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This paper describes theNeogene lava–sedimentmingling from theAbuTreifiya Basin, Cairo–Suez district, Egypt.
The lava–sediment interactions as peperites have been identified for the first time at the study area and can be
used as paleoenvironmental indicators. The identification of peperite reflects contemporaneous time relationship
between volcanism and sedimentation and this finding is of primary importance to address the evolutional
reconstruction of the Abu Treifiya Basin. Characterization of the facies architecture and textural framework of
peperites was carried out through detailed description and interpretation of their outcrops. The peperites and
sedimentary rocks are up to 350 m thick and form a distinct stratigraphic framework of diverse lithology that
is widespread over several kilometers at the study area.
Lateral and vertical facies of the peperites vary from sediment intercalated with the extrusive/intrusive basaltic
rocks forming peperitic breccias to lava–sediment contacts at a large to small scales, respectively. Peperites
encompass five main facies types ascribed to: (i) carbonate sediments-hosted fluidal and blocky peperites, (ii)
lava flow-hosted blocky peperites, (iii) volcaniclastics-hosted fluidal and blocky peperites, (iv) sandstone/
siltstone rocks-hosted blocky peperites, and (iv) debris-flows-hosted blocky peperites. Soft sediment deforma-
tion structures, vesiculated sediments, sediments filled-vesicles, and fractures in lava flows indicate that lava
flows mingled with unconsolidated wet sediments. All the peperites in this study could be described as blocky
or fluidal, but mixtures of different clast shapes occur regardless of the host sediment. The presence of fluidal
and blocky juvenile clasts elucidates different eruptive styles, reflecting a ductile and brittle fragmentation. The
gradual variation from fluidal to blocky peperite texture, producing the vertical grading is affected by influencing
factors, e.g., the viscosity, magma temperature, confining pressure, sediment fluidization, and vapor film at the
magma–sediment interactions.
Peperites in the study area record deposition within a shallow marine and fluvio-lacustrine environment
accumulated in a rift-related basin developed during pre- to syn-rift phase, respectively. The facies transitions
(peperites) in this area resulted from the explosive and sediment depositional processes, which were mingled
separately by volcanism under contrast geological conditions. The development of such contrast in the deposi-
tional sequences reflects variation in the accommodation to sediment supply in the same accumulation space
inside the depocenters during the rifting of the Abu Treifiya Basin. Hydrothermal mineralizations comprising
quartz and carbonate are restricted to peperites and lava flows.

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

Magma–sediment interaction known as peperite iswell-known in the
stratigraphic record of volcano-sedimentary sequences (e.g., Lorenz,
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1985; Boulter, 1993; Skilling et al., 2002).Water is the predominant ther-
modynamic working fluid on Earth which aids in the development of
such interaction (Befus et al., 2009; Nemeth andWhite, 2009). However,
peperitic deposits have been identified in aeolian/loess environment
(Jerram et al., 1999; Jerram et al., 2000). In the latter, themechanical pro-
cesses involving autobrecciation and traction affect themagma–sediment
interaction (Petry et al., 2007). Peperites are breccias involving a lava–
sediment mingling and have a wide range of complex textures
(Kokelaar et al., 1985; Busby-Spera andWhite, 1987; Hanson, 1991; Han-
son and Wilson, 1993; Doyle, 2000; White et al., 2000; Skilling et al.,
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2002). Pollard et al. (1975) suggested that the high discharge rates of
magma and a large viscosity contrast between the magma and host sed-
iments accelerate such mingling forming quench fragmentation and/or
phreatomagmatic explosions. The peperitic deposits are characterized
by a set of sedimentary features which facilitate in an understanding
the palaeoenvironmental reconstruction (Erkül et al., 2006; Befus et al.,
2009; Nemeth and White, 2009). Economic hydrothermal mineraliza-
tions are common within the peperites which may result from complex
interactions between magma and wet sediments (McPhie and Orth,
1999). The magma and the host sediments involved in the peperites for-
mation have a broadmineralogical and textural variations (Lorenz, 1984;
Busby-Spera and White, 1987; Massari et al., 2001; Skilling et al., 2002;
Squire and McPhie, 2002). The wide variety of hydrovolcanic peperitic
phenomena suggests that the interaction between water and magma
may occur in any volcanic setting and geohydrological environment
(White, 1991; Vazquez and Riggs, 1998; White and McClintock, 2001;
Martin and White, 2002). The vast majority of volcanic eruptions and
peperites in particular take place under water forming submarine
volcano-sedimentary sequence (Brooks et al., 1982; Busby-Spera and
White, 1987; Goto and McPhie, 1996; Batiza and White, 2000; Doyle,
2000; Kano, 2002) or in continental areas, as the consequence not only
of lakes and rivers, but also of groundwater and hydrous fluids
(Beresford and Cas, 2001; Cas et al., 2001; Dadd and Van Wagoner,
2002; Erkül et al., 2006; Waichel et al., 2007; Jordan et al., 2008). From
the formation of pillow lava and lineated, folded, and jumbled sheet
flows in deep water, to the intrusion of breccias in dikes and sills deep
in the crust, to the eruption of plumes of fine ash in desert, tropical, and
shallow water environments, magma–wet sediment interaction includes
both passive and dynamic phenomena (Wohletz et al., 2013).

Two major groups of peperites involving blocky and fluidal types
have been distinguished based on the shape of the juvenile clasts
(Busby-Spera andWhite, 1987; Doyle and Doyle, 2000). Host sediment
characteristics (e.g., lithification, granularity, andwater content) control
the morphology of the juvenile clasts (Busby-Spera and White, 1987),
but other authors added other factors like magma composition, confin-
ing pressure, viscosity, and eruption rate (Doyle, 2000; Doyle and
McPhie, 2000; Dadd and Van Wagoner, 2002; Skilling et al., 2002;
Squire and McPhie, 2002; Martin and Németh, 2007; Waichel et al.,
2007). Peperites can be described either as close-packed or dispersed
peperite floating into host sediment (Hanson and Wilson, 1993). Bed-
ding, size sorting, and grading are uncommon in the peperites (Doyle,
2000; White et al., 2000; Brown and Bell, 2007). They occur only near
the intrusive contact if they are present (Brooks, 1995). Identification
of peperite has great significant impact in recognizingmagma emplace-
ment style, paleoenvironmental setting, and approximate contempora-
neity of magmatism and sedimentation (Erkül et al., 2006). Therefore,
detailed description and interpretation of peperite are important in
achieving a better understanding for peperite mechanisms of magma
(fuel)–sediment (coolant) interaction (FCI), and in developing criteria
for peperite identification (Zimanowski et al., 1997).

We present the detailed stratigraphical and lithological characteris-
tics of the peperites as a key horizon to establish the depositional
environment and hydrologic setting at the study area (e.g., Jerram
et al., 2000; Nemeth and White, 2009). So, the goal of this paper is
first to report on and analyze the lithofacies and textural types of
newly identified peperite occurrences in Abu Treifiya Basin with inter-
pretation of the volcano-sedimentary processes that are responsible
for their formation. Such work requires detailed facies architecture of
the volcano-sedimentary sequences including peperites.

2. Methods

Field work included geological mapping and the measurement
of stratigraphic column of both peperites and interbedded volcanic-
sedimentary sequences combined with the collection of samples for
subsequent petrographic investigation under polarizing microscope.
3. Geological setting and stratigraphy

The Cairo–Suez district is bounded to the north by the rolling plain
which extends from Heliopolis northeast of Cairo to Ismailia on the
Suez Canal. It is limited to the south by a line of east–west disposed
escarpments that extend from Tura, south of Cairo, to Gebel Ataqa on
the Gulf of Suez. This area lies East of Cairo and extends about 120 km
to the city of Suez. With the exception of a limited area of Cretaceous
rocks which are exposed at the core of Gebel Shabrawet and at the
foot of Gebel Ataqa, the district is built mainly of Eocene and younger
sediments (Bruce and Hotzl, 1988; Said, 1990; Abou Khadrah et al.,
1993; McClay et al., 1998). This area is a country of low-relief and
poorly-defined drainage lines except for a few prominent highs. All
the topographic features of the Cairo–Suez area are fault-determined.
To the north lie Gebels Geneffa, Um Raqm, and Um Qamar. They form
part of an east–west ridge that stretches from near Ismaili to the north-
west of Cairo. South of this line of topographic highs lies a depression in
which the Cairo–Suez railway runs. This depression is marked to its
south by an east–west ridge formed of the bold hills of Gebels Oweibid
and Gafra. South of the Cairo–Suez road lies a third ridge composed of
the east–west escarpments of Gebels Mokattam, Qattamia, and Ataqa.
The depression between this latter ridge and that of Oweibid-Gafra is
occupied by the Cairo–Suez desert road (Fig. 1A).

During theOligo-Miocene period, the Cairo–Suez districtwas affected
by intense deformation and volcanism (Abd-Elshafy and Abd-Elmoneim,
1992). This district, which limits theMaadi–Suhna stretch (Fig. 1A) from
the north, is also proved to have deeply buried very complex fault and
fold structures of the Syrian-Arc System (Zain ElDin et al., 1994). A
large number of fault-bounded sedimentary basins which are delimited
by the major structural highs including the Ataqa–Abu Treifiya–El
Kihayliyah blocks, the Northern Galala and the El Hai–Abu Shama–El
Mokattam plateaus were formed in this district (Figs. 1–2A). Most
of these basins were filled by kilometer-thick successions of diverse
marine to nonmarine sedimentary rocks together with volcanic and
volcaniclastic deposits of Upper Paleozoic (Carboniferous to Permo-
Triassic) to Miocene rocks (Fig. 1B) that are unconformably overlain by
Pliocene and Quaternary sediments (Abdallah and Adindani, 1963;
Abdallah, 1964; Strougo, 1985a,b; Strougo and Boukhary, 1987;
Strougo and Abdallah, 1990; Abdallah, 1993; Tawfik et al., 2015). These
exposed rocks are classified into pre-rift and syn-rift sequences
(Fig. 1B): the former sequence ranges from Upper Paleozoic to Eocene
(the upper Paleozoic, Jurassic, and Cretaceous rocks are exposed along
the northeastern scarps of the Northern Galala Plateau), whereas the
latter is represented by Oligocene to Miocene rocks (Barakat and Aboul
Ela, 1970; El-Heiny, 1982; Abou Khadrah et al., 1993). The Paleozoic to
Eocene strata are mainly made of sandstone and mudstone rocks at the
base and limestone, dolomite, and chalk rocks at the top whereas the
Middle to Upper Eocene rocks form a characteristic landscape scenery
of escarpments and are composed mainly of hard, dolomitic, and cherty
limestone beds. The latter rocks aremainlymade up of shallow andmar-
ginal marine fossil-rich limestones which represent marine basin now
uplifted along tectonic lineaments in contrast to the overlying syn-rift
unit. Abou Khadrah et al. (1993) divided the Oligocene rocks into two
units; sand and gravel units characteristic of red and dark brown colors
at the base and rift-related basaltic sheets at the top. These syn-rift
rocks including Oligocene rounded dark hills covered with lag gravels
are widely distributed along Cairo–Suez road and Lower Oligocene
marine sediments are encountered further west and northwards in
the subsurface of the Nile Delta and off-shore Sinai, respectively (El
Barkooky and El-Araby, 1999). Numerous basaltic dykes and sills,
which cut through Cretaceous and Eocene sequences, on the eastern
and western side of the Cairo–Suez district, are dated to the Oligocene
(Steen, 1982; Meneisy, 1990). The Miocene rocks are distinguished
from the base to top into marine and non-marine units, respectively
(Abd-Elshafy and Abd-Elmoneim, 1992). The former comprise marls,
sandstones, shales, and limestone interbeds whereas the latter consist



Fig. 1.A. Keymap showing the location of theCairo–Suezdistrict involving the study area. B. Stratigraphic columnof theCairo–Suezdistrict (modifiedafter Abdallah (1993). C. Topographic
map of the Cairo–Suez district with 100 m contour interval.

160 E.A. Khalaf et al. / Journal of Volcanology and Geothermal Research 308 (2015) 158–178
of sandstones, gravels, chalky limestones, and clays. The Pliocene and
Quaternary outcrops are represented by poorly lithified sands, gravels,
and alluvial deposits. The Cretaceous and Eocene rocks constitute the
positive topographic high in this region, while the rock units and
sediments that belong to the late Eocene, Oligocene, Miocene, and
Quaternary rocks are occupying the topographic lows oriented E–W
and NW-trending structural basins and plains (Fig. 1C). These succes-
sions record an important change in paleoenvironmental evolution and
regional geotectonic events (Farag and Sadek, 1966; El-Sorogy and
Ziko, 1999). The area located between Northern Galala Plateau and
Gebel Oweibed Anticline (Fig. 1A) including the Cairo–Suez district and
WadiGhoweiba is highly deformedwith thepredominance of extension-
al faults which delineate the architecture and topography of this region.
Large-scale distinct fault block provinces of Cairo–Suez district from
west to east include the following: (1) Abu Shama–Sad El Naam and El
Hai block, (2) Abu Treifiya–El Kihayliah block, and (3) Ataqa block. Be-
sides Oweibed block in the north and Ghoweiba and North Galala block
in the south. Qattamiya–Gharba transfer zone separates block 1 and
block 2, whereas Hagul transfer zone delineates the borders of block 2
and block 3 (Fig. 2A). Generally, the faults recognized in thewhole region
have the following main strike orientations: E–W, NW andWNWwith
the occurrences of NNW and ENE to NE striking faults. The E–W, WNW
andENE striking faults arewell exposed along the southern andnorthern
margins of the Ghoweiba basin, other structural plains, sub-basins, and
grabens. Most of these faults are oblique-slip type of normal dip-slip
and right lateral strike-slip components which are arranged in an en-
echelon pattern and usually of left to right stepping style (Sehim,
1993). Most of these basins are pull-apart basins bounded by NNE-
trending dextral strike-slip faults and E–W and NNW- to NW-trending
normal faults, of which the dextral shear stress was provided by the
NNE–SSW opening of the Red Sea (Bruce and Hotzl, 1988).

TheAbu Treifiya Basin is situated in theCairo–Suez district, where an
E–W trending Neogene volcano-sedimentary sequence is preserved
(Fig. 2A). This basin (60 km2) is located between 30°00′ and 29°57′ N
latitude and 32°02′ and 32°07′ E longitude. It is 5–10 km wide and
20 km long in the northwestern corner of the Ghoweiba Basin
(Fig. 2A). The basin under investigation is bounded by Gabal Oweibed
to the north, the north Galala to the south, the Gabal Mokatam to the
west and the Gabal Ataqa and Wadi Hagul Basin to the east (Fig. 1A).
This basin forms a half-bowl structure (Fig. 2C) and is presumed to be
a pull-apart basin, although no detailed studies of its lithofacies archi-
tecture have been carried out. Its fills are dominated by carbonate
deposits ofMiddle–Upper Eocene in the lower part and basaltic volcanic
deposits interbedded with carbonate, and siliciclastic sediments includ-
ing sandstone, and silt/mud beds of Oligo-Miocene in the upper part
(Abou Khadra, 1958; Barakat et al., 1972; Abou Khadrah et al., 1993)
(Figs. 2B–D and 3). The former sequence occurs in a major horst block
whereas the latter sequence occupies low topographic area (Figs. 2C
and 4).Their deposits are distributed over many kilometers and attain
some hundred meters in thickness and are centered around Wadi El
Kiheiliya in the east and Wadi Umm Thibua in the west at the study
area (Fig. 2C). They vary in lateral andvertical lithofacies from carbonate
sediments in the eastern part of the basin to more siliciclastic facies
westwards over the regional scale (Fig. 2). The rocks of this basin are
tilted, and faulted with cataclastic deformation. They have been
displaced by a series of E–W and NW- to WNW-striking faults with



Fig. 2.A.Map showing themain structural elements of the Cairo–Suez district. B. Structural image of the study area showing E–W,NWfaults bounding Abu Terifyia blocks and the erupted
rift-related basalt within Eocene carbonate along the NW faults. C/D. Sketch of geological map and stratigraphic column of the Abu Terifyia area (modified after Abou Khadra, 1958).
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displacement of 2–3 km down to the SW, which juxtaposes carbonate
pre-rift units against Oligo-Miocene syn-rift units (Figs. 4 and 5A).

Peperites are commonly formed along the contacts between the lava
flows and sedimentary rocks. These hybrid rocks having structureless
fabric grade into the coherent extrusive volcanics and the host sediments
with its distinctive bedding. We emphasize that an understanding of the
detailed stratigraphic investigations of the volcanic lithofacies and its
relations with the wet sediments that occur at Abu Treifiya Basin, is
necessary to interpret accurately the paleoenvironment of the peperitic
deposits. Six facies associations were defined as follows: (1) carbonates,
(2) lava flows, (3) volcaniclastics, (4) fluvial flood plain and lacustrine
deposits, (5) debrisflowdeposits, and (6) volcanic–sedimentary interac-
tions (peperites) (Fig. 3). Lava flow is used as the key horizon to classify
the studied rock units because it can be recognized as outstanding
volumetrically abundant lithofacies at the study area (Fig. 2C).

3.1. Facies association 1: carbonate deposits

The carbonate deposits predominate at the study area as well-
preserved lithofacies which occupies a vast area extending several
kilometers. They maintain constant thickness (30–40 m) over the Abu
Treifiya Basin and pinch out only near Wadi El Kiheiliya. These sedi-
ments dip toward southwest with an average dip angle of ~10o and
are bounded by north-to-northwest and East–West trending normal
faults with displacements of up to 70 m (Fig. 2C). They are marked by
its obvious rhythmic bedding nature (Fig. 3B). These carbonate rocks
display repeatedly alternating moderately indurated slope- and highly
indurated ledge-forming beds of cherty limestone and limestone,
respectively. These deposits vary from olive-brown to bright mustard
brown on weathered surfaces, and finely to coarsely crystalline. The
bed contacts are sharp planar or wavy undulated surface with
the enclosing rocks. Cross-bedding is frequent with little occurrence of
erosional channels and burrows (Fig. 3B). Fossil assemblages are very
rich and include gastropods, miliolids, alveolines, and nummulites
(Fig. 5B). These carbonate deposits are highly karstified and dominated
by karst solution features such as solution cavities. They are essentially
bioclastic wacke/packstones and biogenic, rarely micritic in facies.

3.2. Facies association 2: lava flows

The lava flow outcrops at the study area, up to 35m thick, occur in the
form of elongated semi-circular graben which engulfs carbonate rocks
from all sides (Figs. 2C and 5C) except from its northern side where
upper Eocene limestones are present. They are exposed within the
sequence of lacustrine and fluvial deposits in subaerial condition collec-
tively known as syn-rift sequence (Fig. 2D). Their exposures occur in
the form of both effusive and intrusive rocks. These rocks from the Abu
Terifiya Basin have P-MORB and intra-continental geochemical charac-
ters, suggesting formation in anorogenic setting (Abu Seda, 1980). Abou
Seda (2005) divided the Oligocene basaltic rocks at the study area into
four phases. The studied lava flows display sub-horizontal flow banding
and polyhedral columnar jointing (Figs. 5D–F). Four phases of these



Fig. 3. A. Lithostratigraphic column showing facies associations in Abu Terifyia area. B. Outcrop of bedded carbonate sediments. C. Lava flows interbedded with volcaniclastics. D. Fluvial
flood plain deposits. E. Debrisflowdeposits. F. Sketch showing different clastmorphologies in the peperites. Notice the variation in clast types fromfluidal throughblocky tomixedfluidal-
blocky types, reflecting grading in the studied peperites.

Fig. 4. Panorama field photo showing pre-rift carbonate and fluvio-lacustrine siliciclastic sediments with basaltic lava flows that occupy high and low topographic area, respectively.
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mafic flows are recognized at the study area. The first phase begins with
vesicular basalt at the base and columnar jointed basalt at the top (phase
“I”) interfingered with bedded volcaniclastics and peperitic deposits
(Figs. 5D–E), and followed by horizontally jointed basalt of phase “II”,
intruded by rosette-like columnar jointed basalt of phase “III” (Fig. 5F).
The vesicles of basalt flow degassing (phase “I”) are filled by quartz, chlo-
rite, hydroxides, and calcite. The basalt of phase “II” is composed of
glomeroporphyritic clots of 30% altered olivine (up to 2.5 μm) embedded
in 70% plagioclase lath-richmatrix (Fig. 5G), whereas the columnar joint-
ed type of phase “III” involves glomeroporphyritic aggregates of 10%
iddingsited olivine, 30% microphenocrysts of augite (up to 1.5 μm) and
50% plagioclase(up to 2.0 μm) exhibiting intersertal and intergranular
textures (Fig. 5H). The fourth phase is represented by dykes, intruding
carbonate, basaltic rocks, and peperitic-bearing rocks (Figs. 6A–B and
9E) and sub-horizontal sills along the bedding of carbonates with brecci-
ated margins (Fig. 6C). These intrusive dykes are composed of subhedral
plagioclase laths and augite with less amount of subhedral olivines and
acicular grains of opaque. In comparison, the sills have 10–25% zoned
olivine, 70% plagioclase, 15% intersertal augite, and devitrified glass. The
texture of the former is ophitic to subophitic, whereas a pilotaxitic
groundmass texture is typical of the latter.

3.3. Facies association 3: volcaniclastics

These volcaniclastic rocks overlie the basaltic lava flows with dip
of 15° towards the center of the Wadi El Kiheiliya. They comprise
well-bedded tuff underlying peperitic beds (Fig. 5D), lapilli-tuff and
lapillistone beds (Fig. 6D). The bedded tuff, up to 4 m thick, is composed
of matrix-supported crystal and lithic clasts set in a glassy matrix
with normal to reverse grading, planar, and ripples cross-lamination
(Fig. 5D). Lapilli tuff beds are massive, poorly sorted, framework-
supported, and display normal grading with exfoliation weathering
(Fig. 6D). They are composed of angular basaltic lithic ashes, palagonitized
sideromelane glass shards with high degree of vesicularity, augite, olivine
xenocrysts, and a small amount of quartzo-feldspathic accidental lithic
clasts. The grain size of these clasts ranges from 0.5 to 6 cm.

The matrix- to clast-supported, fine-grained with volcanic glass
shard rich-tephra with ripple cross-stratification of bedded tuffs
(Fig. 5D) indicate an explosive base surge eruptions (Chough and
Sohn, 1990; White, 1991; Martin, 2000; Németh et al., 2001; Dellino
et al., 2004; Vazquez and Ort, 2006). The presence of blocky and vesicu-
lar sideromelane clasts in the lapilli tuffs indicates phreatomagmatic
fragmentation of Strombolian style (Wohletz, 1986; Heiken and
Wohletz, 1991; Houghton et al., 1999).

3.4. Facies association 4: fluvial flood plain and lacustrine deposits

This facies association is characterized by rhythmic interlayers of
fine- to medium-grained sandstones, and massive siltstone with mud-
stone beds (Fig. 3). The sandstone beds, up to 2 m thick, are massive
or composed of horizontal to low-angle cross-stratification (Fig. 6E).
Their beds are overlain by the jointed basalts (phase II) and occasionally
occur in juxtapositionwith a peperite layer (Fig. 6E). They aremoderate
to poorly sorted and made up of monocrystalline quartz with grain
overgrowth, feldspar, and opaques in addition to basaltic and chert frag-
ments embedded in calcerousmatrix. Siltstones andmudstone beds are
massive, light to dark colored, thin layers (0.2–1 m thick), arranged in
packages 0.5–2 m thick. They comprise of fine- to very fine-grained
sandstones, 40 cm thick, massive or with ripple cross-lamination. The
siltstones are angular to sub-round and composed of quartz, feldspar,
and mica grains.

The sandstone beds represent fluvial channel deposits. The abun-
dant ripple cross-lamination and horizontal to low-angle lamination
suggest shallow flows, deposited by flow expansion and loss of flow
competence (Miall, 1996). The common vertical distribution in the
sandstone beds of ripple cross-stratified to horizontally stratified
(Fig. 6E) represents the evolution of single depositional events, charac-
terized by a progressive decrease in flow velocity (waning flow).
Massive sandstones represent hyperconcentrated flows or severely bio-
turbated sediments (Miall, 1996; Jerram et al., 2000; Jerram and
Stollhofen, 2002). The siltstone/mudstone association is interpreted to
represent lacustrine deposits (Kleinspehn et al., 1984; Wood and
Ethridge, 1988; Bahk and Chough, 1996; Sohn and Son, 2004). The
mud-dominated nature of this association is indicative of deposition in
a quiet-water environment, with low sedimentation rates (Sohn and
Son, 2004). The rhythmic interlayering between fine sandstones and
mudstones represents the alternation of traction and suspension
processes associated with different events of lateral spilling of a fluvial
channel (Schiebout et al., 1987; Lehman, 1990; White and Schiebout,
2003).

3.5. Facies association 5: debris flow deposits

These deposits comprise massive, clast- to matrix-supported
conglomerates that spread over lava flows. The former are polymictic,
composed of subangular to subrounded, weakly imbricated of pebble
to boulder volcanic fragments set in a sand matrix, whereas the latter
are oligomictic, consisted of granule to pebble clasts set in a muddy
sand matrix (Fig. 3E). The clast-support conglomerates occur along
faulted contact with peperite layer (Fig. 6G). All these types are sharply
based,massive, 2-6m thick and have anopenwork texture and erosion-
al contactswith the underlying rocks. They are channel-lag deposits and
accumulated in meandering rivers on low-relief floodplains (Schiebout
et al., 1987; Lehman, 1990).

4. Facies association 6: volcanic–sedimentary
interactions (peperites)

The peperite-bearing successions show variation in thickness at
different sites and are widespread at the study area, including wadis El
Kiheiliya and UmmThibua (Figs. 2C and 3). Their deposits are discontin-
uously exposed in both the eastern and the western Abu Treifiya Basin
(Fig. 2C). Peperite-bearing successions are composed dominantly of
basaltic lava flow intruded carbonates, volcaniclastics, sandstones, and
siltstones/mudstones. Carbonate rocks occur at the base of the peperite
deposits (Fig. 3). Upward section, this succession exhibits a lateral and
vertical lithological changes, involving basaltic lava flows interlayered
with fluvio-lacustrine rocks involving sandstones and mudstones and
occasionally associated with carbonate horizons. Five lithofacies types
are recognized within the peperites (I, II, III, IV, and V), summarized in
Table 1 and illustrated in Fig. 3. Types “I” and “II” consist of basalt flows
and carbonate sediments whereas types “III” and “IV” are composed of
basalts with intercalated volcaniclastics and siliciclastic sediments,
respectively. In addition, type “V” represents debris-flows-hosted
peperites that occur at the top of the stratigraphic column (Fig. 3).

4.0.1. Carbonate sediment-hosted blocky and fluidal peperites (type “I”)
Type “I” is appeared at the lower part of the peperite-bearing succes-

sion and forms brecciated horizons near the basaltic contacts
(Fig. 3).Carbonate sediments include nummulites-rich sparry calcite
(Fig. 5A) and display distinctive bedding away from the basaltic contacts
(Figs. 3B and 6H). Two subtypes have been recognized within type “I”:
blocky (subtype “I1”) and fluidal peperites (subtype “I2”). Subtype “I1”
is close-packed peperite, breccias-like (Fig. 6A–B, G) and interbedded
with basaltic lavas of phases “II” and “IV” in units 5–15 m thick (Fig. 3).
This subtype contains large basaltic juvenile clasts (meter-scale) float in
sparry calcite rich matrix. These clasts are commonly polyhedral with
planar–curviplanar and digitate margins (Fig. 6H). Most of the blocky
plagioclase-phyric, vesicle-rich volcanic clasts have well developed
quench-textured rims (Fig. 7A), implying rapid cooling of magma when
invading the host sediment materials (cf. Cas and Wright, 1987; McPhie
et al., 1993). The size of the volcanic clasts varies from 50 cm (Fig. 7A)
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to a few millimeters (Fig. 7B). Their vesicles occur in spherical shape
(Fig. 7B) and are filled by calcite. Locally, the juvenile clasts, 3 cm in diam-
eter, are either globular (Fig. 7C) or amoeboidal in appearance and are
intersected by calcite-rich cracks. Occasionally, basalt-shaped bubbles
are associated with larger, ellipsoidal bodies up to 1 m consisting mainly
of plagioclase-phyric basalt (Fig. 7C–D). Quartz and carbonatemineraliza-
tion occurs in the vugs enveloping the fluidally-shaped clasts (Fig. 7C–H),
characterizing hydrothermal mineralization. Basaltic dykes of phase
“IV” exhibit sharp intrusive contacts with the limestone host rock
(Fig. 6A–B). Breccias containing blocky, angular, platy, and tapered
clasts were formed along the dyke–limestone margins, exhibiting
jigsaw fit textures (Fig. 6A). Clast size varies from a millimeter to a
few centimeters.

Type “I2” is a closed– to dispersed–packed fluidal peperite according
to the nomenclature of Hanson and Wilson (1993) (Fig. 7E–F). The
clasts of this type comprise platy, tapered, and elongate types with
digitate margins (Fig. 7E–F). They are up to 40 cm long and float in
matrix composed of sparry calcite. Elongate and amoeboid-shaped
basalt clasts, up to 5 cm long, display both fluidal and curviplanar
margins (Fig. 7G). Their vesicles are filled with sparry calcite, similar
to the composition of carbonate host rock (Fig. 7G). Sometimes, the
fluidal clasts have chilled rims and consist of plagioclase phenocrysts
that are typically arranged parallel to clast margins (Fig. 7G). Some au-
thors have reported similar elongate juvenile clasts consisting of aligned
plagioclase phenocrysts (Rawlings, 1993; Hanson and Hargrove, 1999).
The contact between carbonate-hosted peperite of type “I” and the lava
flow is sharp (Fig. 7H). At this contact, quartz–calcite veins are observed
and some centimeter to decimeter scale irregular clasts of basaltic lava
are observed within the type “I1”, demonstrating lava flow brecciation
during the formation of peperite (Skilling et al., 2002).
4.0.2. Lava-flows-hosted blocky peperites with interstitial sediments
(type “II”)

The lava flow–sediment contacts are generally irregular, curved, and
gradational boundaries (Fig. 8A). Around this contact, fragments of both
lava and sediments displaying variable size and different shape occur
within the host sediments and lavaflows respectively (Fig. 8B–F).More-
over, the clefts of host basalts are filled by carbonate sediments (Fig. 8E).
Near these areas, the sediments exhibit a high degree of baking. Corsaro
andMazzoleni (2002) reported similar fragments of sediments into the
lava flows and interpreted them as peperite that formed as a result of
sediments captured by rising basaltic magma. The lava flows (phases
“I” and “III”) typically display a highly vesicular lower zone. The largest
amygdules filled with secondary calcite or quartz.

Carbonate sediments exhibit a sub-planar to planar lamination that
is deformed near the peperite contacts (Fig. 8G). These sediments com-
prise vesicles-rich volcanic clasts (Fig. 8H). Quartz and carbonate veins
and vug infills occur within the peperitic contact zone (Fig. 8G). Micro-
scopically, angular, volcanic–aphyric fragments in a carbonate sediment
matrix show jigsaw-fit textures (Fig. 9A). Sparite-enriched fractures
(S) and veins invade the lava flow (Fig. 9B). Contact metamorphism
comprising recrystallized calcite which was formed by the invasion of
lava flow into host sediments as the result of hydrothermal metamor-
phism during or after the formation of peperites (Skilling et al., 2002;
Asvesta and Dimitriadis, 2010) can be observed at the different scales
within the study area (Fig. 7C–H).
Fig. 5. A. Faulted contact (F–F) separating high topographic carbonate of pre-rift from low topo
graph showing large-size nummulites (arrow)floating in a dense sparitematrix. Note basaltic cl
limestone sediments. D. Cross bedded volcaniclastics and peperites of type III interbeddedwith
top. E. Plane polarizedphotomicrograph showing vesicular basalt of phase I consisting of vesicles
F. Horizontal jointed basalt of phase II intruded by folded columnar jointed basalt of phase III.
G. Crossed nicole photomicrograph showing altered olivine with bipyramid-shape (Ol) em
glomerophyritic clots of plagioclase (Plag) and clinopyroxene (Cpx) with altered olivine (Ol) e
4.0.3. Volcaniclastics-hosted mixed blocky and fluidal peperite (type “III”)
Type “III” spreads over a vast area and comprises tuff and lapilli-tuff

as the host sediments mingled with basaltic lava flows forming close-
packed mixed fluidal and blocky peperites (Table 1). The tuff-hosted
peperites (subtype “III1”) are blocky types which show lenticular form
and probably formed when thin lava flows of phase “I” interact with
wet sediments (Fig. 5D). They are characterized by complex joints and
fractures, involving columnar or curvi-columnar types. Juvenile clasts
in this type of peperites are vesicle-rich and vary in size from milli-
to centimeter \generally having quenched rims (Fig. 9C). They are com-
posed of glomeroporphyritic clots of pyroxene, altered olivine, and
opaque set in a vitric matrix. Their vesicles are circular in shape com-
prising quartz and carbonate (Fig. 9D). Occasionally, the matrix of tuff-
hosted peperites contains rounded (Fig. 9D) or amoeboid patches
which are regarded as fluidal clasts. These latter clasts are composed
mainly of altered plagioclase laths set in tuffaceous matrix. Many
authors observed the same rock samples comprising an association of
blocky and fluidal clasts in the peperites elsewhere (e.g., Kokelaar,
1982; Busby-Spera and White, 1987; Hanson and Hargrove, 1999;
Doyle, 2000; Squire and McPhie, 2002).

Lapilli-tuff-hosted blocky peperites (subtype“III2”) are exposed
along the contact between dike-like vent and lapilli-tuff host sediments
(Fig. 9E). The contact between subtype “III1” and “III2” is irregular. The
clasts occur in the form of both globular and sub-equant polyhedral
clasts with sub-planar margins, showing jigsaw-fit textures (Fig. 9D).
They are composed of vesicles-rich pumice fragments with rounded
margins (Fig. 9D), similar to vesicular and elongate clasts observed by
Rawlings (1993) in peperites. Occasionally, some pumice clasts contain
large stretched vesicles (Fig. 9D–F) indicating plastic deformation dur-
ing emplacement (Busby-Spera and White, 1987; Skilling et al., 2002).

Fluidal peperite (III3) has been identified near Wadi Umm Thibua. It
occurs as blocky bodies of regular size along the lava contact. The basaltic
lava that invaded the host sediments sometimes shows fluidal margins
as a result of sediment fluidization during magma–sediment mingling
(Fig. 9G) (Skilling et al., 2002). The matrix of the lapilli-tuff comprising
crystals, glass shards, and globular juvenile clasts exhibits fluidization
textures (Fig. 9G–H). The fluidization of wet sediments during the
emplacement of lava flows is a realistic process for the formation of
some peperites (Kokelaar, 1982).
4.0.4. Sandstone/Siltstone-hosted blocky peperites (type IV)
A localized hybrid dynamic zone, up to 1 m thick, forms when the

basalt of phase “II” invades the siliciclastic sediments at the study area
(Fig. 6E–F). This zone is observed in themiddle part of the stratigraphic
column (Fig. 3) and comprises closed–packed angular juvenile clasts set
in a sandy matrix (Figs. 6E). It can be easily distinguished in the field
into three main horizons separating the lava flow from the sandstone
beds below (Fig. 6F). In horizon 1, the sands display original bedding.
Horizon 2 has faint bedding and includes little juvenile clasts whereas
horizon 3 is made up completely of fragmented angular basaltic clasts
floating in muddly sand matrix (Fig. 6F). Jerram and Stollhofen (2002)
interpreted these zones as a dynamic interaction of hot magma with
dry sediments producing poorly sorted peperitic breccias. The latter
may have formed when lava spilled down over sand topography or
where oversteepening of sand beds caused sand to pour down into
the moving lava (Jerram and Stollhofen, 2002).
graphic siliciclastic interbeddedwith lava flows of syn-rift. B. Plane polarized photomicro-
asts (BC) randomly scattered in a carbonatematrix. C. Basaltic lavaflows engulf the bedded
lavaflows of phase I consisting of vesicular type at the base grading to columnar type at the
with different sizes (arrows), partlyfilledwith carbonate embedded into aphaniticmatrix.

Note peperites of type III that are exposed between phases II and III along fracture planes.
bedded into plagioclase lath-rich matrix. H. Crossed nicole photomicrograph showing
mdedded in fine-grained matrix.
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Type IV comprises two subtypes : (1) calcareous sandstone-hosted
blocky peperites (IV1) and (2) tuffaceous siltstone-hosted blocky
peperites (IV2). The former subtype has a muddy to silty matrix
consisting of calcite, quartz, feldspar, chert grains, and abundant,
angular to fluidal, cryptocrystalline basalt clasts (Fig. 10A). Most of
these clasts are nonvesicular to vesicular. McClintock and White
(2006) described a “sandstone–basalt peperite” from Coombs Hill,
Antarctica, which displays textures similar to that of the subtype “IV1”



Table 1
Simplified summary of peperite types identified from the study area.

Locality Peperite Host sediments Igneous rocks Volcanic clasts

Wadi El Kiheiliya Carbonate-hosted blocky peperite,
closed–packed (I1)

Carbonate sediments,
medium-grained, poorly sorted

Massive basaltic lava flows Medium to large globular, plagioclase-aphyric and
vesicles-rich, with jigsaw-fit structure and chilled
margins.

Carbonate-hosted fluidal peperite ,
closed–dispersed–packed (I2)

Carbonate sediments,
medium-grained, poorly sorted

Massive basaltic lava flows Medium (cm–dm) angular, elongate,
closed–dispersed fluidal, bearing chilled rims,
plagioclase laths-rich.

Wadi El Kiheiliya Carbonate-hosted blocky peperite,
closed–packed (II)

Carbonate sediments,
fine-grained, well sorted

Massive basaltic lava flows Medium-grained globular and angular mixed
carbonate and basalt clasts, vesicular.

Wadi El Kiheiliya Tuff-hosted blocky peperite,
closed–packed (III1)

Tuff, fine-grained, well-bedded,
poorly sorted

Massive basaltic lava flows Larger (10–30 cm) elongate and globular angular
mixed, vesicular, plagioclase-rich with chilled
margins.

Lapilli-tuff-hosted blocky peperite,
closed–packed (III2)

Lapilli-tuff, coarse-grained,
massive, poorly sorted

Massive basaltic lava flows Small- to large-size (5–30 cm) globular and
jigsaw-fit angular mixed, highly vesicular.

Wadi Umm Thibu Lapilli-tuff-hosted fluidal peperite,
closed–packed (III3)

Lapilli-tuff, coarse-grained,
massive, poorly sorted

Massive basaltic lava flows Medium (cm scale) macrofluidal,
plagioclase-phyric and vesicular with fluidization
texture.

Wadi Umm Thibu Sandstone-hosted blocky peperites,
closed–packed (IV1)

Calcareous-sandstone,
fine-grained, beds structureless,
well sorted

Massive basaltic lava flows Small- to large-size (5–50 cm), angular, aphyric,
slightly vesicular.

Siltstone-hosted blocky peperites,
closed–packed (IV2)

Tuffaceous-siltstone, fine-grained,
well-bedded, well sorted

Massive basaltic lava flows Large-size (˃10 cm), globular, aphyric with
pronounced chilled margins.

Wadi Umm Thibu Peperite-fed debris flow deposits ( V) Debris flow, coarse-grained,
matrix-supported, massive

Massive basaltic lava flows Small- to large-size, angular, sedimentary and
volcanic clasts with chilled margins.

167E.A. Khalaf et al. / Journal of Volcanology and Geothermal Research 308 (2015) 158–178
at the study area. Most of the volcanic clasts in the tuffaceous siltstone
(IV2) are more than 10 cm in size, showing globular and elongate mor-
phology (Fig. 10B). Near the tuffaceous siltstone mass, tendrils of mud
up to 20 cm thick, fill the clefts of the basalt lava forming hexagonal
cracks (Fig. 10C).
4.0.5. Debris-flows-hosted blocky peperites (type “V”)
Type “V” comprising poorly sorted, matrix-supported conglomerate

overlies the lava flow (Figs. 3E and 6G). Contacts between the
conglomerate-hosted peperite and conglomerate-free peperite are
faulted (Fig. 6G). The conglomeratic deposits directly overlie the basaltic
lava and their lithological characters are similar to the underlying lava
flows. Type V comprises intermingled clasts of sedimentary and
magmatic rocks. The juvenile clasts (Figs. 6G and 10D–E) in the con-
glomerates are subangular to angular, monomictic basalts and form
closely packed globular bodies, showing a rapid process of accumulation
(Chen et al., 2013). They have sharp contacts with a fine-grained sandy
matrix. Some clasts have a distinctive jigsaw-fit texture, supporting a
hyaloclastic interpretation, dark-colored clast margins are interpreted
to be quenched texture (Fig. 10F). These clasts are characterized by
porphyritic texture comprising plagioclase, altered olivine, and
vesicles-rich set in vitric matrix. The microcrystalline groundmass and
the porphyritic texture of these clasts suggest a hypabyssal level of
emplacement. There is evidence for degradation of the magmatic clasts
into the sedimentary matrix. Sedimentary clasts in the polymictic
conglomerates consist of relatively unaltered, rounded, fine-grained
volcaniclastic sandstone and micas (Fig. 10H) typical of the sandstone
of facies association 4.

The conglomeratic deposits at the study area may be slump or grav-
ity flow deposits derived from the peperite-bearing units (Chen et al.,
2013). Some authors have reported similar erupted and redeposited
equivalents of peperites (Lorenz, 1984; White and Busby-Spera, 1987;
Hanson and Wilson, 1993; Ross and White, 2006; Chen et al., 2013).
Fig. 6. A/B. Field photo and sketch showing basaltic dykes of phase “IV” (4) intrude carbonate (
(1)with destroyed bedding filling inflations/clefts in basalt of phase “III” (2). C. Subhorizonta
lapillituffs comprising non-imbricated blocky basalt clasts (peperites of type III2) embedded i
peperites of type “IV” showing angular basaltic clasts in fine siliceous matrix. Note that the ori
E showing different lava–sediment contact zones (see text for explanation). G. Peperite-fed d
clast-supported conglomerate from peperite-fed debris flow. H. Carbonate-hosted blocky pep
matrix. Note polyhedral peperitic breccias with planar-curviplanar and digitate margins (black
5. The chronology of the peperite succession

The peperite deposits have been interpreted as the product of simul-
taneous phases of both volcanism and sedimentation (Skilling et al.,
2002; Erkül et al., 2006). They have been recorded in carbonate
and fluvio-lacustrine sediments of pre- to syn-rift units, respectively
(El-Heiny, 1982; Abou Khadrah et al., 1993) (Fig. 3A).The carbonate-
hosted peperite-bearing units of facies “I” are characterized by the
presence of nummulite fossils (Fig. 5B). The age of the latter in these
pre-rift sediments is assigned to the Middle Eocene (El-Azabi, 1999)
(Fig. 2C–D). The peperite-bearing units of syn-rift fluvio-lacustrine sed-
iments deposited in Oligo-Miocene age were based on field relations
and age-dating of volcanic activity (Fig. 2D). The latter has taken place
at a period of 21.4 MY, which fits it into Oligo-Miocene (Meneisy and
Kreuzer, 1974; Steen, 1982; Meneisy and Abdel-Aal, 1983). Meneisy
(1990) proposed that the Tertiary volcanics have been taken place at
three volcanic episodes: Late Eocene–Early Oligocene (40 ± 10 Ma),
Oligo-Miocene (24 ± 2 Ma), and Lower–Middle Miocene (20–15 Ma).
Hence, the peperites at the study area have been deposited over a
wide age ranging from Middle Eocene up to Oligo-Miocene age.
6. Discussion

6.1. Interpretation of peperites

In Abu Treifiya Basin, the peperite deposits were resulted from com-
plex interplay between hot magma and wet sediments through diverse
processes of fragmentation, transportation, and deposition (Skilling
et al., 2002; Zimanowski and Buttner, 2002; Canon-Tapia and Walker,
2004). Kano (2002) suggested that high rate of discharge and viscosity
contrast between the magma and the sediment promote such interac-
tion. In the study area, the field and petrographic evidence are consis-
tent with the model of fluidization. The presence of wet sediment
1) and basalt of phase “III” (2) forming peperites of type I1 (3). Note carbonate sediments
l sills intrude the limestone beds (L.S) along bedding planes. D. Massive clast-supported
n vitric ash with pronounced spheroidal weathering. E. Sandstone-hosted closed–packed
ginal bedding in the host sediments has been destroyed by fluidization. F. Field sketch of
ebris flow of type “V” displaying jigsaw-fit structure. Note fault contact (F–F) separating
erites of type I1 showing large- to medium-sized volcanic clasts in a carbonate sediment
arrows) and sediment fluidization along lava–sediment contacts (white arrows).
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influenced by fluidization facilitates the peperite formation (Kokelaar,
1982; Busby-Spera and White, 1987). Such fluidization evidence in-
cludes the following: vesiculated sediments, the presence of vesicles-
rich sediments and sediments filling joints in the lava flows and in juve-
nile clasts in peperites (Figs. 8A–H and 9A–B) (Brooks et al., 1982;
Kokelaar, 1982); soft sediment deformation in peperite, localized lamina-
tion along themarginal contact of lava–sediment interaction (Figs. 8G and
9G–H) (Doyle, 2000); the injection of peperites along weakened planes
(Fig. 5F) (Brooks, 1995); sediment-filling vesicles and hairline cracks in
volcanic clasts (Figs. 8A–G and 9A–B) (Brooks et al., 1982; Kokelaar,



169E.A. Khalaf et al. / Journal of Volcanology and Geothermal Research 308 (2015) 158–178
1982); the obliteration of the original texture at the lava–sediment con-
tacts (Fig. 8A–H) (Goto andMcPhie, 1996); and the absence of stratifica-
tion at the peperite contacts (Fig. 6E–H) (Branney and Suthren, 1988).

Soft sediment deformation along the peperite contact and/or the
intrusion has been recorded by several authors (e.g., Brooks et al.,
1982; Hanson and Schweickert, 1982; Kokelaar, 1982; Lorenz, 1984;
Walker and Francis, 1986; Kano, 1989; Krynauw et al., 1994; Brooks,
1995). Many processes are responsible for such deformation, including
sediment fluidization, liquefaction, shear liquefication and differential
compaction, forceful intrusion (Kano, 1989; Krynauw et al., 1994), ex-
plosions, and eruptive activity. All these evidences have been observed
by many authors in worldwide volcanic sequences (Skilling et al.,
2002; Martin and Németh, 2007; Waichel et al., 2007; Waichel et al.,
2008; Chen et al., 2013). The density instability and magma rheology
contrast facilitated the lava to flow over the wet sediments forming
peperites (White et al., 2000; Beresford and Cas, 2001; Dadd and Van
Wagoner, 2002; Chen et al., 2013). Several factors may control the
peperite genesis (Skilling et al., 2002; Waichel et al., 2007), including
the magma properties (e.g., composition, viscosity, discharge rate), the
paleotopography, and the sediment characteristics (e.g., lithification,
grain-size, sorting, and permeability). Such lava–sediment fragmenta-
tion described from the study area is related to complex intra-vent/
conduit processes of phreatomagmatic volcanoes (Lorenz, 2002;
Hooten and Ort, 2002; Zimanowski and Buttner, 2002; Martin and
Németh, 2007).

Peperite textural types in this area involve fluidal, blocky, andmixed
textures (Fig. 3F). The variation in such juvenile morphology indicates
that these clasts formed under the contrasts in fragmentation and min-
gling mechanisms (Busby-Spera andWhite, 1987; Skilling et al., 2002).
The presence of thefluidal peperites (e.g., facies “I1”) indicates that they
are formed under ductile regime (Wohletz, 1986; Busby-Spera and
White, 1987). Occurrence of vesicles-rich sediments in volcanic
rocks is formed under such regime (Fig.8C–H) (McPhie et al., 1993;
Skilling et al., 2002). Many processes played an important role in the
development of fluidal peperites, such as fluid instabilities within
vapor films along the magma (fuel)–sediment (coolant) interaction
(FCIs) (Wohletz, 1983; White, 1996; Hooten and Ort, 2002; Petrinovic
and Piñol, 2006), density contrasts (Donaire et al., 2002), and sediment
vesiculation (Busby-Spera andWhite, 1987; Skilling, 1998; Hooten and
Ort, 2002). The juvenile clasts in fluidal peperites have globular and
fluidal morphology with complex margins (Figs. 7C–G and 8–10B).
The presence of stabilizing vapor film which acts to suppress steam
explosions combined with fluidization (Figs. 6H and 9G–H) is a prime
factor to develop the globular forms (Wohletz, 1986; Zimanowski
et al., 1995; White, 1996; Zimanowski et al., 1998; Templeton and
Hanson, 2003). The fine-grained sediments with characteristic low
permeability which maintain the vapor films at the lava–sediment
interface are essential to form fluidal peperite (Wohletz, 1986;
Busby-Spera and White, 1987; Zimanowski et al., 1998). Most of the
juvenile clasts in the peperitic deposits have a cryptocrystalline and
quench-textured borders (Figs. 7A–B, 9A–B, Fig. 11F), indicating
relatively rapid cooling, probably due to the presence of a vapor film
at the FCIs (Pichler, 1965; Busby-Spera and White, 1987; Zimanowski
et al., 1991; Wohletz et al., 1995; Zimanowski, 1998). Moreover, the
presence of the vesicles in the peperitic sediments (Fig. 8A–H) probably
Fig. 7. A. Plane polarized photomicrograph showing blocky peperites of type I1 encompasses
embedded in carbonate matrix. B. Plane polarized photomicrograph showing blocky peperites o
matrix. Note the vesicles are infilled by calcite. C. Blocky peperites of type I1 showing large-sized
stone sedimentmatrix (LS). Inset: Crossednicole photomicrograph showing recrystallized calcite
engulf the basaltic clasts. D. Plane polarized photomicrograph showing plagioclase- and vesicle-ri
by carbonate sediments (arrow). E. Closed–packed fluidal peperites of type I2 showing platy and
Dispersed-packed fluidal peperites of type I2 exhibiting elongate volcanic clasts of variable size w
overlying basaltic lava flows (BLF) that occur in faulted contact with peperites of type I2 in Fig. 7E
(BC) with curviplanar margins consisting of oriented plagioclase and vesicle-rich embedded in
contact between basaltic lava flow (BLF) and carbonate-hosted peperites. Note quartz and calcit
recrystallized calcite with equilibrium texture at the contact between lava flow and limestone.
resulted from water volatilization during vapor film (Wohletz et al.,
2013).

Blocky peperites are the most abundant types where they spread
over a vast area. The intrusions (dyke/sills) represent another example
of intensemechanical fragmentation, producingblocky peperites of het-
erogeneous fabric (Figs. 6A–C and 9E). The textures of the latter are sim-
ilar to dyke margins reported everywhere where mafic dyke swarm
intruded into a siliciclastic sediments (Cas et al., 2001; Van Wagoner
et al., 2001; Dadd and Van Wagoner, 2002; Van Wagoner et al., 2002).
The juvenile clasts of the latter are polyhedral outlines with curviplanar
to planar margins (Figs. 6H–H, Fig. 8A–H). Most of the blocky clasts
commonly display jigsaw texture, characteristic of in situ fragmentation
(Skilling et al., 2002). The abundance of jigsaw-fit textures at the study
area (Figs. 5D, 6E–H, 9A–D) implies that quench fragmentation is a
dominant process in the formation of blocky clasts as the result of
breakdown of insulating vapor films at the FCIs (Hanson and
Schweickert, 1982; Kokelaar, 1986; Hanson, 1991; Zimanowski and
Buttner, 2002). The presence of the glassy rims and joint pattern of
the clasts in blocky peperites reflects autoclastic fragmentation (Fisher
and Schmincke, 1984). Some clasts in the blocky peperites have less
vesicles (Fig. 9C–D), indicating the magma was less vesiculated or
degassed (Jones, 1969). The coarse-grained size and poor sorting of
the host sediments with characteristic high permeability favor the for-
mation of blocky peperites (Busby-Spera and White, 1987). The
coarse-grained particles of wet sediments destroy the vapor films at
the lava–sediment contact, forming unstable condition (Busby-Spera
and White, 1987; White, 1996). All these factors allow rapid flow of
heated pore fluids and prohibit formation of stable vapor films around
the invading magma bodies due to high discharge in magma supply
(Busby-Spera andWhite, 1987; White, 1996; Wohletz, 2002). Fluidiza-
tion of wet sediments (Figs. 6H and 9G–H) also plays an important role
in the genesis of blocky peperites. This process creates a way formagma
intrusion and injection of wet sediments along the joint planes in lava
flows (White, 1996; Martin and White, 2002; Martin and Németh,
2007). The spreading and intersection of the fractures and joints associ-
ated with the sediments injection generate intimate intermixing
of blocky volcanic clasts and host sediments (Skilling et al., 2002,
Figs. 8A–H and 9C–H).

The stratigraphic record of the study area exhibits a change in the
peperites architecture from fluidal to blocky types (Fig. 3F). Such a
change was observed by many authors (e.g.,Dadd and Van Wagoner,
2002; Chen et al., 2013). The presence of both globular and blocky juve-
nile clasts in the host sediment (e.g., types I and “III”) reflects a variation
in viscosity and fragmentation mechanism of intruding body during
magma–wet sediment interaction (Cashman et al., 1999; Skilling et al.,
2002). Normally, fluidal and globular peperites are associated with rel-
atively low-viscosity magma, while magma with high-viscosity facili-
tates the formation of blocky peperite (Doyle, 2000; Dadd and Van
Wagoner, 2002; Skilling et al., 2002; Chen et al., 2013). Such change in
viscosity and/ormagma flux ratemay accompany a variation in temper-
ature, microlite crystallinity and gas content (Polacci and Cashman,
1999). According to Goto andMcPhie (1996), magmas with low viscos-
ity and high temperature will accelerate the formation of fluidal
peperites. Chen et al. (2013) suggested that confining pressure is anoth-
er factorwhich controls themagmaviscositywhereas fluidal and blocky
volcanic clasts consisting of plagioclase laths and vesicle-rich with quench-textured rims
f type I1 consisting of small- to medium-sized volcanic clasts embedded in carbonate-rich
volcanic clasts (BC) with globular appearance and amoeboidal in shape embedded in lime-
(Cal) at the contact surface of clastswithmicrite (M). Note quartz/calcite veins andvugs that
ch volcanic clastwith globular shape embedded in spary calcite. Note the vesicles are infilled
tapered volcanic clasts (PVC)with digitatemargins (arrow) in carbonate sedimentmatrix. F.
ith curviplanar margins (arrow) set in carbonate sedimentmatrix. Note limestone (LS) and
and F. G. Plane polarized photomicrograph showing amoeboid and elongate basaltic clasts

sparry calcite matrix. Note the vesicles (arrows) are infilled by calcite and quartz. H. Sharp
e veins/vugs occupying along this contact. Inset: Crossed nicole photomicrograph showing
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peperiteswere exposed in the lower andupper stratigraphic succession,
respectively (Fig. 3F). The increasing of magma viscosity as result of
lowering pressure along with the decreasing of depth may cause the
change from fluidal to blocky peperites (Fig. 3F) before themixing of ju-
venile clasts into wet sediments (Chen et al., 2013).
6.2. The paleoenvironment of the peperite-bearing succession

The peperite-bearing succession may reach up to 200 m thickness,
including the nummulites-bearing carbonate at the lower stratigraphic
level, interpreted as a shallow water deposit during pre-rift stage
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(Fig. 3). The studied sediments vary in lithofacies from carbonate to
fluvio-lacustrine deposits at the base to top of the stratigraphic section,
respectively (Fig. 3A). The frequent occurrence of gastropods, miliolids,
and the presence of nummulites indicate oligotropic conditions, clear
and shallow water (Dupraz and Strasser, 1999; Olivier et al., 2004).
The presence of bedding, cross bedding, and coral fossils in the carbon-
ate succession indicates that this succession was deposited under a
high-energy wave- or tide influenced environment above the fair-
weather wave base at 3–5 m water depth (El-Azabi, 1999; Brigaud
et al., 2014). The faunal association of this facies does not reflect good
connection with the surrounding open marine regime during Middle
Eocene. The abundance of the basaltic volcanics and the carbonate
deposits at the study area suggests that the local shallowwater environ-
ment was a seamount covered by the carbonates on the top (Searle
et al., 1980). In syn-rift stage, the siliciclastic successions including con-
glomerate, sandstone, mudstone, and jointed basaltic lava flows were
deposited in a terrestrial fluvio-lacustrine environment (Fig. 3, Brown
and Bell, 2007). This implies that volcanism erupted in fluvial valleys
or lakes, providingwater which is convenient circumstance for peperite
formation under phreatomagmatic fragmentation (Németh andMartin,
1999a,b; Martin and Németh, 2002, 2004). So, peperites of types “III”,
“IV”, and “V” (Table 1) are preserved and they have been widely
interpreted as fluvio-lacustrine in origin. Therefore, all the deposits of
peperitic types at the study area suggest a change in depositional paleo-
geography from shallow marine through fluvio-lacustrine to fluvial
during Middle Eocene to Oligo-Miocene, respectively (Heward, 1978;
Pollard et al., 1982). Widespread accumulation of debris flow deposits
(Fig. 3E) and gradual facies transition into the subaerial deposits suggest
that an alluvial fan environment was gradually generated in the upper
part of the Abu Treifiya Basin because of increasing of volcaniclastic
sediment input and reduced subsidence rate which maintains a fluvio-
lacustrine environment in the final stage of basin evolution (Smith,
1996; Manville et al., 2005).

A change from shallow marine carbonate to subaerial fluvial–
lacustrine-hosted peperites reflects a gradual shallowing in depth
during the depositional evolution of the Abu Treifiya Basin. The relative-
ly shallow water depth inferred from the development of peperitic
texture, presence of vesicles and the complex joints of the invading
lava suggest that this basin may have experienced younging shallower
towards stable crust (Bell and Williamson, 2002; Skilling et al., 2002).
Development of highly vesicular peperite (Fig. 9C–F) is favored by
magma intrusions beneath thin wet sediment cover in shallow water
settings in which the pressure is low to allow magma vesiculation
(Goto and McPhie, 1996; Connor et al., 2000; Chen et al., 2013). Along
with shallower depth, the deposition of sediments in later stage
(i.e., fluvio-lacustrine sediments of syn-rift stage) has occurred in low
topographic paleorelief and suggests a decline in the volcanic activity.

6.3. Development of grading and emplacement

The different lithological characters of the sediments including car-
bonate and fluvio-lacustrine siliciclastics and accompanying volcanism
formed peperitic deposits under contrasting depositional modes at the
study area (Fig. 3). The phase of volcanism represents major feeder
system which is responsible for peperite formation (Hanson and
Wilson, 1993; Hanson and Hargrove, 1999). The studied peperites
show a distinct vertical grading (Fig. 3F). It has been proposed that the
initial period of turbulent injection of magma into unconsolidated,
Fig. 8.A. Lobate and undulate contact between basaltic lavaflow (BLF) and carbonate sediments
carbonate sediments (CS). B. Close-up view showing basaltic clasts (BC) (arrows) of spherical ap
ary between basaltic lava flow (BLF) and carbonate-hosted peperites. C. Carbonate sediment-r
sediments (arrows) in basalt (left side). D. Plane polarized photomicrograph showing carbonate
view showing carbonate sediments (CS) that fill the clefts in the basaltic lava flow (BLF). F. Close
of basaltic lava flow (BLF). G. Plane polarized photomicrograph showing carbonate sediment (C
(BLF) forming peperite domains (arrows). Note quartz/calcite veins and vugs that infill this co
that includes vesicle-rich volcanic clasts (V) embedded in lava matrix (LM).
water-saturated sediments, followed by sinking of the larger igneous
clasts according to gravity-driven model, can contribute to form such
grading (Brown and Bell, 2007). Key features of Brown and Bell's
model are the roles played by heat loss and reduced magma–sediment
interaction with time, due to the decreasing role of fluid in the system.
Fig. 11 depicts a hypothetical geological systemof grading and emplace-
ment of peperitic deposits at the study area.

Initially, the lava flows and bulldozes into pre-existing wet sedi-
ments, forming the vapor film along the FCI. The latter begins by
converting some heated and pressurized liquid coolant to superheated
vapor or steam along the contact, producing explosive energy release
and isolating vapor film which serves to insulate the magma from the
wet sediments (Fig. 11, Wohletz, 1986; White, 1996; Wohletz et al.,
2013). At this stage, the lava continues to behave in a fluid manner,
resulting in complex globular, fluidal forms (Figs. 7C–G and 8A–H)
without undergoing brittle quench fragmentation (Wohletz, 1986;
Busby-Spera and White, 1987; White, 1996; Squire and McPhie,
2002). The presence of sub-horizontal platy, amoeboid-shaped, and
tappered clasts with digitate margins (Fig. 7E–G), reflecting fluidal em-
placement is attributed to shear forces produced by the flowingmagma
of low viscosity under ductile condition (Skilling et al., 2002; Squire and
McPhie, 2002; Erkül et al., 2006). The fluidal emplacement is further
supported by the vesicle walls along the fluidal clast margins (Fig. 7G)
(Kokelaar, 1986; Skilling et al., 2002). The consistency of vapor phase
during fluidal emplacement is evidenced by the presence of
sediments-rich cavities within the peperites (Figs. 8G–H and 9D–F) be-
cause of volatiles liberation during the magma intrusion in shallow
subvolcanic environment (cf. Kokelaar, 1986). Fluidization of the host
sediments which occurs within the vapor films (Figs. 6H and 9G–H) is
an important factor in the formation of fluidal clasts during these early
stages (Skilling et al., 2002). The fluidal clasts begin to sink through
the sediment pile during the continuous fluidization of the sediments
(Brown and Bell, 2007). Themain evidence for sediment fluidization in-
cludes the non-stratified nature of the peperites (Figs. 5A–C and 6C–H)
and fractures crossing juvenile clasts combined with sediment-filled
vesicles near the external surfaces of clasts (Fig. 9A–C) (cf. Kano,
1991; McPhie, 1993; Goto and McPhie, 1996; Hanson and Hargrove,
1999; Dadd and Van Wagoner, 2002). Moreover, thin tendrils filled
withmudstone extending formanymeters (Fig. 10C) are also consistent
with such fluidization during peperite formation (e.g., Kokelaar, 1982;
Hanson and Wilson, 1993; Befus et al., 2009). In addition, other factors
involving magma rheology, velocity of advancing flows, sediment
properties, and paleotopography are important in formation of peperite
deposits (White, 1996; Dadd and Van Wagoner, 2002).

With time, the magma begins to cool and the vapor film is not insu-
lated (Mills, 1984). At this stage, brittle fragmentation is the dominant
process, producing blocky clasts because of increasing viscosity, de-
creasing temperature, and reduced water availability or breakdown of
fluidization (Goto and McPhie, 1996; Hanson and Hargrove, 1999;
Doyle, 2000; Dadd and Van Wagoner, 2002; Hooten and Ort, 2002;
Skilling et al., 2002; Squire and McPhie, 2002). During this type of frag-
mentation, sediment has no longer interacted with the magma. As the
consequence of brittle magma, liquid deficiency, and heat loss coupled
with decreasing influence of fluidization (cf. Brown and Bell, 2007),
the early-formed fluidal-shaped clasts, followed by blocky clasts pro-
duced peperite grading (Fig. 3F). Formation of blocky clasts, including
tapered and platy varieties that dominate the upper stratigraphic
sequence reflects brittle fragmentation of clasts with planar margins
(CS). Closed–packed blocky peperites of type II consisting of lavaflow (LF) and interstitial
pearance set in limestonematrix (LS). Note the fault contact (F–F) delineating the bound-
ich vesicles (CS) that are engulfed by basaltic lava flow (BLF). Note vesicles are filled with
sediments (CS)with globular shape filling fractures in basaltic lava flow (BLF). E. Close-up
-up view showing carbonate sediment with globular morphology (CS) occupying the core
S) with sub-planar lamination that is deformed in proximal contact with basaltic lava flow
ntact. H. Plane polarized photomicrograph showing subrounded carbonate sediment (CS)
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(Fig. 6A–H). Intense steam explosions along the vapor film at FCI as
the result of forceful emplacement of magma are responsible for
the formation of such clasts (Kokelaar, 1982; Kokelaar, 1986;
Busby-Spera and White, 1987; Hanson and Hargrove, 1999). A
change of magma rheology and multiple extrusive pulses may
cause the presence of both fluidal and blocky clasts (Fig. 9D, G–H)
in the peperites (cf. Goto and McPhie, 1996; Squire and McPhie,
2002). The formation of these clasts requires insulation of the
magma from direct contact with pore water in the sediment, produc-
ing stable vapor films at FCI (Squire and McPhie, 2002).
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Shallow explosions related to the emplacement of multiple dykes,
small sills or arrested jets of magma may have widened the area of
magma contact with water-saturated sediments forming peperites (as
in the model by White, 1996). Such explosions form peperitic margins
(Fig. 6A–C) with the carbonate sediments as the result of high magma
viscosity and minimum sediment fluidization (Kokelaar, 1982;
Busby-Spera and White, 1987; Hooten and Ort, 2002; Erkül et al.,
2006). The latter resulted in sediment-filling fractures within dykes.
Such dyke and sill intrusions highlight the complex magma emplace-
ment and feeding channels of the last stage of the eruptions into
weak, low-density sediment (Befus et al., 2009).

Hydrothermal activity is mainly restricted to lava–sediment contact
(peperites) and lava flows (Figs. 7C, H, and 8G–H). Hydrothermal min-
eralization at the study area comprises quartz and carbonate-rich veins
and vugs around globular clasts (Figs. 7C–H and 8G). A large part of the
secondary assemblages (e.g., quartz, calcite, oxides, and clay minerals)
may occur either within vesicles or as mineral replacement and
can probably be formed during or after the peperite emplacement
(Skilling et al., 2002). Such hydrothermal mineralization is the result
of steam circulation generated from heating of the pore fluids at the
FCI, producing a highly permeable environment (McPhie and Orth,
1999; Skilling et al., 2002; Squire and McPhie, 2002).

6.4. Syneruption versus inter-eruption sedimentation

A large diversity of accommodation and transfer zones as well as
coeval volcanism have been developed in extensional rift basins
(Gawthorpe and Leeder, 2000). Such development has a great effect
on the sedimentary sequences within rift basins (Ziegler and
Cloething, 2004; Aguirre-Díaz et al., 2008). Structure in the Abu Treifiya
Basin is dominated by normal faults (Fig. 2A–C), which create compart-
mentalized depocenters with different attitudes, generating diverse
sedimentary systems in the same accumulation space (Morley et al.,
1999; Young et al., 2003; Jackson et al., 2005).

Smith (1991) sub-divided volcaniclastic sequences into: (1) syn-
eruptive units, formed coevally with volcanic activity through the
immediate reworking of pyroclastic material, and extending through
the period where the landscape is still responding to the hydrological
and sedimentary-yield consequences of the eruption; and (2) inter-
eruptive sequences, where normal “background” sedimentary process-
es occur without a direct volcanic influence. Syn-eruptive periods thus
produce rapid aggradation in proximal and medial settings and com-
prise the period of landscape response to the volcanic perturbation
whereas inter-eruption deposits are typically thinner and confined to
incised valley systems (e.g., Wohletz and Sheridan, 1983; Smith, 1987;
Smith, 1991; Procter et al., 2009; Cole and Ridgway, 1993; Muravchik
et al., 2011). The overall lithofacies of the peperites is similar to the
syn-eruptive units of Smith (1991) in that the unit comprises extensive
basaltic sheets over the different sedimentary rocks (Fig. 3), suggesting
an important role of volcanic sediment input in creating the peperitic fa-
cies. These peperitic units are therefore interpreted to have formed by
rapid subsidence of the basin in conjunction with basaltic eruptions. Al-
though the source of magma generation remains speculative, the basal-
tic character is broadly indicative of decompression melting of the
asthenosphere during crustal thinning (e.g., White and McKenzie,
1989).

The peperites occur within a complex volcanic–sedimentary
sequence comprising shallow water carbonate to fluvio-lacustrine
conglomerates, sandstones, siltstones, claystones, volcaniclastics, and
Fig. 9. A. Crossed nicole photomicrograph of blocky peperites (type II) showing angular basalti
(Ca). B. Crossed nicole photomicrograph showing network of sparite infilled fractures with bake
photomicrograph showing vesicle-rich juvenile clast (JC) with quench-textured rims (arrows)
Plane polarized photomicrograph showing ellipsoidal to spherical vesicles (arrows) in juvenile
peperites. E. Close-up view showing dike-like vent intrudes lapilli-tuff host sediments resulting
ellipsoidal and stretched vesicle-rich (V) juvenile clast (arrows) as the result of plastic deform
medium-sized enriched zones along angular juvenile clasts (L). H. Plane polarized photomicro
basaltic effusive with intrusive rocks. The progressive incoming of fluvi-
al facies up-section in Abu Treifiya Basin (Fig. 3A) suggests widespread
progradation of terrestrial environments during a major marine regres-
sion. The presence of such peperitic complex in the different sedimentary
rocks represents discrete and unrelated geological events. Such complex
coexistence of different peperite types suggests rapid changes in
water content, magma properties, sediment characteristics aswell as pa-
leogeography of the basin. Development of independent depositional
systems along the Abu Treifiya Basin margins (Fig. 2) suggests that
accommodation creation was strongly differential accompanying relief
variation along the basin borders (Bosence, 1998).

The abrupt transition from carbonate-hosted peperite to fluvio-
lacustrine-hosted peperite deposits represents an important facies
change and rapid shallowing of the basin. These observations are in
agreement with the generalized models of rift basin development by
Gawthorpe and Leeder (2000), which suggest that laterally transgres-
sive fluvial–lacustrine facies correspond to the fault growth and linkage
stage of rifting. As extension prevailed, widening and deepening of
the rift basin allowed a widespread fluvial–lacustrine system to be
established (Steel et al., 1977; Gawthorpe and Leeder, 2000; Sohn and
Son, 2004). Certainly, the coeval emplacement of mafic dykes and the
extrusion of basaltic lava flows during this time is a testament to the de-
velopment of a significant rift basin system. We therefore infer that the
facies transitions (peperites) in this area resulted from the explosive
and sediment depositional processes, which were mingled separately
by volcanism under contrasting geological conditions.

7. Summary and conclusion

The peperites at the Abu Terifiya areawere formed by the interactions
between basaltic lava and sedimentary rocks including carbonate and
siliciclastic sediments under contrasting depositional modes. Five types
of peperites were identified based on of the volcanic clast shapes and
sediment matrix properties: (1) carbonate-hosted fluidal and blocky
peperites, (2) lava flow-hosted blocky peperites, (3) volcaniclastics-
hosted fluidal and blocky peperites, (4) sandstones/siltstones-hosted
blocky peperites, and (5) debris-flows-hosted peperites. Peperites
associatedwith the basaltic rocks include a large variety of clastmorphol-
ogies from blocky to fluidal, but mixed populations are common,
reflecting a ductile and brittle state during fragmentation. The variation
in clast morphologies appears to have been controlled in part by the vis-
cosity, magma temperature, confining pressure, sediment fluidization,
and the variability of a steam film at the magma–wet sediment contact.
Peperites display vertical (stratigraphic) grading, involving fluidal and
blocky-shaped clasts at the base and top of the stratigraphic column,
respectively at Abu Treifiya Basin. The occurrence of vesiculated sedi-
ments, sediments filled vesicles and fractures in lava flows as well as
soft sediment deformation imply that the sediment was unconsolidated,
and probably wet at the time of peperite formation. Processes of fluidiza-
tion, vesiculation, alteration, and induration can occur during magma–
sediment interaction. The basaltic emplacementwas immediately follow-
ed by hydrothermal mineralizations in the peperite deposits, reflecting a
highly permeable environment in the contact zone. Thesemineralizations
are composed of calcite and silica within the Abu Treifiya Basin.

Peperites are multi-stage process, involving fragmentation, transpor-
tation, and deposition. Field and petrographic results showed that the
peperites were formed during the Middle Eocene until Oligo-Miocene in
age. These deposits probably are formed in shallow marine to subaerial
fluvio-lacustrine environment during pre- to syn-rift stage, respectively,
c clasts (BC) with hair line cracks (arrow) and jigsaw-fit textures set in calcite-rich matrix
d edges consisting of calcite (Ca) within parent basaltic lava flow (BLF). C. Plane polarized
in tuff-hosted peperites. Note the vesicles (V) that are enriched in tuffaceous sediments. D.
clasts (V). Note the presence of amoeboid patches (dotted circle) in matrix of tuff-hosted
in formation of blocky peperites of type III2. F. Plane polarized photomicrograph showing
ation. G. Plane polarized photomicrograph showing fluidization texture (F) defined by

graph showing fluidization appears well on the right-hand side picture (G).
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indicating theNeogene basin in Abu Terifiya regionwas subaerial basin in
its final evolution. Several fundamental aspects of peperite generation
(e.g., peperite mechanism and lava–sediment mingling) are not un-
derstood and additional field, experimental and theoretical studies
are required. This type of basalt-sediment interaction is considered
as the most common examples found in worldwide volcanic se-
quences (Petry et al., 2007; Waichel et al., 2007; Waichel et al.,
2008).



Fig. 11.Hypothetical setting of peperites in hydromagmatic setting (adapted fromWohletz and Heiken, 1992). (A) Initial contact and coarsemixing ofmagma (fuel) and water-saturated
sediments (coolant), producing isolated vapor film. (B) Collapse of all vapor films caused by a triggering pressure pulse, leading to direct contact of fuel and coolant. (C) Cycles of enhanced
fuel-coolant transfer, rapid (b1 ms) coolant expansion, fine fragmentation of fuel, producing superheated and pressurized water, and explosive energy release which lead to mixing of
magma and the sediments. (D) Fluidal stage includes lava–sedimentmixing and fragmentation of clasts in sustained vapor filmunder ductile regime, resulting in formation of fluidal clasts
with globular and platy morphology. Note sediment fluidization is responsible for the generation of fluidal clasts as the result of steam explosions from pulsatory magma injection.
(E) Gradual disintegration of fluidal clasts forms blocky clasts having planar–curviplanar margins with jigsaw-fit under brittle regime. Low sediment fluidization coupled with increase
viscosity and low temperature facilitate the formation of blocky clasts in poor-developed vapor film, resulting in sediment-filling fractures and millimeter-scale chilled margins at the
contact between magma and host sediment. (F) Hydrothermal mineralization involves quartz–calcite veins/vugs as the result of magmatic fluid contribution. Hydrothermal activity is
mainly restricted to peperitic domains and locally lava flows.
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