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This paper presents for the first time, detailed stratigraphical and petrographical analyses of the Harrat Shama
Volcanic Basin (HSVB) of Miocene age in SW Saudi Arabia. This basin is filled by abundant volcanics interca-
lated with fluvio-lacustrine sedimentary successions. These successions are characterized by a syneruptive–
intereruptive cycle, which results from the intercalation periods of volcanics and volcaniclastic sedimentation
along with periods of fluvial incision. Two depositional sequences, showing an overall fining-upward trend, are
preserved within the HSVB. The first comprises hyaloclastites, zeolite-bearing bedded tuffs, and bedded
accretionary-lapilli-tuffs, interpreted as deep lake whereas the second, is made up of extensive pumiceous pyro-
clastic flows, peperitic breccias, and basaltic lava flows, which are in turn capped by siliciclastic deposits of lacus-
trine deposits. The passage between two sequences is defined by lateral variations of the lithofacies and textural
features reflecting a change in paleogeography. The fining-upward volcaniclastic deposits of the HSVB sequence
are interpreted to represent the sedimentation pattern induced by tectonic subsidence with the influence of
volcaniclastic sediment input, indicating well-established proximal–distal relationship.
HSVBwas evolved through three stages, including pre-, syn-, and post-caldera stages. The first two stages corre-
spond to proximal aggradational syn-eruptive event, whereas the latter stage refers to distal degradational inter-
eruptive event. These stages overlap in time as shown by the alternation of explosive, effusive, and their
resedimented deposits, reflecting diverse eruptive sequences formed by different fragmentation processes. The
difference in the latter coupled with the variability in the magma–water interaction and the nature of substrate
are responsible for such diversity, resulting in progressive environmental changes from subaqueous to subaerial
regime (from bottom to top). The development of such contrast in the depositional sequences reflects variation
in the sediment flux and subsidence rate during the evolution of the HSVB.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

The stratigraphic record of subaerial volcanic regions comprises both
syneruptive and intereruptive lithofacies based on the differences in
constituent sediments and depositional features (Smith, 1986; Blair,
1987; Blair and McPherson, 1994). During explosive eruptions, a volca-
nic edifice and surrounding areas are mantled by unconsolidated and
fine-grained volcaniclastic sediments formed by pyroclastic density cur-
rents and fallout from eruption columns. After explosive eruptions, un-
consolidated and volcaniclastic sediments can be resedimented rapidly
to the adjacent basins and lowlands, primarily by sediment gravity
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flows (e.g., debris flows and hyperconcentrated flows) (Smith, 1986;
Cas and Wright, 1987; Palmer and Walton, 1990; McPhie et al., 1993;
Palmer et al., 1993; Manville et al., 2009a,b; Asvesta and Dimitriadis,
2010). Therefore, sediment yield can exceed the geomorphic threshold
for aggradation for years to a few decades after eruptions (syneruptive
period) (Smith, 1986; Major et al., 2000; Hayes et al., 2002; Major,
2004). The resulting deposits (syneruptive lithofacies) are generally
poorly-sorted, massive, thick, and widespread and composed mainly of
volcaniclastic sediments. During an intereruptive period, normal fluvial
processes are dominant due to gradual decrease in available
volcaniclastic sediments, which are commonly confined in and around
the channel accompanied with incision of the syneruptive lithofacies
(Smith, 1986). Thus, intereruptive lithofacies are relatively thin, well-
sorted, and show limited areal extent compared to the syneruptive
lithofacies. Based on the concept of syneruptive and intereruptive
lithofacies, numerous investigations have been conducted in modern
and ancient terrestrial environments in order to reveal how volcanic
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eruptions affect depositional environments and how volcanic impacts
change with time (Bahk and Chough, 1996; Major et al., 1996; Palmer
et al., 1997; Valentine et al., 1998; Kataoka and Nakajo, 2004;
Segschneider et al., 2002; Kataoka et al., 2009; Németh et al., 2009;
Pierson et al., 2011). Ancient lacustrine successions intercalated with
volcaniclastic deposits likely offer the best potential for recognition of
subaqueous syneruptive lithofacies and their depositional processes
due to their high preservational potential (Palmer and Shawkey,
1997; Smellie and Hole, 1997; White and Riggs, 2001). Numerous in-
vestigations into subaqueous volcaniclastic sedimentation have been
conducted in various environments including maar pitted playa (Cas,
1983; Cas et al., 1990; White, 1990; Kano et al., 1991), marginal lakes
(Riggs et al., 2001), intra-caldera lakes (Larsen and Crossey, 1996;
Kokelaar et al., 2007), and fluvio-lacustrine environments (Kataoka,
2005; Németh, 2010). However, understanding of volcaniclastic depo-
sitional processes and depositional records in lacustrine environments
during the syneruptive periods remains incomplete.

Cenozoic Era is known for intense extrusive and explosive volcanic
activities in isolated parts of the globe and development of many volca-
nic landforms. During the Cenozoic times, voluminous volcanic activi-
ties commenced throughout a vast region extending from East Africa
to Arabian Plate (Baldridge et al., 1991; Camp and Roobol, 1992). The
Arabian Plate originated ∼25 Ma ago by rifting of NE Africa to form the
Gulf of Aden and Red Sea (Pallister, 1987; Acocella, 2010; Stern and
Johnson, 2010; Moufti et al., 2011; Trifonov et al., 2011). It is one of
the smaller and younger of the Earth's lithospheric plates. The upper
part of its crust consists of crystalline Precambrian basement, Phanero-
zoic sedimentary cover as much as 10 km thick, and Cenozoic volcanics
collectively called Harrats Volcanic Fields (HVFs) (Camp and Roobol,
1992; Mouty et al., 1992; Stern and Johnson, 2010). The HVFs contain
thousands of volcanic structures and extensive lava flows covering
more than 180,000 km2 (Coleman et al., 1983; Camp and Roobol,
Fig. 1. (A) A map of the Arabian Plate showing the distribution and ages of the Cenozoic vo
volcanicline (Camp and Roobol, 1991), the Najd Fault System (Johnson, 1998), the Afro-Arabia
the location of the Harrat Shama Volcanic Basin (HSVB).
1989; Shaw et al., 2003; Weinstein et al., 2006; Ali, 2011). They are re-
lated to the uplift of the Afro-Arabian plate (Beydoun, 1991) and subse-
quent break-up into separate blocks as a consequence to the uprise of
the mantle plume head called Afar plume (Al-Kadasi, 1994; Bertrand
et al., 2003; Chang and Lee, 2011). In Saudi Arabia, the Cenozoic volca-
nics are represented by several large, dominantly subalkali to alkali ba-
saltic volcanic fields located in a ca. 200 km-wide strip parallel to the
Red Sea (Fig. 1A). These intra-continental fields have erupted mainly
mafic compositions (Prehehl et al., 1997; Ibrahim et al., 2003; Shaw
et al., 2003; Stoeser and Frost, 2006), but also include evolved variants,
such as mugerites, benmoreites, and trachytes/phonolites associated
with silicic pyroclastic rocks, intrusive bodies, and dyke swarms
(Camp and Roobol, 1989; Moufti et al., 2012).

The Harrat Shama Volcanic Basin (HSVB), located 120 km southeast
of Jeddah City between latitudes 20° 40′ and 20° 45′ N and longitudes
39° 37′ and 39° 45′ (Fig. 1B), is a part of a giant Cenozoic to Recent
lava fields (Fig. 1) spreading in the Arabian Plate (Stern and Johnson,
2010). It comprises a variety of volcanic facies of different origin,
reflecting the complexity of eruptive and post-eruptive history. Previ-
ous works on the western Arabian volcanic focused on geochemistry
(e.g., Coleman et al., 1983; Shaw et al., 2003; Moufti and Hashad, 2005;
Stern and Johnson, 2010; Chang and Lee, 2011; Moufti et al., 2011,
2012, 2013), although a few stratigraphic studies have been done
(Pallister, 1986; Rancon and Laurent, 1988; Rancon and Al-Qweidi,
1989; Roobol et al., 1997). In this paper, we examine constructive and
destructive processes of the different volcanic sequences. The main goal
of this paper focuses on the detailed field, stratigraphic, and petrographic
study of explosive volcanism and its resedimented volcaniclastics from
Miocene “HSVB” along the Afro-Arabian rift system (Figs. 1 and 2). Un-
derstanding the stratigraphy of the volcanics has significant implications
for paleo-depositional environments at the study area (Németh et al.,
2009).
lcanic fields (Coleman, 1993; Stern and Johnson, 2010), the Makkah–Madinah–Nafud
n Dome (Almond, 1986a,b). (B) Simplified topographic map of Saudi Arabia highlighting
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Fig. 2. (A) A landsat map of the “HSVB”. (B) A map showing the stratigraphic units of the Harrat Shama Volcanic Basin.
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2. Methodology

In this work, we examine the different rock types, by applying
the conventional methods of the analysis of lithofacies architecture fol-
lowing the terminology of Fisher and Schmincke (1984), McPhie et al.
(1993), and Cas et al.(2008). The identification of the facies constituents
for the primary volcanic deposits and volcaniclastic sediments in HSVB
were grouped into eight facies associations (Table 1) which were done
through detailed mapping and measured four profiles (Fig. 3) at the
meter scale. Rock names of pyroclastic and epiclastic fragments are
based on the proportion of the pyroclastic fraction, the average grain
size, and shape (Fisher and Schmincke, 1984; Cas and Wright, 1987;
White and Houghton, 2006). Vesicularity is described according to
Houghton et al.'s (2004) classification. Moreover, representative
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Table 1
Description and interpretation of the facies in the Miocene Harrat Shama Volcanic Basin, SW Saudi Arabia.

Facies and facies code Characteristics Interpretation Facies association

Hyaloclastic deposits
(Hy)

Disorganized, massive, poorly-sorted, occur in the form of
a wedge of brecciated flat-lying massive sheets with
ill-defined planar beds. Contact with overlying rocks is
sharp. Juvenile clast- and globular juvenile clast rich
matrix-supported types are common. The former
comprises ubiquitous subrounded black spherulitic
obsidian fragments with non-vesicular fabric. The latter
comprises highly porous, vesicular tephra and shows
variation in glass alteration. Their matrix contains
abundant clay and zeolite.

Hyaloclastics result of lava cooling and
downslope shearing of the flow top leading
to brecciated layers. Brecciation due to friction
breakup and initial quench fragmentation
coupled with erosional processes.

Primary volcanic facies
association

Zeolites-bearing
bedded tuffs (ZBT)

Poorly sorted bedded to cross-bedded coarse tuffs. Their
juvenile clasts are glassy basaltic scoria and cuspate glass
shards (sideromelane and very rare tachylite). The effects
of alteration are conspicuous in this facies as well;
palagonite has replaced the basaltic volcanic glass
(sideromelane) and the vesicles are lined with radially
fibrous zeolites and smectite resulting in a decrease in
permeability and porosity.

Pyroclastic fall-out of Strombolian basaltic
eruptions.

Primary volcanic facies
association.

Accretional bedded
lapilli tuffs (BALT)

Poorly sorted, cm-scale, non-continuous laminae of
alternating fine-ash tuff, coarse-ash tuff, and accretionary
lapilli with occasional lapilli trains. Sharp internal, upper
and lower contact. Planar to undulatory bedding,
cross-bedding with rare dune forms (1–3 cm in height)
are common.

Sedimentation from pyroclastic wet surge
deposits, likely produced by a magma–water
interaction.

Primary volcanic facies
association.

Tuffaceous conglomerate
(Ct)

Disorganized, massive, ill-sorted, clast-supported
conglomerate with poorly sorted, subrounded to
subangular. The clasts comprise juvenile fragments,
lesser amounts of light gray and altered lithic fragments.

Debris flow deposition from volcanic source
generated in-between explosive eruption.

Resedimented volcaniclastic
facies association.

Welded to non-welded
pumiceous lapilli tuffs
(WLT/NWLT)

Massive to weakly bedded, poorly sorted lapilli tuff,
Fiamme-rich, welded to non-welded, parataxitic or
eutaxitic texture, porphyritic, pumice- and lithics-rich.
Vapor phase crystallization is common especially in
non-welded types.

Non-welded to welded pyroclastic flow
deposits.

Primary volcanic facies
association.

Peperitic breccias (Bp) Non-stratified, massive, poorly sorted clast-supported,
jigsaw-fit texture, gradational contact with the
overlying rocks.

Peperites Resedimented volcaniclastic
facies association.

Lava flows (LF) a′ā flows with tabular/lobate escoriaceous facies
architecture. The flows are massive, blocky and show
lava fronts consisting of angular blocks of black to dark
gray basalt that range widely in size.

Extrusive coherent volcanic bodies Primary volcanic facies
association.

Sandstone–siltstone/
mudstone (SS/M)

Laminated and thin bedded, low-angle cross-stratified
or diffusely laminated fine to coarse grained sands
and silts.

Fluvial deposit filling deep lake channels Resedimented volcaniclastic
facies association.
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samples involving volcanics and resedimented volcaniclastic deposits
were collected. Petrographic features for ~50 thin sections, representing
primary and resedimented facies were analyzed by using transmitted-
light microscopy. Further investigation of morphological and mineral-
ogical variations was conducted by using a Phillips XL30 CP scanning
electron microscope (SEM) coupled with X-ray diffraction (XRD) at
the Egyptian NuclearMaterials Authority, Katamiya, Egypt using Philips
PW-3710,with generator PW-1830, Cu target tube andNi filter at 40 kV,
and 30 mA. The samples used were bulk, oriented-powder specimens,
ethylene glycolated oriented claymineral (b2 μm) aggregates and heat-
ed (550 °C for 2 h) clay fractions. Powders and oriented aggregateswere
scanned from 2° to 40°, at a 0.02° 2θ/s scan speed. Particle morphology
and textural relationships were established by SEM. SEM analyses pro-
vided more detailed petrographic observations and allowed qualitative
determination of the nature and arrangement of authigenic clays in
the Shama samples. SEM observations were performed by using a
JEOL JXA-898A electron probe microanalyzer-JEOL-Japan operating at
30 kV and equippedwith a link System energy dispersive X-ray (energy
dispersive X-raymicroanalyzer–analytical electronmicroscopy (AEM)).
Different lithofacies types were recognized in the HSVF (Table 1) using
the following letters: LT = lapilli tuff, T = tuff, b = breccia, hy =
Hyaloclastics, Bp=peperitic breccia, LF= lava flow, Cv= volcanogenic
conglomerates, P = paleosol, SS = sandstone and siltstone/mudstone;
a=accretionary lapilli, z= zeolite,m=massive, wb=weakly bedded,
b= bedded, cs = cross-stratified, w=welded, and nw=non-welded.
3. Geological setting and stratigraphy

The Harrat Shama Volcanic Basin (HSVB) is a composite terrane
located on the western edge of Saudi Arabia. This basin, up to 200 m
thick, comprises bimodal volcanics and volcaniclastic sediments inter-
bedded with abundant fluvial sediments (Figs. 2B and 3). The “HSVB”
has been dated between 25 and 15 Ma in age (Pallister, 1986). It is the
northernmost outcrop of the Liyyah Formation of the Jizan Group
which is unconformably overlain by Quaternary flood basalts (Fig. 4)
along the Red Sea coastal plain for a distance of 600 km from Gabal
Shama to the Yemen border (Fig. 1A). The geochemistry and magmatic
evolution of the constituent volcanics have been interpreted as typical
of intraplate volcanism (Laurent, 1976; Rancon and Al-Qweidi, 1989).
The HSVB has circular outline (Fig. 5A). A perfectly circular crater
1000 m across and 20 m deep occurs in the Pre-Miocene basement of
“HSVB” (Fig. 5A). The crater floor has relatively smooth flat slopes
which engulf coherent central domes (Fig. 5B). This basin is character-
ized by north- to northwest-striking normal faults (Fig. 2). According
to the studies by Schmidt et al. (1982), the Jizan Group involving
HSVB may be subdivided into sequences (Fig. 4) bounded by regional
unconformities that reflect distinct tectonic stages. At the northern
and southern parts of Shama area, this stratigraphic succession is under-
lain by the Paleozoic, Jurassic, and Eocene strata, which is the oldest
sedimentary rocks that unconformably overlie the Precambrian base-
ment rocks (Fig. 4, Schmidt et al., 1982). These sequences



Fig. 3. Four profiles showing the various stratigraphic sequences in the “HSVB”.
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unconformably overlain by unconsolidated alluvial deposits. Harrat
Shama in the western side is essentially composed of basaltic lava
flows related to Miocene–Plio-Pleistocene volcanic activity (Schmidt
et al., 1982) following the opening of the Red Sea (Fig. 2). One of these
basalt vents is still visible near the northeast edge of this Harrat. The
rocks of the “HSVB” are tilted, faulted with cataclastic deformation, hy-
drothermally alterated, and intruded by many diabase dikes of the
younger Tihamat–Asir Complex (Fig. 4). The latter complex was de-
scribed from southernmost Saudi Arabia, ranging in age from 23 Ma to
20 Ma (K–Ar ages by Schmidt et al., 1982). Schmidt et al. (1982) also

Image of Fig. 3


Fig. 4. Sketch showing subdivision of the Jizan Group.
After Schmidt et al. (1982).
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noted that the Yemen volcanics range in age from 29 to 20Ma, and that
rhyolites are the most common in the upper part of the volcanic se-
quences and have ages ranging from 24 to 21 Ma. Pallister (1986)
named the rhyolites of the “HSVB” as the Sita Formation, a probable cor-
relative of the Liyyah formation. He suggested that the Sita Formation
had an age ranging from 30 to 20 Ma based on K–Ar dating and that
the formation was interbedded with the Eocene Shumaysi Formation.

The “HSVB” is divided stratigraphically into the lower and upper se-
quences (Figs. 3 and 5C, Table 1) on the basis of stratigraphic relations,
lithofacies, petrography, and color contrast between the deposits. The
lower sequence consists of hyaloclastites, zeolite-bearing bedded tuffs,
and diffusely bedded accretionary-lapilli tuffs (Fig. 3, Table 1) whereas
the upper sequence is composed of massive ignimbritic deposits in the
domal form (Fig. 5B), comprising pumiceous lapilli tuffs and peperitic
breccia capped by basaltic lava flows. The upper sequence is thicker
and exposed in the steep drainages developed in central and eastern
half of the crater (Fig. 2B). The transitional lithofacies separating the
two sequences comprises paleosols and fluvial sediments of laharic
characters, suggestingmajor changes in the basin sedimentation regime
and sediment supply from the source area (Fig. 3).

3.1. Lower sequence

The lower sequence occurs in the central crater with flat semi-
circular gentle slope (Fig. 5B). This sequence is characterized by fine-
grained particles, contrasting in lithofacies, and bedding/lamination
style, reflecting abrupt facies and componentry changes. Three lithofacies
have been recognized through this sequence (Table 1).

3.1.1. Hyaloclastites
The term hyaloclastite is used to describe rocks that are a result of

quench fragmentation and reworking of explosive and non-explosive
deposits (Maicher et al., 2000; White, 2000; Stewart and McPhie,
2006; Umino et al., 2006). The hyaloclastites crop out along the south-
western and northeasternmargins of the study area. They occur as brec-
ciated wedges of flat-lying massive jointed sheets (30–60 m thickness)
with ill-defined planar beds (Fig. 5E). Their deposits are massive, poorly
sorted, andmatrix- to clast-supported. They are exposed on thewestern
inner walls of Harrat Shama (Fig. 2B), directly overlying the Precambri-
an rocks of the ANS. Two types of hyaloclastic deposits were recognized
based on clast types as identified by petrography and SEM.

3.1.1.1. Juvenile-rich lapilli tuff lithofacies (JRLT)
3.1.1.1.1. Description. This lithofacies occurs as lenses 1–5 m thick

and forms a few meters to several hundred meters long. Some lenses of
the zeolites-bearing bedded tuffs are present, particularly in its upper
part. Its deposits are massive, jointed lava flows that grade into clast-
supported lapilli tuffs with an autobrecciated “jigsaw” debris flow at the
base. Their juvenile fragments comprise ubiquitous obsidian fragments
set in a white vitric matrix (Fig. 5F). They vary from spherical to oblate,
and poorly to moderately sorting and comprise vesicles consisting of
calcite and microcrystalline quartz. Two types of obsidian pyroclasts are
recognized: i) aphyric obsidian, and ii) spherulitic obsidian (Fig. 6A).
The latter type contains lithic clasts and feldspar crystals. The juvenile ob-
sidian fragments are dense, devitrified, vesicle-rich, and characterized by
perlitic andflow-banded fabric. They are rhyolitic in compositionwith sil-
ica ranging from 68.9 to 72.5 wt.%, Al2O3= 12.8 wt.%, and total alkalis =
9.3 wt.% (Collenette and Grainger, 1994; Roobol et al., 1997). The matrix
of JRLT is composedoffine-grainedquartz and feldspar, showing granular
and saccharoidal devitrification structures (Fig. 6B).

3.1.1.2. Globular, juvenile-rich, lapilli tuff lithofacies (GJRLT)
3.1.1.2.1. Description. This facies is massive, matrix-supported, and

contains juvenile clasts (up to 50 cm in width) (Fig. 6C). Juvenile clasts

Image of Fig. 4


Fig. 5.Deposit features of lower sequence. (A) Flat and broad circular depression of the Shama Volcanic Basin. (B) Steeply dipping inner wall with domal structure that is engulfed by cir-
cularflat area covered by sandduneof fluvial deposits. (C) A close-up viewof thephase sharp contact between the two rock sequences in the ShamaVolcanic Basin. (D) Individual eruptive
phases of lower sequence are subdivided into hyaloclastites at the base (Hy) followed by zeolite-bearing bedded tuffs (ZBT) that are capped at the top by bedded accretionary lapilli tuffs
(BALT) mainly based on color and facies characters. (E) Hyaloclastites form brecciated flat-lying massive sheets with ill-defined planar beds. (F) Juvenile rich lapilli tuff lithofacies
consisting of subrounded black obsidian fragments set in fine-grained glassy matrix.
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are ellipsoidal (Fig. 6C) to a sub-spherical shape (Fig. 6D), ranging
from 2–3 cm to few mm in size. Their external surface is either
smooth and may be aggregates of opaline spheres, or jagged cuspate
surface representing devitrification of minute glassy materials
(Fig. 7). Large juvenile glassy clasts are sub-rounded and pebble-
sized and poorly-sorted with a fine matrix. These glassy clasts dis-
play a large variety of glass shapes including vesiculated glass with
an apparent oolitic/globule structure due to infilling of vesicles
(rare) to abundant fibrous or acicular clusters with thread-like ag-
gregates without a well-defined crystal shape, and bubble wall
shards (Fig. 6D–C–F). The juvenile clasts are noncrystalline in gener-
al and highly porous, vesicular and amygdaloidal and show variation
in glass alteration. Their matrix is composed of microcrystalline car-
bonate minerals, zeolite, quartz, and clay (Fig. 7).
3.1.1.2.2. Interpretation. “GJRLT” and “JRLT” have been distinguished
based on morphology of juvenile clast, cement nature, and textural
framework. The hyaloclastites are interpreted to have been emplaced
by volcaniclastic mass flows or flood flows that entered a lake after an
explosive eruption (Tolan and Beeson, 1984; Kokelaar et al., 1985;
Ollier et al., 1998; Wells et al., 2009). They are characterized by various
forms of glass dissolution or replacement textures resulting in the
precipitation of clays and zeolites (Fig. 7) on the surface clasts. Under
some environmental conditions, the alteration layer consists of an
amorphous gel-like material coupled with opaque and clay, involving
hydration of the glass by water and alkali diffusion (Walton and
Schiffman, 2003; Johnson and Smellie, 2007; Chi and Xue, 2011). The
hyaloclastic sequence at “HSVF” is similar to other silicic hyaloclastite
deposits within shallow water subaqueous systems in a subaqueous

Image of Fig. 5


Fig. 6. Deposit features of lower sequence. (A) Cross-polarized light photomicrograph of obsidian clast showing spherulitic texture. (B) Plane polarized photomicrograph exhibiting con-
centric perlitic fractures in “JRLT” lithofacies. (C, D, E, & F) SEMphotomicrographs showing different forms of glass shards. (C) Hydromagmatic vesicular tephra embedded in glassymatrix.
(D) Glass shards in globule and spherulitic forms as vesicle-infilling. (E) Thread-like aggregate
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extensional-type basin (e.g., Ponza Island, Italy, Pichler, 1965; Royn-
Noranda mining area, Canada, De Rosen-Spence et al., 1980; and
Merrons Tuff lavas, North Wales, Cas, 1978).

3.1.2. Zeolite-bearing bedded tuff lithofacies (ZBT)

3.1.2.1. Description. This facies is exposed on the southern wall of Shama
crater, directly overlying hyaloclastiteswith gradational contact followed
by a tuffaceous conglomerate, which is then mantled by bedded lapilli-
tuffs (Fig. 8A) and has been called “Green Tuff” as was first described
by Rancon and Al-Qweidi (1989). It occurs as volcanic cone and its con-
stituent beds are clast-supported, poorly sorted, and plane-laminated
over the total thickness of ~30 m (Fig. 8B). The laminae, 1 cm thick,
form planar to cross lamination (Fig. 8B) and extend over many meters.
Their contacts with underlying rocks are sharp. The juvenile clasts
are closely packed, vesicular, opaque yellowish brown, and are mainly
composed of basaltic scoriae. Squarish, sub-rectangular, trapezoidal,
and triangular fracture patterns aremost common in these clasts. Perlitic
cracks are observed between the basaltic fragments (Fig. 8C). Palagonite
of yellow to orange in color replaces the basaltic volcanic glass, keeping
the original texture (sideromelane, Fig. 8C–D). The vesicles encompass
mainly radially fibrous zeolites, smectite, and opaques (Figs. 7, 8E–F).

3.1.2.2. Interpretation. The facies is interpreted as clast-supported scoria
lapilli stone produced by pyroclastic fall, with plausible constitute scoria
or cinder cones built typically during subaerial violent Strombolian
eruptions of basaltic magmas (Fisher and Schmincke, 1984; Cas and
Wright, 1987; Risso et al., 2008; Rosi et al., 2001). Its pyroclast frame-
works suggest fragmentation of magma with lake, similar to subaque-
ous scoria deposits of a Surtseyan subemergent volcano (e.g., The
Iblean Mountains, Sicily, Schmincke et al., 1997; Black Point volcano,
California, USA, Murtagh and White, 2013). Alteration rims of glassy
grains (palagonite, smectite, zeolite, and calcite) indicate hydrous alter-
ation of volcanic glass at low grade of metamorphism between 100 and
200 °C (Griffin, 1982; Thorseth et al., 1991; McPhie et al., 1993; Drief
and Schiffman, 2004; Gifkins et al., 2005).

s lining glass shards. (F) Glass shards preserving their typical bubble structure.

Image of Fig. 6


Fig. 7. X-ray diffraction charts of juvenile-rich hyaloclastites (JRLT), globular juvenile-rich hyaloclastites (GJRLT), and zeolite-bearing bedded tuffs (ZBT).
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Fig. 8. Deposit features of lower sequence. (A) Tuffaceous conglomerate (Ct) separates the ZBT lithofacies with greenish color and overlying “BALT” lithofacies with blackish gray
color.(B) “ZBT” lithofacies showing planar bedding structure. Note the field appearance of volcanic cone for “ZBT” lithofacies. (C) Plane polarized light photomicrograph showing
sideromelane glass grains (G) with typical perlitic fractures has undergone extensive dissolution and partial replacement by grain-coating smectite (S) and pore-filling zeolite (Z).
(D) Plane polarized light photomicrograph showing palagonitic alteration in highly porous “ZBT” lithofacies, in which outer margins of sideromelane glass grains have been replaced
by rinds of yellow isotropic palagonites. (E & F) SEM photomicrographs showing different forms of glass alteration. (E) Glass grains in globule forms are covered by a thick net of acicular
crystals which probably represent zeolite minerals of phillipsite composition. (F) pore-filling smectite showing honey comb structure.
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3.1.3. Bedded accretionary-lapilli tuff lithofacies (BALT)

3.1.3.1. Description. This facies is located along the southern and north-
ern wall of Shama crater, near Jabal Tuffil (Fig. 2B). It overlies the
zeolite-bearing bedded tuff facies with a sharp erosional contact
(Fig. 8A), but other contacts are poorly exposed because of weathering.
The total succession of this facies is several tens ofmeters thick,medium
to fine grained, grayish black in color, matrix-supported with pumice
and lithic lapilli. The deposits of this facies consist of an alternation of
ash and lapilli, ranging in thickness from 1.0 to more than 5.0 cm. This
facies comprises four subunits. The lowermost subunit (i) is 1.5 m
thick, massive ash deposit exhibiting parallel stratification. Subunit
(ii) is a 2.5 m thick, massive or reversely graded bed, climbing ripples,
and cross-stratification with dense accretionary lapilli, followed by
subunit (iii) a 4 m thick, planer and sigmoidally-shaped cross-bedding
stratification. The subunit (iv) (3 m) is a convoluted laminae with
cross-lamination (Fig. 9A and B). The lowermost subunit is sharp
whereas the second subunit is massive, fine to coarse-grained, poorly
sorted and comprises ash and accretionary lapilli-rich layers. The latter
are spheroidal, less commonly discoidal, 1mm to 3 cm in size and reach
ca. 60% of this facies in the second subunit (Fig. 9B). The third and fourth
subunits are fine-grained, moderately sorted and include micrograded
siltstone and mudstone. The dip of these deposits is very steep (Fig. 9C),
up to 40° with an erosional discordance.

3.1.3.2. Interpretation. “BALT” deposits have been interpreted as being
deposited by dilute pyroclastic density currents (PDC) of base surge
origin based on thick stratification and poorly sorted deposits (Cas and

Image of Fig. 8


Fig. 9. Deposit features of the lower and upper sequence. (A & B) “BALT” lithofacies shows division into four subunits including parallel stratification at the base (subunit I), followed by
reverse grading& climbing ripples (subunit II) and sigmoidally shaped cross bedded stratification (subunit III) at themiddle and inner lamination (subunit IV) at the top. Note thepresence
of lenses of accretionary lapilli-richhorizons (arrow) intercalated through thedeposits especially in the subunit II. (C) Inclined bedding in “BALT” lithofacies. (D)Close-upof the fabric in the
tuffaceous conglomerate (Ct) showing poorly sorted polyhedral block clasts with varying colors set in a fine-grained matrix. (E) Pumiceous lapilli tuffs of the upper sequence illustrating
variation in welding grades between welded (w) and non-welded zones (nw). (F) Flow banded structure (arrow) in welded pumiceous lapilli tuffs with low angle-cross stratification.
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Wright, 1987; Druitt, 1992; Bull and Cas, 2000; Valentine and Fisher,
2000; Brown et al., 2010; Mattsson and Höskuldsson, 2011). The
“PDC” of the “BALT” facies was dense and nonturbulent deposits
that formed in topographic lows (Jeong et al., 2008). The subparallel
stratification, cross-stratification, and climbing bed indicate deposition
from traction-dominated flow boundaries (Sohn and Chough, 1989;
Branney and Kokelaar, 2002). The presence of accretionary lapilli in
the second subunit (Fig. 9B) is generally regarded as indicative of a
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location proximal to the volcanic vent and originate from
phreatomagmatic eruptions associated with magma–water interaction
(Dellino et al., 2001; White and Houghton, 2006).

3.1.4. Tuffaceous conglomerate lithofacies (Ct)

3.1.4.1. Description. Tuffaceous conglomerates, tens of meters in thick-
ness (5–10 m thick) separate between the lower and upper sequences,
occasionally associatedwith accretionary-lapilli bearing fallout deposits
(Fig. 3). These deposits are coarse-grained, clast-supported, poorly
sorted, and ungraded and disorganized to normally graded with a
coarse tail, containing voids and indurated, ochre andmedium to coarse
sand. The inter-eruptive conglomerate deposits contain variable amounts
of volcanic fragments, lesser amounts of lithic fragments, and some-
times partially wood (Fig. 9D). The gravelly conglomerates are com-
posed of pebble to boulder sized quartzite, gneiss, and schist with
abundant amounts of volcanics including obsidian and pyroclastics sup-
ported by medium to very coarse sand matrix. Their matrix consists of
fine to medium grained ash.

3.1.4.2. Interpretation. Poor sorting, lack of internal stratification, and
clast-support of this facies indicate a debris-flow origin (c.f. Jo et al.,
1997; Blair and Mcpherson, 1998; Kim and Lowe, 2004; Chakraborty
et al., 2009). The most diagnostic feature of this type of debris-flow is
disorganized clast fabric, whichmay simply reflect short travel distance
(Chakraborty et al., 2009). The latter deposits imply a significant time
break, and erosion of lower sequence, resulting from sheetflood or
stream flow processes (Eriksson et al., 1995; Kim and Lowe, 2004). Di-
verse types of gravels might have been sourced from the nearby Jizan
Complex, suggesting long-lasting alluvial deposition in a braided river
system (Kay et al., 2006).

3.2. Upper sequence

The upper sequence is well exposed in the central and northeastern
walls of the Harrat Shama crater (Fig. 2B). Five individual domes
exhibiting columnar joints have been recognized in the upper sequence
of the Shama basin (Fig. 5B), generally cropping out as circular spectac-
ular summit caldera (6 × 3 km in diameter) and rarely semi-circular
volcanic landforms with steep slope. The upper sequence is composed
of bimodal mixed volcanics and volcaniclastics, up to 150 m thick, un-
conformably rest on top “BALT” (base surge deposits) and overlain by
peperitic sediments that are covered by the basaltic lava flows (Fig. 3).
Although stratigraphic relationship between the dome lavas and tephra
layers is not clear, we assume that lava domes were formed contem-
poraneously with pyroclastic eruptions at Shama volcano. This se-
quence involves four facies: (1) welded-non welded Pumiceous lapilli
tuffs (WLT/NWLT), (2) peperitic breccias (Bp), (3) lava flow (LF), and
(4) sandstone–siltstone/mudstone (SS/M). These facies differ in fabric
and sedimentary structures that grade laterally and vertically into
each other (Fig. 2).

3.2.1. Pumiceous lapilli tuff lithofacies

3.2.1.1. Description. This facies is widespread on the northern and north-
eastern flank of the Jabal Shama sectors (Fig. 2B). The rocks of this facies
form flow-banded sheets, up to 60 m thick, composed of pumiceous
lapilli tuffs with a gray to pink in color. The pumiceous lapilli tuff beds
constitute asymmetrical bodies which vary in welding intensity both
vertically and laterally. They are characterized by distinctive black
and dark orange layers, passing into pink non-welded pumice rocks
(Fig. 9E), compared to those of Sparks and Wright (1979). Their beds
are massive, poorly sorted, matrix-supported with variable grain sizes
ranging fromcoarse ash to lapilli. The pumiceous lapilli tuffs of this facies
are enriched in SiO2 (69–79 wt.% SiO2), vary from mildly peraluminous
to peralkaline compositions, and show geochemical features typical of
A-type anorogenic granitoids (Rancon and Al-Qweidi, 1989). Based on
the welding textures, color, and pumiceto–lithic ratios, the degree of
welding of the pumice–lapilli tuffs has been divided into two categories
that vary fromnon- and partiallywelded (NWLT) to the denselywelded
(WLT) (Table 1, Sparks et al., 1981; Druitt and Sparks, 1982; Streck and
Grunder, 1995; Wilson and Hildreth, 2003; Quane and Russell, 2005)
(Branney and Kokelaar, 1992; Wilson and Hildreth, 2003; Quane and
Russell, 2005).

Pumiceous lapilli tuff beds of WLT subfacies, 12 m thick, are com-
posed mainly of angular to subangular pumice lapilli and lithic frag-
ments supported in a matrix of devitrified vitric ash. Subhedral to
anhedral alkali feldspar, plagioclase, amphibole, and biotite represent
the phenocryst assemblage of this subfacies. The lithic fragments com-
prise rhyolite, basalt, and tuffs. Welded parts of the beds are character-
ized by a pronounced eutaxitic fabric characterized by light gray,
completely flattened and imbricated banded pumice lapilli, forming
fiamme textures (ca. 1 mm thick and N10 cm long). Fiamme or col-
lapsed pumices represent parallel to low-angle cross-stratifications
(Fig. 9F). Welded beds contain abundant dark gray to black dense
fiamme up to 10 cm long and occasionally show rheomorphic flow
banding and isoclinal folding (Fig. 10A). Their matrix contains diverse
lithic fragments, plagioclase crystals, and eutaxitic fiamme (Fig. 10B),
exhibiting axiolitic and/or spherulitic devitrification with keeping the
original shape of the shards (Lofgren, 1974; McPhie et al., 1993).

Pumiceous lapilli tuff beds NWLT subfacies are strongly weathered
beds, dark red in color, poorly sorting, and dominantly composed of
crystal and pumice lapilli float in a vitric matrix. They are massive at
the base, and parallel-stratified at top (Fig. 10C). These rocks are charac-
terized by axiolitic feldspar-rich cavities/or vesicles in spheroidal shape
(Fig. 10D) indicating post-emplacement vapor phase crystallization
(McArthur et al., 1998; Branney and Kokelaar, 2002; Sumner and
Branney, 2002; Sheridan and Wang, 2005; Çubukçu, 2008).

3.2.1.2. Interpretation. This lithofacies is interpreted as ash-flow deposit
and is described by many authors as the most common ignimbrite
lithofacies deposited from pyroclastic density currents (Branney and
Kokelaar, 1992; Lipman et al., 1997; Cole et al., 1998; Kobberger and
Schmincke, 1999; Kokelaar and Königer, 2000; Branney and Kokelaar,
2002; Hurst and Smith, 2004; Christiansen, 2005; Németh et al.,
2012). It represents a major syn-eruptive aggradational stage during
caldera-forming eruptions (Yamamoto, 2009; Karaoĝlu and Helvaci,
2012) based on thick thickness and elongate circular domal shape of pu-
miceous lapilli-tuff deposits which overlie the subaqueous deposits of
the lower sequence. The presence of ash-sized bubble-wall shards
(Fig. 10B) in welded subfacies (WLT) indicates explosive fragmentation
of pumiceousmagma (Walker et al., 1981; Fisher and Schmincke, 1984;
Cole et al., 1993; McPhie et al., 1993; Rosi et al., 1996; Cioni et al., 2003;
Pioli and Rosi, 2004). Flow banding and folding are primary textures
(Figs. 9F, 10A), characteristic of rhyolitic ignimbrites, and reflect laminar
and folding flowage (Cas and Wright, 1987; Branney and Kokelaar,
1992). These syn-depositional deformation structures show that this
facies was produced by particle to particle agglutination (Sato et al.,
1992; Kobberger and Schmincke, 1999; Rotolo et al., 2013). Color, vary-
ing from gray (WLT) to reddish purple (NWLT), reflects changes in the
degree of welding and alteration. The minimum temperature required
for welding is between 500 and 650 °C (Quane and Russell, 2005) im-
plying that this range of temperature s represents a minimum estimate
for the emplacement temperature of these deposits. The characteristic
red color of NWLT subfacies is interpreted as due to vapor phase alter-
ation that led to high temperature oxidation during devitrification of
the matrix and pumice fragments, transforming them into a secondary
mineral assemblages (Branney and Kokelaar, 2002). The predominance
of vesicle-enriched juvenile fragments in NWLT (Fig. 10D) suggests
that the magma was vesiculated and fragmented during the eruption
as a result of exsolution of magmatic volatiles during vapor-phase alter-
ation (Cas and Wright, 1987; Streck and Grunder, 1995).



Fig. 10.Deposit features of upper sequence. (A)Welded pumiceous lapilli tuffs showing rheomorphic flow folding. (B) Plane polarized light photomicrograph showing eutaxitic texture of
vitrophyric fiamme inwelded pumiceous lapilli tuffs. (C) Highly weathered nonwelded pumiceous lapilli tuffs exhibiting massive base and stratified top andwell developed two perpen-
dicular sets of joints. Note its reddish color due to oxidation and fault contact (F) between “NWLT” and “BALT” lithofacies. (D) Cross-polarized light photomicrograph of lithofacies “NWLT”
demonstrating pectinate texture defined by fine axiolites consisting of quartz and feldspar. (E) Photomicrograph of peperitic breccias (Bp) consisting of poorly sorted brownish rock frag-
ments (RF)mainly of pumiceous lapilli tuffs and sedimentary rockswith jigsaw fractures set in carbonatefillingmatrix (C). (For interpretation of the reference to color in thisfigure legend,
the reader is referred to the web version of this article.)
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3.2.2. Peperitic breccias lithofacies (Bp)

3.2.2.1. Description. The peperitic breccias unconformably overlie the
pumiceous lapilli tuffs. The rocks of this facies are massive, matrix-
supported, lobate in geometry, displaying different colors (Fig. 10E).
They are poorly sorted and made of broken crystals and subangular to
rounded clasts with planar to curviplanar margins, showing “jigsaw-
fit” textures set in a calcerous sandy–silty pinkish matrix (Fig. 10E).
Microscopically, these breccias consist of about 70% pumiceous pyro-
clastic materials that are dominated by juvenile fragments containing
vitric, rhyolitic, and pumice fragments with less amount of feldspar
crystal fragments (Fig. 11A). Vitric clasts, a few centimers across, typi-
cally are vesicle rich, and contain wall bubble glass shards exhibiting
eutaxitic texture (Fig. 11B). The matrix is composed of silt, calcite, and
opaque. These clasts range in size from 40 cm to 0.5 m (Fig. 10E).
They have child margins and do not show evidence of rotations.

Image of Fig. 10


Fig. 11. Deposit features of upper sequence. (A) Cross-polarized light photomicrograph of “Bp” lithofacies displaying coarse-grained clast-supported breccias containing volcanic and
sedimentary rock fragments (VRF & SRF) embedded in calcareous siliciclastic matrix. Note the “VRF” is composed of pumice clasts set inwelded glass shards (WGS), similar to underlying
pumiceous lapilli tuffs. (B) Plane polarized light photomicrograph showing eutaxitic texture of wall bubble glass shards in vitric volcanic fragments welded pumiceous lapilli
tuffs.(C) Basaltic lava flows (BLF) with flat surface capping the welded and nonwelded pumiceous lapilli tuffs (WLT/NWLT) in the upper parts. (D) “BLF” lithofacies exhibits boulderly
weathering consisting of irregular volcanic boulders with variable diameters. (E) Fluvial sandstone facies exhibiting graded bedding. (F) Siltstone–mudstone facies showing lamination
and low-angle cross lamination.
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3.2.2.2. Interpretation. This facies is interpreted as gravity flow deposits
derived from the peperite-bearing units reflecting contemporaneous
mixing of intruding magma into wet sediment (Skilling et al., 2002).
Peperitic evidence are supported by:(i) juvenile clasts embedded
in host sediments represented by carbonate-rich matrix, (ii) “jig-saw
fit” textures which reflect quench fragmentation during magma
(fuel)–wet sediments (coolant) interactions (FCIs) in phreatomagmatic
settings (White, 1996; Hooten and Ort, 2002), and (iii) chilled margins
of the juvenile clasts (e.g., Doyle, 2000; Erkül et al., 2006). These deposits
show textural characteristics of reworking such as abundance alteration
of fragmentswith roundedmargins and the occurrence of hydrothermal
carbonate filling the matrix (Figs. 10E and 11A) characteristics typical
of water-deposited tephra (Cas and Wright, 1987; Mueller et al., 2000;
Belousov and Belousova, 2001). Peperites were formed at Shama basin
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along the contacts between pyroclastic succession and siliciclastic sedi-
ments which are either the tuffaceous conglomerate or pre-Miocene
volcanic sedimentary succession (Fig. 4). This type of magma–sediment
interaction known as peperites is considered as the most common
examples found in worldwide volcanic sequences (Kokelaar, 1982;
Sheridan and Wohletz, 1983; Wohletz, 1986; Busby-Spera and White,
1987; Hanson, 1991; Hanson andWilson, 1993; Brooks, 1995).

3.2.3. Lava flow lithofacies (LF)

3.2.3.1. Description. The lava flows overlying the pumiceous lapilli tuffs
are well exposed at the eastern wall of the Shama crater (Fig. 2B).
They are totally composed of columnar jointed, flow-banded “aa” lava
flows with autobrecciated margins. The lava flows lie on flat surfaces
(Fig. 11C), covered by sand–siltstones, sandy limestone, and boulders
of fresh water environment, possibly of Miocene age. They show low
paleo-slope gradients (15°–23°) with a thickness of ~20 m, forming
granular surface. They are massive, but are vesicular in the basal and
uppermost parts, being enclosed by their own blocks (Fig. 11D). The
latter occur either as lava balls or rounded boulders with variable
shapes and sizes ranging from granule to boulder size. They are domi-
nated by subhedral plagioclase, pyroxene, and olivine phenocrysts set
in vitric fine-grained matrix exhibiting intergranular to subophitic
textures. North of Shama basin, similar to these lava flows are basaltic
in composition (SiO2 ~ 46.49 wt.%) and contain olivine phenocrysts
(Zeyen et al., 1997; Ilani et al., 2001; Moufti et al., 2012).

3.2.3.2. Interpretation. The lava flows display a variety of features
(e.g., columnar joints, aa autoclastic basaltic lava flows …) akin to
monogenetic Strombolian eruptions (Walker, 1991; Duraiswami et al.,
2002). According to Peterson and Tilling (1980), aa flows form at high
effusion rates and/or higher slopes on the substrate. Trifonov et al.
(2011) mentioned that the presence of autobrecciatedmargins that en-
gulf the basaltic rocks at the study area indicates shallow emplacement
and rapid ascent of these flows.

3.2.4. Sandstone–siltstone/mudstone lithofacies (SS/M)

3.2.4.1. Description. This facies includes pumice- and lithic-rich sand-
stone and siltstone/mudstone and is preserved widely to the north. It
overlies lava flows with an angular unconformity. Their beds vary
in color from reddish brown to brown and have sharp contacts with
the overlying siltstone/mudstone. Two main subfacies are identified;
sandstone and siltstone/mudstone facies. The former is poorly sorted
intercalated with graded massive pebbly sandstone exhibiting colum-
nar jointing. The sandstone rocks (2–5 m thick) are composed of nor-
mal graded and planar lamination, pebble at the base, upwardly
transitional to sand (Fig. 11E). Their framework consists of subangular
to subrounded volcanic lithics, plagioclase, momo- to poly-crystalline
quartz, and pumice supported by fine-grained reddish silt matrix. The
pumices and volcanic glasses are usually flattened, exhibiting a welded
texture. The siltstone/mudstone rocks, 1–2 m thick, are massive or
laminated and comprise silt-sized quartz, feldspar, and opaques. Syn-
depositional deformation structures, such as convoluted laminae and
flame structures, are common in the laminated mudstones (Fig. 11F).

3.2.4.2. Interpretation. This facies reflects the modified drainage system.
The sandstone beds were deposited by pyroclastic density currents
entering the lake on the basis of a welded pumice, columnar joints,
and massive character (Fisher and Schmincke, 1984; Cas and Wright,
1987; McPhie et al., 1993; Wilson and Hildreth, 1997; Druitt, 1998;
Branney and Kokelaar, 2002). High-density turbidity currents are com-
posed generally of rapidly moving, granular basal part in which clasts
are supported mainly by grain interaction, and fine-grained and dilute
upper part where grains are suspended mainly by fluid turbulence
(Lowe, 1982). Although the pyroclastic density currents have entered
the lake, the welded texture and columnar joints as well as lack of chill-
ing margin of constituent clasts suggest minor interaction between the
pyroclastic density currents and ambient water (Legros and Druitt,
2000). Upward decrease in grain size and concomitant increase in
the planar laminations with fine-grained natures (SS → M) imply that
strength and concentration of the turbidity currents gradually de-
creased (low-density turbidity currents). Soft sediment deformation
structures, such convolute lamination (Fig. 11F), also reflect rapid set-
tling from the turbidity currents. The laminated siltstone/ mudstone
bedswere deposited by settling of suspended silt and clay in low energy
conditions (lake) (Anderson andDean, 1988). The coarsening- to fining-
upward trends from the sandstone to laminatedmudstone rocks reflect
an initial rapid increase and subsequent decrease in volcaniclastic sedi-
ment supply following the eruption.

4. Discussion

Themain feature of theHSVB is the predominance of the syneruptive/
intereruptive volcanics and volcaniclastics developed in a fluvio-
lacustrine environmentwith tuff ring supported by: (i) circular volcanic
outline (Fig. 5A), (ii) the volcaniclastic lower sequencewas deposited in
low gentle topography, and (iii) the caldera infill is composed of pumi-
ceous lapilli tuffs, peperitic breccias, and lava flows. The Shama deposits
are dissected by faults (Fig. 2B), and in some cases the contact between
the NWLT and BALT facies is probably of tectonic origin (Fig. 10C). The
borders of HSVB are interpreted to have been steep and point to
frequent tectonic activity, creating slopes steeper (Bose et al., 2008)
where the rock associations of upper sequence are exposed along
the steepest eastern- and westernmost end of the study area (Fig. 2).
Moreover, cyclic repetition of rock units, fining–coarsening–fining
(JRLT/JRLT→ ZBT→ BALT to Ct→WLT/NWLT→ Bp to SS→M) implying
rapid subsidence also corroborate tectonic disturbance (Smith, 1986;
Bahk and Chough, 1996). So, the Shama basin was tectonically an active
area influenced by high sediment flux and tectonic subsidence rate
(Howarth and Skinner, 2012).

4.1. Evolution of HSVB

The mixed volcanics and volcaniclastic sediments were deposited
in NW–SE extensional HSVB (Fig. 1A). The lower part of HSVB is domi-
nated by hyaloclastites, bedded tuffs, and accretionary-lapilli-tuffs,
while its upper part is dominated by pumiceous lapilli-tuffs, peperitic
breccias, and basaltic lava capped by inter-eruptive fluvial sediments.
The evolution of the “HSVB” will be discussed in three main stages:
pre-caldera, syn-caldera and post-caldera stages (Fig. 12). The first
two stages correspond to an aggradational syn-eruptive event (volcanic
period),whereas the latter stage refers to degradational inter-eruptive
event (post-volcanic period). These three stages overlap in time as
shown by the alternation of explosive, effusive, and their reworked de-
posits in the stratigraphic record (Fig. 3), reflecting diverse eruptive
sequences characterizing the eruptive activity of the “HSVB”. These
variations in eruptive styles could occur as a consequence of the in-
herent complexity of the fragmentation, transport and depositional
processes (Németh et al., 2012; Khalaf, 2013).

4.1.1. Pre-caldera stage
This stage is represented by syn-eruptive lower sequence and can be

divided into three sub-stages.We assume that this stage, which is an al-
ternating sequence of hyaloclastics, scoria cone, and lapilli tuffs of base
surge deposits are products of the initial activity of the Shama volcano
because we cannot recognize any tephra and lava originating from the
volcano below the Shama tephra.

4.1.1.1 . Sub-stage I. The eruption started after a period of quiescence,
indicated by the presence of an underlying, thick pre-Miocene sedi-
ments (Fig. 4). “HSVB” formed rapidly in its initial stage, as indicated



Fig. 12.Model of volcanic evolution in the “HSVB”. (1). Increase of subsidence along extensional normal faults, allowing subaqueous effusive phase generation,whose eruptions generated
a hyaloclastic envelope and associated secondary deposits. (2A). Subsequent to the ending subsidence, hyaloclastic-filling of the basin followed by subaqueous explosive phase. (2B).
Generation of the zeolite-bearing bedded tuffs (ZBT) of Strombolian activity and bedding accretionary bedded lapilli tuffs (BALT) of phreatomagmatic characters topping the “Hy” and
“ZBT” lithofacies. (3A). Explosive dome generation resulting in welded to nonwelded pumiceous lapilli tuffs (WLT/NWLT). (3B). Strombolian eruption of basaltic lava flows capping
the dome. (4). Erosional stage with fluvial deposits.
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by massive polyhedral blocky hyaloclastic flows comprising “JRLT”
(clast-supported) and “GJRLT” (matrix-supported) lithofacies (Fig. 12.1).
The former reflects primary fragmentation close to proximal area
whereas the latter represents the distally reworked portion of the
hyaloclastites. These hyaloclastites formed from the combination of
quench fragmentation and autobrecciation (Kokelaar, 1986; Martin
and Nemeth, 2007). They have features of hydromagmatic fragmenta-
tion comprising gradational contact, pervasive brecciation producing
sharply angular clasts, and the presence of original glass framework
(e.g., perlitic texture, Fig. 6B) which are similar to thick debris flow
sheets and rhyolitic hyaloclastites (Hanson, 1991; Yamagishi, 1991;
Hanson and Wilson, 1993). The presence of opaline glass, zeolite, and
clay minerals especially in the latter lithofacies (Fig. 7) suggest the
importance of water's role during hydromagmatic fragmentation en-
hancing the probability of mass wasting and gravitational crater wall
collapse (Watton et al., 2013). Such alteration products have been ob-
served in other modern volcanic regions (e.g., Krainer and Spötl, 1998).

4.1.1.2. Sub-stage II. The second sub-stage continued to produce zeolites
bearing bedded tuffs (ZBT) (Fig. 8A–B). Conformable contacts and
absence of unconformity surface between the ZBT and underlying
hyaloclastics suggest that these mafic explosive volcanics (ZBT) were
deposited and approximately coeval with the deposition of these
hyaloclastic sediments without any time span between them (Fig. 5D).
The explosive and vesicle nature as well as glass morphology of ZBT as
the result of hydromagmatic fragmentation and magmatic degassing
of the Strombolian-style explosive eruption lead to the formation of sco-
ria cones (Fig. 8B) (Vergniolle and Mangan, 2000; Vespermann and
Schmincke, 2000; Parfitt, 2004; Valentine et al., 2005, 2006). The explo-
sive phreatomagmatic fragmentation is also supported by the presence
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of zeolite growth in vesicles (Fig. 6E), reworked juvenile clasts
(palagonite), and perlitic texture (Morrisey et al., 2000; Vespermann
and Schmincke, 2000). The unconformable surface between ZBT and
overlying Ct (Fig. 8A) records an erosional event and suggests that up-
lift and regression separated the zeolite-bearing bedded tuffs and ac-
cretionary lapilli tuffs (Fig. 8A). The presence of pebble to boulder
size clasts within conglomerates indicates possible proximal deposition
of fluvial system adjacent to paleotopographic highs (Schneider and
Fisher, 1998).

4.1.1.3. Sub-stage III. After the formation of tuffaceous conglomerates
on top of the zeolite-bearing bedded tuffs, the volcanic activity
recommenced with a bedded accretionary-lapilli tuffs, north of the
inner wall crater (Figs. 2B and 8A). The lithology, the character of the
contact with the deposits of “ZBT” and the sedimentary features (four
subunits, Fig. 9A–B) indicate that BALT was deposited by low particle
concentration pyroclastic base surge entering the lake (Fisher and
Schmincke, 1984; Sohn, 1996; Cole et al., 2001; Collinson et al., 2006;
Pardo et al., 2008; Pardo et al., 2009). The small sizes of the “BALT” are
inconsistentwith crystallization-induced degassing and decompression
at low eruption rates (Mattsson, 2010). The common occurrence of
stratification and cross-stratification coupledwith climbing and sigmoi-
dal stratification characterizing the BALT indicate deposition from later-
ally moving pyroclastic density currents (PDC) in near vent volcanic
areas (Cas and Wright, 1987; Sohn, 1996; Bull and Cas, 2000). The
semi-vertical dip (~ between 20° and 40°, Fig. 9C) of BALT is interpreted
post-depositional deformation. The local occurrence of this facies in low
topographic area (Fig. 2) suggests that the “PDC”wasdense and nontur-
bulent (Schumacher and Schmincke, 1990; Hughes and Druitt, 1998).
The relatively fine grain sizes, poor sorting, and the presence of accre-
tionary lapilli within facies BALT indicate that it was derived from a ex-
plosive phreatomagmatic fragmentation in an aquatic environment,
similar to other documented phreatomagmatic and phreatoplinian py-
roclastic density current deposits (Kokelaar, 1986; Cas and Wright,
1987; Morrisey et al., 2000; Vespermann and Schmincke, 2000).

4.1.2. Syn-caldera stage
The initial period of this stage is represented by explosive pumiceous

lapilli tuff of plinian eruptions accompanied by pyroclastic flows, and
formed lava domes representing the caldera forming activity. These
pumiceous lapilli tuffs occur in the domal landforms at the northern
and southern sides of the volcanic caldera surrounded by aprons
of volcaniclastic material of lower sequence. Later period generated ba-
saltic type lava flows that overlie peperitic breccias. The pumiceous la-
pilli tuffs are distributed on most areas of the Shama volcanic edifice,
whereas the basaltic lava flows occupy the eastern block of the caldera
(Fig. 2B). Field characters of the ignimbrites connote pyroclastic density
currents (PDC) that were controlled and limited by topography, well
insulated, andwere deposited by dense high-particle concentration cur-
rents (Németh et al., 2012). Mobility is thought to have been main-
tained by continuous feed at a high discharge rate from low eruption
columns (Cole et al., 1993; Rosi et al., 1996; Branney and Kokelaar,
2002). Scutter et al. (1998) suggested that high eruptive temperatures
and low water, viscosity, and cooling rates facilitate the emplacement
of such pumiceous pyroclastic flows. The abundance of pumice clasts
together with the characteristic fiamme fabric indicates an increase
of high discharge rate and temperature of the magma feeding eruption
aswell as a decrease in interaction betweenmagma andwater (Németh
et al., 2012). The latter factors result in an increase of magmatic frag-
mentation and production of the pyroclastic density currents including
welded to non-welded pumiceous pyroclastics during the peakmagma
discharge.

After the formationof plinian eruptions producing a series of explosive
pyroclastic deposits, the eruption shifted to a violent phreatomagmatic
eruption forming peperitic breccias. Peperitic breccias are formed
above the pumiceous lapilli tuffs that flowed over pre-Miocene
sediments (White et al., 2000; Dadd and Van Wagoner, 2002; Waichel
et al., 2007). Beresford and Cas (2001) suggested that the density con-
struct and negative buoyancy between the lava andwet sediments facil-
itate such mingling. In “HSVB”, peperitic breccias are composed of host
calcareous sediment matrix (Fig. 11A) and altered juvenile fragments,
mainly derived from underlying pumiceous lapilli tuffs (Figs. 10E,
11A–10B). There is a possibility that these altered clastsmay cause an in-
stability of the volcanic edifice (Frank, 1995; Day, 1996). The typical
transition from felsic pyroclastics, peperite and then to sedimentary
rock is not observed in the stratigraphic record. The juvenile clasts
with sub-planar margins in peperites exhibit “jig-saw fit” textures
(Fig. 10E) reflecting quenching fragmentation in phreatomagmatic con-
dition (Kokelaar, 1986). So, the presence of lava–wet sediment interac-
tion as peperite suggests that external water likely played a role in the
final explosion at “HSVB” (Hanson and Schweickert, 1982; Wohletz
and Sheridan, 1983; Kokelaar, 1986).

The final eruptive stage in the “HSVB” was recommenced with the
formation of the basaltic lava flows of dry Strombolian-type activity,
which are the youngest effusive flows at the study area. It seems that
water supply to the vent area ceased at this stage. Thus, themain reason
for the waning of the phreatomagmatic eruption was probably due to a
rise in magma eruption rate, and/or the isolation of the rising magma
conduit from the substrate by a lava moat or similar (Chough and
Sohn, 1990; White, 1990). Lentz (1998) suggested that the scarcity of
mingling/mixing between mafic magma and felsic pyroclastics like
HSVB may be related to an rapid ascent of mafic magma without long
residence time in crustal reservoir. In this case, mafic magmatism
could have been a major heat source for crustal melting, which could
account for the fact that felsic magmatism ceased shortly after the last
inputs of mafic magma. Therefore, reheating of felsic body by a hotter
maficmagma seems to be a common signature for the occurrence of ex-
plosive eruptions at the “HSVB”(see Valenzuela, 2011).

4.1.3. Post-caldera stage
After the caldera formation, there was a dormant period occupied

by sandstone and siltstone/mudstone of fluvio-lacustrine deposits. The
latter represent the quiescent event of underlying volcanics especially
pumiceous lapilli tuffs because they comprise pumice clasts in their
frameworks (Fig. 12.4). These volcaniclastic sediments accumulate in
the volcano-tectonic depression created by the eruption, which often
collects an intracaldera lake (Koido, 1991; Yamamoto, 1994; Németh
et al., 2009). In such a situation, subaerial sandstone beds grade up
into silt/mud turbidites (SS → M) formed during this quiet period
(Massari et al., 1993; Nelson et al., 1994; Bacon et al., 2002).

4.2. Regional constraints on stratigraphy of HSVB

The “HSVB” exhibits aggradation and degradation evidence through
pre-, syn-, and post-caldera evolution. These evidence include the fol-
lowing: (i) volcanics and volcaniclastic-filling flat ring plain engulf cen-
tral domes (Fig. 5A), (ii) syn-caldera includes deposition of pumiceous
lapilli tuffs reflecting volcano aggradation, and (iii) the postcaldera
represents volcano degradation. The former (i) and (ii) are syneruptive
processes (syn-volcanic) characteristic of NW–SE-trending sedimen-
tary basins in western Arabia, while the later (iii) is intereruptive
processes (post-volcanic) promoted either by the periodic/cyclic or pas-
sive collapse commonly enhanced by meteoric events/hydrothermal
activity. A proximal–distal relationship has been observed within the
volcano-sedimentary sequences at HSVB (Figs. 2 and 3). The proximal
area close to the volcanic vent includes the deposits of pre-and syn-
caldera generated by primary explosive-eruption-related processes,
whereas the distal area encompasses the reworked fluvial deposits of
post-caldera. The absence of xenolithic fragments within these deposits
indicates shallow level of magma fragmentation (Cas and Wright,
1987). The wide variation in grain size (fine → coarse → fine) of these
deposits extending from the proximal to distal area reflects that the
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Shama basin was tectonically active (Cas et al., 2001). Stratigraphic and
petrographic data show that there is a great contrast among the
volcano–sedimentary deposits at HSVB (Table 1, Fig. 3). The association
of “ZBT” and “BALT” as well as “Ct” lithofacies is the main evidence for
proximal phreatomagmatic activity. Moreover, most of the lower se-
quences are interpreted as having been erupted a deep lake (subaqueous
deposits), whereas the pumiceous lapilli tuffs and basaltic lava flows
of upper sequence are erupted under subaerial environment reflecting
a diverse magma plumbing system. The occurrence of peperitic breccias
of the upper sequence reflects contemporaneous mingling between pu-
miceous lapilli tuffs and conglomerate sediments (Ct) or pre-Miocene
sediments. Such lava–sediment fragmentation is related to complex
phreatomagmatic vent-filling deposits characterizing the tuff ring
(Skilling et al., 2002; Martin and Nemeth, 2007; Németh and Martin,
2007; Németh et al., 2012).

The phreatomagmatic volcaniclastic-filling flat tuff ring forms
the lower sequence (Fig. 5A–B) when their eruptions enter the lake in
subaerial settings (Heiken, 1971; White, 1991a,b). In the latter setting,
lake environment provides substantial surface water to fuel such
phreatomagmatic volcanism (Németh and Martin, 1999; Martin and
Nemeth, 2000, 2004). The explosive interaction of magma with water
is the most common mechanism by which tuff rings are formed in var-
ious geological settings (Chough and Sohn, 1990; White, 1990; Suhr et
al., 2006; Brown et al., 2007; Zimmer et al., 2010). In many locations
the volcanic edifices related to phreatomagmatic activity are located at
coastal margins where shallow sea water or groundwater is present
(Sohn, 1996). In the HSVB, phreatomagmatic activity is characteristic
of the low-lying areas such as the lower sequence low lands. Such a
small, low-relief ring tuffs can host a significant thickness of mixed
volcaniclastic sequences consisting of alternating hyaloclastites, base
surge (BALT), and scoria cone deposits (ZBT) of phreatomagmatic activ-
ity accumulated over long periods in their craters. Phreatomagmatic vol-
canic fields like the lower sequence commonly occur within lowlands
fluvio-lacustrine basins (Fig. 5A–B) (Lorenz and Buchel, 1980; Lorenz,
1986; Miall, 1996).

The change fromphreatomagmatic (lower sequence) to dry explosive
eruptions (upper sequence) results from fluctuations in both magma
discharge and magma–water interactions (Allen, 1988; Houghton et al.,
1999; Keating et al., 2008). A gradual variation from hyaloclastites
at the base to Strombolian eruptions (scoria cone for “ZBT”), through
hydromagmatic eruptions (base surge for “BALT”) and finally to dry
plinian (pumiceous lapilli tuffs) and basaltic lava flows coincides with
an overall trend of decreasing magma–water interactions with time as
documented in many volcanic fields (White, 1991b; Doubik and Hill,
1999). Such transition from lower to upper sequence accompanying a
gradual increase of magmatic fragmentation is affected by influencing
factors, e.g., magma viscosity, magma-ascent rate, temperature, and
confining pressure (Parfitt and Wilson, 1995; Parfitt et al., 1995;
Melnik, 2000). The general time sequence or eruption events from
wet to dry explosive sequences is well established at the study area,
forming phreatomagmatic volcanoes in low-lying areas and volcanic
caldera in highlands (White, 1991a; Palmer, 1997). The pumiceous la-
pilli tuff deposits of the latter could be associated with lava domes and
produced by dry explosive and collapse processes (Allen, 1988;
Freundt et al., 2000; Grunder and Russell, 2005). In fact, differences in
substrate stratigraphy, vent geometry, mechanical properties of volca-
nic conduit wall rocks, rock strength, and availability of external water
may play a significant role in the formation of such complex eruptions
and products, as well as volcanic landforms (Lorenz, 1987; Valentine
and Groves, 1996; Auer et al., 2007).

In turn, the extent of excavation and tuff ring/crater structure are in-
fluenced by the composition and strength of this substrate (Lorenz,
2003; Martin and Nemeth, 2006). Recent studies have also shown that
the final architecture of the crater is strongly dependent on the energy
release of individual explosive eruptions as well as their relative posi-
tion in reference to the surface (Valentine, 2012; Valentine and White,
2012). The hydrogeology and the rheology of the country rocks are
still expected to play a major role in the shape, size, and facies architec-
ture of the craters. All of these factors needmore systematic study to un-
derstand the role of shallow-level conditions and volcanic hazard
assessments of a volcanic field like HSVB.

5. Summary & conclusion

The stratigraphy and eruptive evolution of “HSVB” has been pre-
sented for the first time. HSVB is composed of extrusive–explosive
rock associations along with resedimented volcaniclastics that were
formedunder subaqueous–subaerial environments. Two rock sequences
have been recognized in HSVB. The lower comprises hyaloclastics,
zeolite-bearing bedded tuffs, and bedded accretionary lapilli tuffs of
wet surge facies under deep lake, while the upper is dominated by
pumiceous lapilli tuffs, lava flow, peperitic breccias interbedded with
reworked lacustrine deposits under an alluvial and lacustrine regime.
The change from phreatomagmatic (lower sequence) to dry explosive
eruptions (upper sequence) results from fluctuations in both magma
discharge and magma–water interactions. Shama area displays caldera
structure indicated by its domal shape andwidespread thick pyroclastic
flowdeposits (e.g., ignimbrites) and overlying intracaldera lake deposits.
The evolution of the “HSVB” has been developed in three main stages:
pre-caldera, syn-caldera and post-caldera. The first two stages corre-
spond to an proximal aggradational syn-eruptive event, whereas the
latter stage refers to distal degradational inter-eruptive event.

“HSVB” is restricted to NW-striking faults which reflect that extru-
sions which occurred along the fissures, i.e., it points to the relationship
between the volcanism and the faults that were active at the time. Litak
et al. (1997) noted that most of the Neogene volcanic activity on the
northern Arabian plate shows north-westerly striking volcanic vents.
“HSVB” is similar to tuff rings. Such a small, low-relief ring tuff can
host a significant thickness of diverse phreatomagmatic volcanic and
volcaniclastic sequences. The differences in geomorphology, substrate
stratigraphy, vent geometry, and availability of external water may
play a significant role in the formation of such diverse eruptions.
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