized pyroclasts, diffuse 
stratification, predominance of scoriaceous coarse lapilli & 
bombs, spindle-shaped aggulinated pyroclasts with ropy 
outlines) typify distinctive spatter deposits derived from 
Hawaiian-style lava fountaining elsewhere (Sumner 1998). 
Furthermore, the coarse-grained size and high vesicularity 
of the pyroclasts of this phase propose that their deposits 
have a high volatiles and gas contents as evidenced by the 
scoriaceous spatter-scoria products, as sign of magmatic 
fragmentation during Hawaiin activity (e.g., Houghton and 
Wilson 1989b; Cashman et al.  2014; Mangan and Cashman 
1996; Lautze and Houghton 2005; Stovall et al. 2011, 2012). 
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In addition, the spatter fall deposits of Phase 4 are charac-
terized by the presence of globular cauliflower, bread crust 
shapes, agglutinated scoria fragments with chilled margin, 
mantle derived nodules, and a minor proportion of lithic 
fragments, an suggestive of a rapid cooling and/or magma 
quenching (White and Valentine 2016; Németh and Kósik, 
2020). Abrasion and rounding processes affected most of the 
juvenile clasts during magmatic fragmentation, as indicated 
by their spheroidal shapes. This can be elucidated by the fast 
magma ascent from the source and variations in the erup-
tion style, linked with magma–water interface close to the 
surface (Houghton and Wilson 1989b; Cashman et al. 2014).

The style of energetic fragmentation together with accre-
tion of gas bubbles and rhythmic expulsions erupted scoria-
ceous lapilli-bombs, which fell near the vent, constructing 
spatter deposits during lava fountains (Parfitt and Wilson 
1999; Mastin and Ghiorso 2000; Valentine and Gregg 2008). 
Such style of eruption occurs in hot fluidal state during trans-
port as evidenced by fluidal clasts morphologies (Figs. 9B, 
10B) , which allows them to hold heat effectively enough 
on landing to produce agglutination and rheomorphic/ropy 
structures that are observed in the studied spatter depos-
its (Figs. 9G, H, 10A, B).This is facilitated by high rate of 
mass eruption, accumulation, and temperature of emplace-
ment around the vent, leading to agglutination of magma 
clots, which perform as viscous flows (Wolff and Sumner 
2000; Capaccioni and Cuccoli 2005; Sumner et al. 2005; 
Carracedo-Sánchez et  al. 2012; Kereszturi and Németh 
2012a). All these features signify a fluctuation in eruption 
style, cooling rate, and accretion rate from low to high tem-
perature depositional processes, linked with the outbreak 
distance of the deposits from the vent (high thermal oxida-
tion; Cashman et al. 2014; Sumner et al. 2005; Valentine 
and Gregg 2008; Carracedo-Sánchez et al. 2012). In conclu-
sion, Marssous scoria cone seems to have been created by 
multi-eruptive phases involving phreatomagmatic through 
Strombolian to Hawaiian activity (e.g., Valentine and Gregg 
2008; Guilbaud et al. 2009).

Phase 5: Pahoehoe lava flow (Bpv)

The facies Bpv records the second effusive eruption iden-
tified in the Hawaiian succession, characterized by lower 
effusion and low-explosivity. A diminution in gas content 
assists a conversion from Hawaiian to lava effusion (Parfitt 
and Wilson 1995; Valentine and Keating 2007). The pres-
ence of a massive, vesicles-rich lava with ropy structure and 
columnar jointing typifies a pahoehoe lava flow (Rowland 
and Walker 1987; Self et al. 1996; Schaefer and Kattenhorn 
2004). Columnar-jointed lava with rosette (fanning upward) 
and colonnade joints suggest the lava was formed by several 
lobes at different stages of cooling which facilitated the ver-
tical lava erosion by prevalent penetration of meteoric water 

along the columnar joints, creating a laterally quickly chang-
ing thermal conditions (cf. Lyle 2000; Harris and Rowland 
2009; Sheth et al. 2015; Moore 2019). The record of the 
vesicles at the base and top of Bpv lava reflects rapid cooling 
and viscosity increase during lava solidification (Cashman 
and Kauahikaua 1997).

The appearance of scoriaceous ghosts and vesicular 
coherent zones close to the spatter-lava transitional con-
tact (Fig.6A), where cooling was faster (e.g., Carracedo-
Sánchez et al. 2012; Carracedo Sánchez et al. 2014) refer to 
a pyroclastic source having fragmentary nature (Fig. 6B) (cf. 
Sumner 1998; Carracedo-Sánchez et al. 2012). The fabric 
of scoriaceous clasts/or ghosts (Fig. 6B) in such transition 
zone (Fig. 6A) is similar to those in the underlying spatter 
deposits (Unit 3) denote continuous fall deposition of spat-
ter fountains and lava flows, near vent site during a single 
event in which its clast accumulation rate and temperature 
oscillated over time, signifying a numerous oscillation in 
time of the fire fountain (Head and Wilson 1989; Sumner 
et al. 2005; Carracedo-Sánchez et al. 2012), e.g., the Izu-
Oshima volcano, Japan (Sumner, 1998), Summer Coon vol-
cano, Colorado, USA (Valentine et al. 2002). The high rate 
of both accumulation and spatter coalescence could have 
sustained spatter-lava interactions and formed a lava lake, 
behaving as rheomorphic spatter-lava flowage (fire foun-
tains) within maar crater (Sumner et al. 2005; Carracedo-
Sánchez et al. 2012), similar to several spatter deposits (e.g., 
Tenerife, Canary Islands, Gottsmann and Dingwell, 2001; 
Mayor Island, NewZealand, Gottsmann and Dingwell, 2002; 
AsamaVolcano, Japan, Yasui and Koyaguchi, 2004). The 
fluctuation from vuggy spatter to lava-like bodies which 
includes a discrete welding district between them could be 
carried out as rafts (Carracedo-Sánchez et al. 2012) inside 
the flows and conserved within great clasts, denoting the 
explosive origin and diagnostic identification of fountain-
fed flows.

Phase 6: subvolcanic intrusions

The sixth phase represent dike intrusions, an indicative of 
near-vent and magma cooling during waning phases and ter-
minations of the eruptions. These dikes fed the effusive and 
pyroclastics that spread along magma-driven fractures (Re 
et al. 2015), representing the uppermost part of the volcanic 
edifice. The field observations show the dikes are feeders 
reached a shallower depth (e.g., vertical dike, Fig. 6D, E) 
and arrested magma (Geshi et al. 2010) (e.g., ring dike, 
Fig. 6E). Based on the geometry study of the mafic vol-
canoes and their plumbing systems, magma may rise via 
dikes as lava stagnant that emplaced in the growing edifice 
when magma cools and solidifices inside volcanic cones, 
extending laterally and vertically many kilometres through 
the crust from the central conduit (Keating et al. 2008; Pioli 
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et al. 2008; Carracedo Sánchez et al. 2014; Kereszturi and 
Németh 2016). Such mechanism is similar to monogenetic 
mafic fields, in which the lava production pours from the 
base of the cones (e.g.,Re et al. 2015; Muirhead et al. 2016; 
Le Corvec et al. 2018).

We visualize that the ring dike (Fig. 6E) is feeder dike 
because it represents large extended dike (~ 100 m long), 
parallel to the cone length, and invade the pyroclastic rocks. 
Several authors noted that feeder dikes progressively bifur-
cated and broaden upward nearby the surface like ring dike 
(Fig. 6E) as basaltic eruptions evolve (Keating et al. 2008; 
Geshi et al. 2010; Harp and Valentine 2015). Well studied 
mafic dikes feeding scoria cones did not expose into broad 
bodies until ∼ 85 m below surface (Keating et al. 2008), or 
shallower (∼ 15 m; Geshi and Neri 2014). Field remarks 
on active and extinct volcanoes (e.g., Valentine et al. 2006; 
Keating et al. 2008; Geshi et al. 2010; Carracedo-Sánchez 
et al., 2012; Friese et al. 2013) showed that dikes can pro-
vide a window into the shallow plumbing systems. Many 
researchers have linked fluctuating in eruption styles to the 
geometry of magma plumbing systems (Pioli et al. 2008; 
Genareau et  al. 2010). As respects the pyroclastic dike 
(Fig. 10G), it is broadly recognised that clastic dikes fill 
fractures related to very shallow magmatic explosions (e.g., 
Wolff et al. 1999; Aguirre-Díaz and Labarthe-Hernañdez 
2003; Valentine and Krogh 2006; Winter et al. 2008; Lefe-
bvre et al. 2012). The amoeboid edges of the vertical dikes 
(Fig. 6D) intruded the Unit 3 imply an injection within 
unconsolidated pyroclastic deposits. Pyroclastic dikes have 
been observed in modern and ancient explosive volcanic 
fields (Winter et al. 2008).

Influence of eruptive style and mechanism 
on pyroclast transport

The exposed pyroclastic deposits consist of complex tephra 
sequences formed by various mechanisms of fragmentation 
(Figs. 4, 5). The record of these sequences is due to diver-
gences in eruptionʼs depth and the pre-existing topography 
(Graettinger et al. 2010). All of these mechanisms organized 
the ultimate grain size dispersion and textures of the tephra 
sequences. Furthermore, they influenced the configuration of 
cone development paths and pyroclast conveyance, such as 
domination of ballistics, occurrence of convective columns 
and predominant of grain flows as the result of dissimilar 
grain-grain collision during transportation and deposition 
of tephra deposits (Fig. 14, Kereszturi and Németh 2016). 
The changes in magma flux, which affect the magma frag-
mentation processes over time, can cause great variation in 
pyroclastic deposits with substantial variation in grain size 
and the framework of the pyroclastic succession (Fig. 14, 
Kereszturi and Németh, 2016).

Marssous deposits were derived from several single or 
adjoined tephra jets without non-erosive boundaries. Each 
single jet involved in the expulsion had its own pyroclast- 
size, profile, and style of expulsion (Graettinger 2018), 
which marks a unique thickness, runout range, bulk, and 
architecture on its linked deposit. The grain size and mor-
phology of their pyroclasts change gradually from fine ash 
(Tb, Unit 1) through lapilli/bombs (LBb, Unit 2) to spatter 
agglomerates (Bb, Unit 3). Lithofacies Tb, LBb and Bb (see 
Table 1) signify medial/distal (where fine-grained lithofacies 
of Tb was generated) to the proximal (as evidenced by mas-
sive, coarse and dense pyroclasts of lithofacies LBb and Bb) 
progression that can be predicated from the exposed tephra 
jets as revealed by experiments of maar-forming eruption 
(Graettinger 2018). All happen sequentially from base to 
top and each has dissimilar proportions of accidental lithic 
and juvenile clasts, which proposes a composite expulsion 
and deposition processes via differing depths of eruption. 
The position of Marssous explosions exposes cyclic alter-
nated pyroclastic deposits from moderately deep sites (where 
lithofacies Tb are recorded) to less deep sites (lithofacies 
LBb and Bb) as recorded by the occurrence of accidental-
lithic clasts in the former (quartz/feldspar clasts) relative to 
latter lithofacies Bb (basaltic clasts) via substrate disruption 
mechanisms.

Phreatomagmatic eruption of Tb lithofacies was emplaced 
with constrained lateral grain-flows (i.e., laterally moving 
flows) that was formed by deposition of wet surge deposits 
(e.g., stratification, cross-bedding, high content of accidental 
lithics, etc.) belonging to emerging PDCs. The latter can 
result from hydrovolcanism, even when comparatively small 
amount of magma is accessible because wet processes are 
normally more energetic than dry processes. In contrast, the 
Strombolian/Hawaiian ejection of lithofacies LBb and Bb 
was generated by the fallout mechanism via the domination 
of ballistic transportation of coarse clasts in which discrete 
lava blobs/clasts have no adequate time to cool down and 
coagulate before landing, establishing rocks with substantial 
grade of agglutation and coalescence during passing mag-
matic phases (Fig. 14). The great percentage of coarse clasts 
can avoid grain avalanching, leading to flank with uneven 
morphologies (Fig. 14) that are controlled by the accretion 
rate and temperature of the erupted tephra (e.g., Head and 
Wilson 1989; Dellino and Volpe 1995, 2000). Furthermore, 
poor to moderate sorting and whole large size (e.g., coarse 
lapilli to bombs, Fig. 14) prohibit the grain flow routes on 
cone flanks that assist to halt gliding and rolling grains 
(Kereszturi and Németh, 2012a). Such eruptive mechanisms 
control the scoria cone's geometry (Riedel et al. 2003).

The poor sorting of volcaniclastic sediments create sur-
face roughness (Fig. 14). The medium to coarse lapilli-sized 
pyroclasts formed by Strombolian-style eruption, can cool 
down during fallout transportation to generate a granular 
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media on the developing flanks, producing inverse graded 
deposits (Fig. 8A–C). This confirms that the grains upon 
landing can preserve their momentum by rolling and gliding 
on the developing scoria verges (Mitchell 2005; Kereszturi 
and Németh, 2012b). The obvious unevenness of the depo-
sitional surface is low accompanying an increase of grain 
flow and jet fallouts as the result of the decreasing grain size 
as phreatomagmatic eruption (e.g., Kereszturi and Németh 
2016). Medium to coarse lapilli size with well to moderate 
sorting can similarly endorse grains to be conveyed downhill 
by rolling without capture by surface roughness features at 
the Marssous area (Fig. 14).

In summary, Unit 1 is characterized by strongly altered 
clay-rich palagonitised deposits compared to the least altered 
orange and red colored deposits of the both Strombolian 
(Unit 2) and Hawaiian phase (Unit 3), respectively. The bed 
thickness and clast size increases from thin Unit 1 (ash to 
lapilli) through more thick Unit 2 (lapilli-bomb) to Unit 3 
(breadcrusted scoriaceous bomb) as an indication of the 

higher eruptive energy and fragmentation through the initial 
phreatomagmatic phase having thinly bedded surge depos-
its and less fragmentation/explosion towards strombolian 
regime (Unit 2) and the final eruptive phase of Hawaiian 
activity (Unit 3). Moreover, clasts are extremely angular, 
less vesicular and more blocky in Unit 1 than the pyroclasts 
from Unit 2 and Unit 3 of pure magmatic explosions depos-
its. Clasts become spheroidal-shaped in Unit 3 deposits as 
derivation from hot-fluid magma. From the combined field, 
petrographic, and SEM proof, Unit 1 is observed as less 
vesicularity, blockly angular and extremely fragmented 
and angular rocks compared with Units 2 and Unit 3, an 
indicative of water- influenced eruption. The Unit 3 is con-
sidered to be a meaningfully less water-affected eruption 
than Unit 1, evidenced by more spheroidal and ‶fluid-like″ 
clasts, typical for Hawaiian style. We then deliberate Unit 
1 as ″phreatomagmatic", Unit 2 "Strombolian″ and Unit 3 
"Hawaiian‶ eruption. These characteristics allowed us to 
adopt that water-magma mingling diminished and finally 

Fig. 14   Effect of eruptive style on transport and mechanism of pyroclastics on the scoria flanks
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ended completely at the final activity of Gabal Marrsous vol-
canoes. The entire exposed Marssous deposits are then the 
mirro of a composite interrelationship of eruptive activities.

Regional implication for monogenetic volcanism

Monogenetic volcanoes may show a widespread variety of 
eruptive styles, producing diverse volcanic deposites that 
exhibit a link between the frequency of volcanic eruptions, 
the eruption volumes, and the complex edifice which would 
be interpreted as monogenetic or polygenetic volcanoes 
(Németh 2010; Martí et al. 2016; Valentine et al. 2017). 
The former erupt within a defined time period without 
sequential interruption in eruptive history, whereas a latter 
form in several periods disconnected by distinctive chrono-
logical pauses, like paleosols in the stratigraphic succession 
(Manville et al. 2009; Németh and Kereszturi 2015; Smith 
and Nemeth 2017). The erraticism and change of various 
eruptive styles perform a vital function in the building of 
monogenetic volcanoes (Kereszturi and Németh 2012a, 
b; Németh and Kereszturi, 2015). The Marssousʼs scoria 
cone shows multiple eruptive resemblances with the large 
complex intracontinental scoria cones in the volcanic fields 
like Al Haruj volcanic province (AHVP) located in Central 
Libya, North Africa, predominantly as respects to volcano-
stratigraphy, eruptive style, and formation of diverse tephra 
(Németh et al. 2003a; Guilbaud et al. 2009; Alvarado et al. 
2011; Agustin-Flores et al. 2011). AHVP is Neogene basaltic 
scoria cone consisting of a Strombolian and Hawaiin—style 
eruption, which was followed by hydromagmatic eruption 
(Németh et al. 2003a; Peregi 2003; Nemeth 2004). Alterna-
tive example of various eruptive styles is a scoria cone cre-
ated by tephra from a weak–phreatomagmatic activity which 
was followed by a dry magmatic Strombolian activity and 
lava flows, as recognized from the Al-Duaythah scoria cone, 
Saudi Arabia (Murcia et al. 2015) and scoria cones from 
the El Caracol tuff cone and the El Estribo volcano, Méx-
ico (Pola et al. 2015; Kshirsagar et al. 2016). Furthermore, 
spherical composite lapilli/bombs recorded in Marssous vol-
cano have also been documented in several intraplate alkali 
mafic scoria cones (Poblete 1995; Ancochea 2004) such as 
the Calatrava volcanic field, Spain (Cebrià et al. 2000; Car-
racedo Sánchez et al. 2009, 2017), La Palma, Canary Islands 
(Schmincke and Sumita 2010), region of Montaña Rajada 
(Carracedo and Rodríguez 1991), Rothenberg cone in the 
East Eifel, Germany (Houghton and Schmincke 1989a), and 
Colli Albani cone, Italy (Sottili et al. 2009).

Based on the volcanic architectures and style of volcanic 
eruptions, the Marssous complex is a simple monogenetic 
volcano displaying proof of complex eruptions such as 
observed at the Al Haruj al Abyad scoria cone, the Al-Duay-
thah scoria cone, Saudi Arabia or El Caracol tuff cone, Mex-
ico. From these examples, the Marssous complex delivers 

a chance to investigate the eruptive conditions comprising 
fragmentation rate, central eruptive mechanisms, and the 
eruptive outputs produced by dissimilar eruptive styles of 
isolated magma batches. Furthermore, the Marssous com-
plex provides an idea to comprehend the relation between 
small–volume magmas, their products and the link with 
the growth of monogenetic volcanoes. It held continuous 
effusive and explosive eruptive activity during short time 
periods without any major episodes of stagnation linked to 
the magmatic evolution (e.g.,Maro et al. 2017; Ureta et al. 
2021). Their eruptive outputs include phreatomagmatic, 
Strombolian, Hawiian and effusive eruptive styles contrib-
uted mainly to tephra ring structure in extensional regime 
(Houghton et al. 1999; Agustín-Flores et al. 2014). Mars-
sous cone ring is delineated by semi-circular/or ring struc-
tures/faults (Figs. 2A–C, 3D), which allow the magma to 
erupt through these crustal weaknesses (e.g., Valentine and 
Perry 2007). These ring structures have been recognized 
in Namibia (e.g., Corner 2000) and Serra Geral Fm, Brazil 
(Pacheco et al. 2017). Commonly, the ring structures spread 
over large areas and connected to voluminous intrusive bod-
ies (e.g., Jerram and Bryan 2015), however ring structures 
linked to a monogenetic volcanic system such as Marssous 
cone rarely reported. The semi-circular structures are occu-
pied by lava flows and pyroclastic rocks distinguished by 
facies architecture and sedimentary structures. Pacheco 
et al. (2017) interpreted the lava lake originated in the semi-
circular structure as the central conduits, in which the lake 
is enriched in fluids and volatiles.The latter were liable for 
explosive events as verified by the existence of Strombolian 
and spatter deposits forming vesicles/amygdales-rich sco-
ria cone. In this framework, the Marssous complex could 
be linked to the NE–SW vent/crater followed from a single 
monogenetic volcano that was formed in lava lake.

Conclusions

We reported the lithofacies architectures, eruptive mecha-
nisms, and evolution phases of the Gabal Marssous, Baha-
riya depression, Northwestern Desert of Egypt based on 
stratigraphic, sedimentological, and volcanological char-
acteristics. The Gabal Marssous is a well-preserved model 
of Miocene anorogenic alkali mafic scoria cone, resting 
unconformably on the Bahariya Formation of Upper Cre-
taceous. The volcanoes of the Marssous scoria cone record 
periods of continuous multi- evolutionary phases of effu-
sive/explosive volcanic activities without any time gaps, 
generating different volcanic deposits having variances 
in their eruptive styles. The latter styles range from effu-
sive through distinct Phreatomagmatic to dry magmatic 
fall Strombolian and Hawaiian explosive phases that are 
followed by effusive lavas formed in complex intracone 
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plumbing system. The fragmentation efficiency decreases, 
but clast size, grain sorting/roundness, and gain agglutina-
tion increase from the onset to the end of the magmatic 
eruption, constructing spatter-scoria deposits toward the 
top of the eruptive column. These phases correspond to 
coherent lava flows and pyroclastic facies associations 
that are organised in six stages of volcanism and volcani-
clastic sedimentation filling the Marssousʼs crater. They 
display proof that they were derived from a single eruption 
emplaced at short times, demonstrating a ″monogenetic 
volcano‶ style of their edifice growth that displays usual 
homogeneous in magma composition. The Marssous com-
plex offers a chance for get knowledge about the fluctua-
tions in eruptive styles and their products with referring 
to the feasible physical procedures (e.g., fragmentation 
mechanism) that cause the construction of small volume 
monogenetic volcanoes. The variations in the coneʼs erup-
tive styles reflect a wider range of size distributions, grain 
morphologies, transport mode of ejected pyroclasts, and 
depositional processes, forming complex volcanic edi-
fice with distinctive pyroclastic deposits at the Marssous 
complex.

Marssousʼs magmatic source may have co-existing 
heterogeneous magmatic pockets, where the cone source 
originated from changes in feeder system geometry, ascent 
rates, and dissimilarities in gas-escape efficiency as the 
result of crystallization (Mastin and Ghiorso 1998; Ross 
et al. 2008). The depositʼs outputs signpost a compara-
tively fast ascent and an increase in the magma flux/degas-
sing together with variations in the velocity of the upsurge 
magma and subsequent waning in magma–water interface 
from wet Phreatomagmatic to magmatic explosive Strom-
bolian and Hawaiin eruptions. All of these influences are 
supposed to be liable for swift fluctuations in the crys-
tallinity and gas content of the emitted lava, separating 
″gas-rich‶ to ″gas-poor‶ products (Cimarelli et al. 2010) 
and ″wet‶ to ‶dry″ magma flow circumstances (Houghton 
et  al., 1999). In fact, divergences in stratigraphy and 
hydrogeological characteristics of the substrate, water 
supply, rock strength and shifts in eruption style show a 
remarkable function in the architecture of the Marssous 
scoria cone, as has been documented at corresponding vol-
canic regions and other monogenetic centers elsewhere 
(Valentine et al. 2006; Auer et al. 2007; Pioli et al. 2008).
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