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Abstract Ignimbrites are pyroclastic density current deposits
common in explosive volcanism involving intermediate and
silicic magmas and in less abundance in eruptions of basaltic
central and shield volcanoes. However, they are not widely
described in association with monogenetic volcanism, where
typical products include lava flows, scoria and lapilli fall de-
posits, as well as various kinds of pyroclastic density current
deposits and explosion breccias. In La Garrotxa basaltic
monogenetic volcanic field, part of the Neogene-Quaternary
European rift system located in the northeast of the Iberian
Peninsula, we have identified a particular group of pyroclastic
density current deposits that show similar textural characteris-
tics to silicic ignimbrites, indicating an overlap in transport
and depositional processes. These deposits can be clearly dis-
tinguished from other pyroclastic density current deposits gen-
erated during phreatomagmatic phases that typically corre-
spond to thinly laminated units with planar-to-cross-bedded
stratification. The monogenetic ignimbrite deposits

correspond to a fewmeters to several tens of meters thick units
rich in lithic- and lapilli scoria fragments, with an abundant
ash matrix, and internally massive structure, emplaced along
valleys and gullies, with run-out distances up to 6 km and
individual volumes ranging from 106 to 1.5 × 107 m3. The
presence of flattened scoria and columnar jointing in some
of these deposits suggests relatively high emplacement tem-
peratures, coinciding with available paleomagnetic data that
suggests an emplacement temperature around 450–500 °C. In
this work, we describe the main characteristics of these pyro-
clastic deposits that were generated by a number of
phreatomagmatic episodes. Comparison with similar deposits
from silicic eruptions and previous examples of ignimbrites
associated with basaltic volcanism allows us to classify them
as ‘basaltic ignimbrites’. The recognition in monogenetic vol-
canism of such pyroclastic products, which may extend sev-
eral kilometres from source, has an important consequence for
hazard assessment in these volcanic fields, which previously
have been considered to present only minor hazards and risks.
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Introduction

Pyroclastic density currents (PDCs) are high-speed, gravity-
driven flows of hot particles (magma and rock fragments) and
gas (Druitt 1998; Burgisser and Bergantz 2002; Sulpizio and
Dellino 2008; Dufek et al. 2015; Dufek 2016) that represent
one of the main hazards associated with explosive volcanism
(Blong 1984, 2000; Tilling 1989, 2005). They range from
expanded, turbulent suspension currents formed by lateral
blasts or by the fountaining of vertical eruption columns, to
highly concentrated granular avalanches formed after lava
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dome collapse or as dense underflows beneath suspension
currents (Druitt 1998). In a similar way to what is used in
sedimentology to distinguish among different types of sedi-
ment gravity flows (e.g. Middleton and Hampton 1973;
Middleton 1993; Lowe 1979, 1982), the current tendency in
volcanology is to consider the different typologies of PDCs
within a continuum that spans from very dilute (fluid-
dominated) to highly concentrated (solid-dominated) flows
(e.g. Branney and Kokelaar 2002; Sulpizio and Dellino
2008). This has improved understanding of the shared features
of former end members such as pyroclastic flows (high parti-
cle concentration) and pyroclastic surges (low particle concen-
tration) and the deposits they generate and has led to their
interpretation in terms of fluid dynamics rather than eruption
characteristics. Ignimbrites are generated by the emplacement
of high particle concentration PDCs that are rich in pumice
fragments (Sparks et al. 1973) and have traditionally been
considered as a common product of explosive volcanism in-
volving intermediate and silicic magmas. They are generally
associated with collapsing vertical eruption columns and form
dense pyroclastic density currents of variable temperature that
tend to emplace preferentially into topographic lows but can
also cover topographic highs given their great momentum
(Sparks et al. 1978; Wilson et al. 1980). Ignimbrite deposits
are typically poorly sorted mixtures of volcanic ash (glass
shards and crystal fragments) and pumice and lithic lapilli
and range from unconsolidated to densely welded depending
on the temperature of emplacement. These deposits may range
in volume from 103 to > 1012 m3 depending on the magnitude
of the eruption. Such type of PDCs have been inferred to have
emplaced either en masse (Sparks 1976) or by progressive
aggradation (Branney and Kokelaar 1992). Due to their high
velocity of emplacement, temperature, dynamic pressure and
their long-runout distances, they represent a major hazard dur-
ing explosive volcanic eruptions (Blong 1984, 2000; Tilling
1989, 2005). This type of pyroclastic deposit is infrequently
described from eruptions of composite basaltic volcanoes
(Freundt et al. 2000), as is rarely reported in the deposits of
monogenetic basaltic volcanism (White 1991; White and
Schmincke 1999; Giordano et al. 2002; van Otterloo et al.
2013; van Otterloo and Cas 2016), which is typically
characterised by the presence of lava flows, scoria and ash fall
deposits, as well as different kinds of PDCs and explosion
breccias, when it becomes phreatomagmatic in character
(Wohletz and Sheridan 1983; Walker 2000; Valentine and
Gregg 2008).

In La Garrotxa volcanic field (GVF) (Martí et al. 2011;
Bolós et al. 2015), we have identified a particular group of
massive pyroclastic density current deposits with similar lith-
ological and sedimentological characteristics to those of silicic
ignimbrites, which suggests similar transport and depositional
mechanisms were in operation. They are lithologically and
sedimentologically different to the deposits of dilute PDCs

that were generated by phreatomagmatic explosions in the
volcanic field (see Martí et al. 2011). We here describe their
stratigraphy, lithology and sedimentological features and in-
terpret their eruptive, transport and depositional mechanisms.
We go on to compare them with similar deposits generated by
explosive silicic volcanism and conclude that these PDC de-
posits, generated by basaltic monogenetic volcanism, share
many characteristics with silicic ignimbrites.

Geological setting

The GVF is part of the Catalan Volcanic Zone (NE Spain), one
of the Quaternary alkaline volcanic provinces associated with
the intraplate European Cenozoic Rift System (Martí et al.
1992) (Fig. 1). It covers an area of about 600 km2 and is
located between the cities of Olot and Girona (Fig. 1). It con-
tains >50 monogenetic basaltic volcanoes including cinder
cones, tuff rings and maars that range in age from 0.7 Ma to
early Holocene (Martí et al. 2011; Bolós et al. 2014). Upper
Palaeozoic, Eocene and Quaternary crustal rocks form the
substrate. The GVF embraces two geographically distinct
zones, one in the north of the county of La Garrotxa that
contains most of the volcanoes and a second a smaller area
to the south that contains fewer, but larger and more complex,
volcanic edifices (see Bolós et al. 2014, Fig. 1).

Volcanism in the GVF was fed by basaltic and basanitic
magmas (Araña et al. 1983; Cebriá et al. 2000). A notable
feature is the presence of mantle xenoliths and lower crust
cumulates (Araña et al. 1983; López Ruiz and Rodriguez

Fig. 1 Map of the study area. a Distribution of the European Cenozoic
Rifts System. b Location of the Catalan Volcanic Zone (CVZ) and La
Garrotxa Volcanic Field (GVF) (N and S in squares indicate the northern
and southern sectors of the GVF, respectively)

33 Page 2 of 12 Bull Volcanol (2017) 79: 33



Badiola 1985; Martí et al. 1992; Neumann et al. 1999; Cebriá
et al. 2000), which suggests that the magmas were sourced
from considerable depth (Bolós et al. 2015).

Volcanic activity in the GVF is characterised by numerous
small cinder cones built during short-lived monogenetic erup-
tions along tectonic-related volcanic fissures. The total vol-
ume of extruded magma in each eruption was between 0.01
and 0.2 km3 dense rock equivalent (DRE). Strombolian and
phreatomagmatic episodes alternated in most of these erup-
tions and have given rise to complex stratigraphic sequences
composed of a broad range of types of pyroclastic deposits
(Martí and Mallarach 1987; Gisbert et al. 2009; Martí et al.
2011; Cimarelli et al. 2013; Bolós et al. 2014). The eruption
sequences differ from one cone to another, demonstrating that
the eruptions did not follow a common pattern, particularly in
cases where magma and water interacted. This complex erup-
tive behaviour may be related to the differing stratigraphic,
structural and hydrogeological characteristics of the substrate
below each volcano rather than to any differences in the phys-
ics or chemistry of the erupting magmas, which were gener-
ally fairly homogeneous throughout the lifetime of GVF
(Martí et al. 2011; Bolós et al. 2014, 2015).

Description of the massive PDC deposits in the GVF

The monogenetic volcanism of the Catalan Volcanic Zone has
produced a wide spectrum of deposits from most eruption
styles of basaltic Strombolian and phreatomagmatic volca-
nism (Martí et al. 2011; Bolós et al. 2014), i.e. lapilli and
scoria fallout deposits, ballistic bombs and spatter, explosion
breccias, ash fallout and different types of PDC deposits.
Among the PDC deposits, there are several massive units that
have abundant lithic lapilli and scoria lapilli and abundant ash
matrix, are internally massive and are a few meters to several
tens of meters thick. These were emplaced along valleys and
gullies, up to 6 km from source. The volumes of these deposits
range from 106 to 1.5 × 107 m3. These deposits can be clearly
distinguished from more widespread, lithic-rich, thinly lami-
nated units (typically a few centimetres to a few metres thick)
with planar-to-cross-bedded stratification, which are
interpreted as the deposits of dilute PDCs generated during
phreatomagmatic phases (Martí et al. 2011; Pedrazzi et al.
2014, Pedrazzi et al. 2016; Bolós et al. 2014). Stratigraphic
relationships demonstrate that the massive and thinly laminat-
ed PDC deposits correspond to two different types of deposits
formed during different phases of the eruptions, rather than
different lithofacies of a deposit that was strongly influenced
by topography (cf. Wilson and Walker 1982; Cas and Wright
1987). The massive deposits, which constitute the main ob-
jective of this study, show characteristics that resemble ignim-
brites associated with silicic volcanism, in particular with
those of classical ignimbrites (e.g. Sparks et al. 1973). They

are also similar to deposits found in other monogenetic basal-
tic fields (White 1991; Giordano et al. 2002; van Otterloo et al.
2013; van Otterloo and Cas 2016). Deposits with these char-
acteristics have been observed in several volcanoes in the
GVF (see Martí and Mallarach 1987; Gisbert et al. 2009;
Martí et al. 2011; Bolós et al. 2014). In the rest of this section,
we describe the main characteristics of three of the most rep-
resentative massive PDC deposits in the GVF.

Can Tià maar section

The Can Tià volcano is a maar-type edifice with a flat-bot-
tomed, 270-m-wide and 20-m-deep crater (Martí et al. 2011).
The stratigraphic sequence at this volcano (point 1, Fig. 2) is
composed entirely of pyroclastic deposits and includes four
main units from base to top (Fig. Fig. 3). The lower unit
corresponds to a 10-cm-thick deposit of small (<1 cm) juve-
nile and lithic clasts in an ash matrix. This rests unconform-
ably on a palaeosoil developed over Eocene sediments. The
second unit is a ∼6-m-thick Strombolian fall deposit, com-
posed in its lower part of well-stratified, fine-grained, highly
vesiculated scoria lapilli and bombs, which progressively
grades into a poorly stratified to massive, coarse lapilli, non-
welded scoria fall deposit. Towards the top, it becomes a thin-
ly laminated, well-sorted, finer-grained and is rich in red
Eocene sandstone lapilli and blocks (<2–30 cm). The third
unit is only a few centimetres thick and has a well-stratified
ash layer in its upper part. The upper unit has planar contact
with the underlying scoria lapilli and ash layers and is a mas-
sive PDC deposit, up to 3 m thick, which contains abundant
centimetric-to-decimetric Eocene lithic lapilli and blocks as
well as dense-to-highly vesicular scoria lapilli fragments,
surrounded by a lithic-rich, ash matrix that has been mostly
altered to clay minerals, zeolites and iron oxides (Martí et al.
2011). At the base of the massive unit, there is a few
centimetres thick fine-grained horizon that grades into a
lithic-rich zone with coarse-tail grading of lithic clasts in the
uppermost part of the deposit and in which scoria fragments
become more abundant.

According to Martí et al. (2011), the succession of deposits
observed in this volcano reveals that the explosive activity
began with a short explosive event , probably of
phreatomagmatic nature given the composition of the
resulting deposits. Then, the eruption immediately changed
to magmatic (second unit) and back to phreatomagmatic (third
unit and fourth units). The succession of deposits and the
distribution of lithic clasts reveal that the initial change in
the eruptive behaviour (from phreatomagmatic to magmatic)
was abrupt but that the second change (from magmatic to
phreatomagmatic) was gradual, as indicated by the increasing
content of Eocene lithic clasts towards the top of the second
unit.
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Riu Els Arcs sections

The Riu Les Arcs pyroclastic sequence (Fig. 2), thought to
have been erupted by the Sant Jordi volcano, appears in the
northern sector of the GVF (Fig. 1) and overlies Quaternary
travertine in proximal areas and gravels and other fluvial de-
posits that infilled part of the same gully in more distal areas.
There are two main units with different lithofacies depending
on the distance from the vent (points 2 and 3, Fig. 2). At
distances of ∼1.5 km from the vent (Riu El Arcs,
Fig. Fig. 4), the lower unit hugs the irregular pre-existing
topography along the bottom of the gully and corresponds to
a fine scoria lapilli fall deposit. It is well sorted and thinly
laminated and mostly composed of highly vesicular, juvenile
basaltic scoria clasts. The total thickness of this deposit is
about 25 cm. Further from the vent (∼ 3–4 km), this fallout

deposit maintains the same characteristics but is fine-grained.
In distal areas (Fig. Fig. 5), it is preceded and overlain by a
thinly laminated deposit, with cross bedding, which is com-
posed of ash-sized juvenile and lithic fragments. These two
dilute PDC deposits show a very irregular distribution and
only appear in some outcrops. The lower layer clearly pre-
cedes the emplacement of the fallout deposit but seems to
have been deposited irregularly because the fallout deposit
locally overlies the substrate. The upper dilute PDC deposit
only appears at medium-to-distal distances and in some places
has been partially or totally eroded away by the emplacement
of the upper unit.

The upper unit consists of a brown, massive, 15-m-thick
PDC deposit composed of dense-to-highly vesiculated, large
lapilli-to-bomb-sized juvenile scoria fragments that are some-
times flattened, together with lithic lapilli and blocks of

Fig. 2 Location and simplified
geological maps of the studied
deposits. 1 Can Tià. 2 Riu Els
Arcs (proximal facies). 3 Riu Els
Arcs (distal facies). 4 Riera de
Canet d’Adri (proximal facies). 5
Riera de Canet d’Adri, Molí de
Can Cadamont (distal facies)
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Eocene sedimentary rocks and previous lavas, matrix-
supported in an indurated ash and fine lapilli matrix.
Juvenile fragments contain plagioclase phenocrysts and dis-
tinctive megacrysts (1–2 cm in diameter) of olivine and pla-
gioclase. This deposit is not homogeneous in either grain size,
the distribution of components or in its internal stratification,
and exhibits marked variations in lithofacies from proximal to
distal areas. At proximal distances (Fig. Fig. 4), the base of the
upper unit is mostly planar. Basal parts (the lowermost 0.2 m)
are characterised by the presence of a fine ash layer that con-
tains juvenile and lithic components. This fine-grained layer
gradually grades into a lithic-rich horizon, about 0.4 m thick,

composed of dense fragments of Eocene sediments and older
lavas up to 50 cm in diameter that are irregularly distributed
from clast-supported and matrix-supported zones. In the rest
of the deposit, the lithic content varies vertically and can form
lithic-rich zones or lenses. Juvenile clasts are also irregularly
distributed through the deposit but tend to be concentrated
towards the top. They range from equant to flattened. The
matrix of this massive unit is relatively coarse to fine-
grained and is composed of devitrified glass shards, small
scoria fragments and lithic clasts, cemented by zeolites, car-
bonate and iron oxides (mainly hematite) that fill the inter-
clast porosity and the vesicles of the juvenile clasts. In some
places, carbonate cement has partially replaced the original
volcanic glass, which has been mostly altered into clay min-
erals. The top of the deposit has been partially eroded,
reworked and transformed into a palaeosoil.

Puig d’Adri volcano sections

As in the Riu dels Arcs massive deposit, at Puig d’Adri
(Fig. 2), there are significant variations in the lithofacies from
proximal to distal locations. This massive PDC deposit is only
exposed along the Canet d’Adri river, where it forms a con-
tinuous outcrop over 5 km in length. It has been channelized

Fig. 3 Can Tià volcano stratigraphic succession (UTM 31N—ETRS89
462474.8 and 4663385.3). a Lower ash layer overlying the Eocene
basement and covered by a well-sorted lapilli scoria deposit. b Lithic-
rich scoria deposit. c Transition from the Strombolian lapilli scoria de-
posit into the phreatomagmatic units, composed at the base of alternating
fine ash and fine lapilli scoria deposits and on top by a massive unit
(massive PDC deposit) (layers 2a and 2b)

Fig. 4 Riu dels Arcs proximal stratigraphic succession (see Fig. 2 point 2
for location) (UTM 31N—ETRS89 465911.3 and 4664588.1). a View of
the upper part the massive PDC deposit. b close-up view of the massive
PDC deposits in which juvenile scoria fragments (black) and lithic frag-
ments of Eocene red sandstones (red) and old lavas (grey) can be
observed
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and has an estimated maximum thickness of about 25 m.
During its emplacement, this deposit completely filled the
gully but has been subsequently eroded. Today, the deep walls
of the gully provide impressive outcrops of this massive PDC
deposit.

In proximal areas (Canet d’Adri village, point 4 in Fig. 2),
there is a stratified, brown, massive PDC deposit, about 12–
15 m thick (Fig. Fig. 6). This deposit is composed of five
depositional units, each several metres thick, which contain
similar components but variable matrix-clast ratios and grain-
size distributions. These units are separated by planar shear
contacts that can be traced through the whole outcrop. There is
no evidence for any time lapse (i.e. palaeosoils, erosion sur-
faces, alteration surfaces, etc.) between the units and all are
assumed to have been deposited by different pulses of the
same eruptive episode (Pedrazzi et al. 2016). The whole de-
posit has crude vertical columnar jointing that has produced
individual hexagonal columns 2–5 m in diameter. The lower
unit is very lithic-rich, with clasts of Eocene limestones, red
sandstone and older grey lavas, some up to 1 m in diameter,
embedded in a highly indurated ashy-to-fine lapilli matrix that

is very similar in composition and texture to the matrices
described in the previous deposits. The next three units consist
of massive deposits with poorly-to-highly vesiculated scoria
fragments, up to a few decimetres in size, and cauliflower
bombs in an abundant, fine-grained brown matrix composed
of the same type of accidental lithic clasts as the lower unit and
poorly-to-highly vesiculated juvenile clasts. Some scoria
clasts exhibit peridotite enclaves. Although the lithic clasts
tend to be coarse, tail normally graded, the largest juvenile
fragments show reverse coarse-tail grading. The uppermost
unit is lithic-poor with relatively more finer-grained scoria.

Fig. 6 Puig d’Adri proximal stratigraphic succession (Canet d’Adri, see
Fig. 2 point 4 for location) (UTM 31N—ETRS89 477659.3 and
4653835.4). In this locality, the massive PDC deposit includes different
depositional units with a very similar internal structure composed of
layers 2a and 2b, along with a very lithic-rich unit at the base. a Detail
of the very lithic rich unit. b Two successive depositional units in the
massive PDC deposit separated by a planar contact. c Detail of the mas-
sive PDC deposit from above in which it is possible to observe individual
columns resulting from differential erosion through columnar jointing. d
Close-up view of one of the depositional units with juvenile scoria frag-
ments (black) and lithic clasts (red and grey)

Fig. 5 Riu dels Arcs distal stratigraphic succession (see Fig. 2 point 3 for
location) (UTM 31N—ETRS89 465883.0 and 4664738.2) with a more
stratified and internally organised massive PDC deposit. a General view
of the succession. b Close-up view of the lower part of the deposit in
which layers 1 and 2a are visible
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The base of each unit is composed of a few-centimetres-thick
fine ash-rich horizon that gradually merges into the massive
unit. The top of this massive PDC deposit is unconformably
overlain by a welded scoria fallout deposit. In this unit, juve-
nile fragments are equant at the top but are fiamme-shaped at
the base. The whole unit is covered by a black, platy-jointed
basaltic lava flow.

About 5 km from the vent, at Molí de Can Cadamont
(Fig. Fig. 7 and point 5 in Fig. 2), this massive deposit is
exposed along the Canet river, where it overlies earlier pyro-
clastic deposits from the same eruption (Pedrazzi et al. 2016).
Here, unconformably overlying older fluvial deposits, are two
beds of lapilli fallout composed of black scoria and some
dense juvenile fragments, and each bed is ∼15 cm thick, with
no clear gradation in grain size. An erosional contact separates
this fallout deposit from a 30-cm-thick cross-bedded PDC

deposit, which is composed of fine-lapilli-to-coarse-ash sco-
ria. Concordant with this deposit, there is an 8-m-thick mas-
sive, brown matrix-supported deposit, containing clasts up to
5 cm in diameter (but mostly less than 2 cm) of black scoria
and dense black juvenile material. The latter contain olivine
and plagioclase phenocrysts. Also present are Eocene red
sandstone, limestone and schist lithic clasts, all less than
2 cm in diameter. These lithic clasts are more abundant to-
wards the lower half of the deposit, while scoria fragments are
more abundant in the upper half. The matrix is formed of ash
and fine lapilli scoria and is in general weathered and indurat-
ed, with zeolites, carbonates and iron oxide minerals precipi-
tated in pore space. The deposit has an irregular eroded top
surface and is covered by fluvial deposits. Compared to the
proximal locality (Canet d’Adri), this deposit here is more
homogeneous in texture and grain size in its distal part, and
there is no evidence of the depositional units that constitute it
closer to the vent. Additionally, there is no columnar jointing
in distal parts. However, the deposit does have a layer of fine
ash at its base that resembles that seen in the proximal locality
and in the other massive PDC deposits described in this study.
At the base, there is a diffuse planar contact with the cross-
bedded PDC deposit that towards the top grades into the mas-
sive unit. The total thickness of this fine-grained layer is about
20 cm.

Discussion

The products of monogenetic basaltic volcanism range from
lava flows and proximal fire-fountaining-derived fallout de-
posits in less explosive Hawaiian and Strombolian eruptions
to distal tephra deposits and a wide range of PDC deposits in
highly explosive eruptions in which magma/water interact
(Connor and Conway 2000; Walker 2000; Valentine and
Gregg 2008; Németh and Keretzturi 2015). The PDC deposits
described in monogenetic volcanism mostly include those
originated from dilute and highly expanded PDCs derived
from ash-laden eruption columns and laterally directed explo-
sions to wet jetting and continuous up rush of water-pyroclast
slurries (Wohletz and Sheridan 1983; Sheridan and Wohletz
1981; Cas and Wright 1987; Valentine and Gregg 2008;
Németh and Keretzturi 2015). Massive debris flow deposits
and lahars have also been reported in association with mono-
genetic volcanism (Lorenz 1986; Németh and White 2003).

Massive PDC deposits similar to the ones described in this
study have been reported in other monogenetic volcanic fields
(e.g. White 1991; Valentine et al. 2000; Giordano et al. 2002;
Brand and Clarke 2009; Brand et al. 2009; van Otterloo et al.
2013; van Otterloo and Cas 2016) and have been invariably
interpreted as resulting from the emplacement of high-density
PDCs. These massive PDC deposits resemble the classical
small-volume ignimbrites that derive from explosive

Fig. 7 Puig d’Adri (Molí de Can Cadamont) distal stratigraphic
succession (see Fig. 2 point 5 for location) (UTM 31N—ETRS89
478662.8 and 4651992.9). Outcrop view (a). Details of layer 1 (ground
surge) (b), layer 2a (c) and layer 2b (d)
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eruptions of silicic magmas (see Sparks et al. 1973), and their
eruption, transport and emplacement mechanisms may be
interpreted in the same way. Ignimbrite deposits are not ex-
clusive to silicic volcanism and have also formed duringmafic
eruptions of central or composite volcanoes (e.g. Freundt and
Schmincke 1995; De Rita et al. 2002; Miyabuchi et al. 2006);
nonetheless, such deposits are rare in monogenetic basaltic
volcanism (see White 1991; Giordano et al. 2002; van
Otterloo et al. 2013; van Otterloo and Cas 2016). Also,
Gernon et al. (2009) and Fontana et al. (2011) described sev-
eral examples of thick, massive, unambiguous PDC deposits
at kimberlite volcanoes in southern Africa.

Several characteristics of the studied deposits from the
GVZ are similar to typical low-to-medium-volume silicic ig-
nimbrites emplaced by PDCs generated by the fountaining of
vertical eruption columns (see Sparks et al. 1973); these in-
clude (i) presence of a dilute PDC deposit at the base of the
massive deposits; (ii) presence of a fine-grained layer forming
the lower part of the massive unit; (iii) occasional presence of
a lithic-rich layer above the fine-grained layer; (iv) normal
coarse-tail grading of the dense lithic clasts; (v) reverse
coarse-tail grading of the less dense scoria clasts; (vi) grain-
size distribution; (vii) evidence of partial welding and (viii)
columnar jointing.

Since the seminal study of Sparks et al. (1973), a consider-
able body of work, covering field studies, numerical studies
and laboratory experiments, has been done (e.g. Valentine and
Wohletz 1989; Branney and Kokelaar 1992; Druitt 1998;
Burgisser and Bergantz 2002; Sulpizio and Dellino 2008;
Roche 2012, 2015; Dufek et al. 2015; Dufek 2016; Roche
et al. 2016). Some of these studies directly contradict and
negate some of the central interpretations of the Sparks et al.
(1973) model and must be taken into account when trying to
interpret similar deposits. However, it is remarkable how sim-
ilar in terms of lithofacies and depositional sequences are the
deposits studied here compared to those described by Sparks
et al. (1973). This suggests that regardless of whether or not
the interpretations provided by these authors were correct,
both types of deposits, despite deriving from contrasting mag-
ma compositions, share common eruption, transport and de-
positional mechanisms and, consequently, have similar hazard
implications.

The fine-grained, thinly laminated and cross-bedded PDC
deposits that precede the emplacement of the massive PDC
deposits in the three examples studied seem to correspond to
ground surge deposits (Layer 1 in Sparks et al. 1973) laid be-
neath the front of the PDC due to the intense interaction be-
tween the PDC and the ground surface (Sparks and Walker
1973; Wilson and Walker 1982; Valentine and Fisher 1986;
Freundt et al. 2000). Accordingly, the massive PDC deposit
units would correspond to layer 2 sensu Sparks et al. (1973).
In all three cases, there is a reverse-graded ash layer at the base
that can be interpreted either as the product of the interaction

(friction) between themain flow and the substratum or as a fine-
grained deposit sedimented from the front of the flow. This fine-
grained layer that can be compared to layer 2a of Sparks et al.
(1973) grades into the main body of the deposit; although at
some points, the contact between the two is more abrupt. The
main part of the deposit (layer 2b, Sparks et al. 1973) is massive
in all cases but characterised by normal-to-coarse tail-grading in
the lithic clasts and reverse grading in the lighter juvenile frag-
ments. The fine ash layer (layer 3) described by Sparks et al.
(1973) is not evident on top of the GVF massive deposits,
probably due to post-depositional erosion.

Due to their high degree of induration, it was not possible
to conduct any grain-size analysis of these deposits using
sieving techniques. However, an estimate of the grain-size
distribution estimate was carried out using macroscopic and
microscopic image analysis. This reveals that these deposits
have a polymodal grain-size distribution frequency with high
sorting coefficients (>2), as is characteristic in classical ignim-
brites (Sparks et al. 1973; Sparks 1976; Freundt et al. 2000;
Sulpizio and Dellino 2008; Dufek et al. 2015; Dufek 2016).
The ash-grade matrix (15–40% in volume) is invariably com-
posed of devitrified glass shards and small scoria fragments
and maintains in all cases a variable proportion of lithic clasts
(15–40% in volume), as well as dense (10–30% in volume) or
vesiculated (5–15%) juvenile scoria fragments. The most
abundant of these generally angular-to-sub-rounded lithic
clasts are those derived from Eocene red sandstones (up to
80% of the total), followed by old lavas and subordinate
Eocene limestones. Some juvenile clasts show rounded-to-
sub-rounded morphologies, which is probably evidence of
abrasion during transport. There is also evidence in these de-
posits of a relatively high emplacement temperature, despite
the fact that their high lithic content should theoretically result
in a significant decrease in the initial flow temperature during
emplacement (seeMartí et al. 1991). The presence of flattened
scoria clasts and columnar jointing are evidence of high em-
placement temperatures (e.g. Freundt et al. 2000). However,
even though the original vitroclastric textures are still
recognisable, the degree of alteration of the matrix means that
it is unclear if the matrix ash shards are welded. Even so, the
application of a progressive thermal demagnetization proce-
dure to these pyroclastic deposits (Parés et al. 1993) revealed
stable magnetizations up to about 590 °C and no thermally
induced mineralogical changes below 620 °C, which suggests
that the maximum emplacement temperature of the Eocene
red sandstones in these deposits was ∼580 °C. This result,
together with the fact that a temperature over 400 °C is re-
quired to unblock the TRM of magnetite (as revealed by the
demagnetization during the laboratory-induced TRM), sug-
gests that the emplacement temperature of these deposits
would probably have been around 450–500 °C: the tempera-
ture at which magnetite appears at the expense of hematite in
these Tertiary red sandstones (Parés et al. 1993). Assuming an
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initial temperature of the basaltic magma of 1200 °C, the
decrease in temperature in these pyroclastic flows during em-
placement was about 700 °C.

All the studied deposits show valley-fill cross-sectional
patterns, which suggests emplacement by dense, high-
particle concentration, gas-lubricated particulate flows
(see Sparks et al. 1973: Wilson and Walker 1982; Druitt
1998; Freundt et al. 2000; Sulpizio and Dellino 2008;
Roche 2012; Dufek et al. 2015; Dufek 2016). The charac-
teristics of the studied deposits (matrix-supported textures,
and coarse-tail grading) indicate that turbulence was sup-
pressed by high particle concentrations, thus enhancing
differences in the settling velocities of the different clasts
during the transport of the main flow body. However, the
presence of localised thin cross-bedded deposits at the base
of the massive deposits and the discontinuous or lenticular
morphology of this layer throughout the entire lateral ex-
tent of the parent dense PDC also indicates localised tur-
bulent interaction between the PDCs and topography
(Valentine and Fisher 1986). Entrainment of a significant
volume of atmospheric air into the pyroclastic flow and its
further expansion would have contributed to reducing its
initial temperature together with the incorporation of cold
lithic clasts from the conduit. The presence of lenses of
lithic clasts and fine-depleted zones would also provide
evidence for periodic turbulent transport in the lower flow
boundary zone in contact with the substrate. Above the
zone, the PDC would be entirely turbulent all the time.
However, it is impossible to provide any estimate of the
volumetric expansion of these pyroclastic flows during
emplacement, as any possible fine-grained deposits de-
rived from an overlying turbulent ash cloud on top of the
massive deposits (layer 3 of Sparks et al. 1973) or as ve-
neer or overbank deposits will have been removed by sub-
sequent erosion.

Pyroclastic density currents generated during explosive
volcanism may exhibit emplacement velocities from a few
m/s to well over 100 m/s and may travel tens of kilometres
or more from the vent depending on their eruption dynamics
and flow characteristics (Sparks et al. 1978; Valentine and
Wohletz 1989). In the case of the small-volume massive
PDC deposits in the GVF, the maximum observed run-out
distances are 6–7 km. The minimum emplacement velocities
likely for these flows can be estimated at about 4.41 to 6.76m/
s (15.87 to 24.34 km h−1) using the approaches of Pittari et al.
(2007) and Roche (2015), respectively (see Appendix 1),
which correspond to typical values for PDCs of similar char-
acteristics (see Roche 2015)

Therefore, the characteristics of the massive PDC de-
posits studied here suggest that they were formed by depo-
sition from high-particle-concentration PDCs that behaved
in a similar way to the low-to-intermediate volume,
pumice-rich PDCs that are responsible for the deposition

of silicic ignimbrites. Given these transport and deposi-
tional characteristics, these deposits cannot be the product
of resedimentation processes, syn-eruptive debris flows or
lahars. The eruption mechanisms responsible for the gen-
eration of such PDCs can be explained within the frame-
work of the phreatomagmatic activity that characterised
these eruptions. In fact, the presence of abundant lithic
fragments from the Eocene aquifer that underlies the whole
area at a depth of 200–300 m is clearly indicative of the
occurrence of a magma/water interaction during the erup-
tions. In addition, the presence of poorly (dense) vesiculat-
ed scoria juvenile clasts in all deposits (which are occa-
sionally preceded and succeeded by deposits from dilute
PDCs) are further clear indicators of a magma/water inter-
action. However, it should be noted that these deposits
have only ever been found in eruptions where explosivity
occurred in the Eocene aquifer. Other phreatomagmatic
eruptions in the same area (e.g. Croscat, Sant Dalmai),
caused by an interaction between magma and water in the
shallower Quaternary aquifer, produced only dilute PDC
deposits (Martí et al. 2011). This suggests that the condi-
tions for generating massive flows are only achieved when
the magma/water interaction is controlled by the hydraulic
conditions and depth of the Eocene aquifer, which is
characterised by its relatively low transmissivity (25 m2/
day), a total depth of 400 m and a non-saturated zone of
10 m (Joan Bach, personal communication). We infer that
the flows were formed by the almost immediate collapse of
short but dense eruption columns resulting from a high
discharge rate that were produced during large energetic
Vulcanian or phreato-Vulcanian explosive events
(Fig. Fig. 8), similar to the process described by van
Otterloo et al. (2013) and van Otterloo and Cas (2016).
The presence of several flow units in some cases, however,
indicates that several explosions may have occurred during
the same eruptive phase, thereby generating subsequent
flow pulses that were superimposed following very similar
flow dynamics to those of silicic ignimbrites.

We thus propose that these massive PDC deposits or
ignimbrites were the product of transient explosions when
groundwater came into contact with magma during steady
phases of Strombolian eruptions. The presence of well-
stratified scoria lapilli fall deposits at the base of most of
these ignimbrites indicates that their emplacement was pre-
ceded by a sustained high-fire-fountaining/short eruption
column phase during a Strombolian eruption. Massive dis-
ruption of the underground water in the confined Eocene
aquifer, probably due to a decrease in the pressure inside
the conduit, caused a drastic change in the eruption dynam-
ics, giving rise to a sudden increase in the explosivity at
depth. This led to the erosion of the conduit and, subse-
quently, an increase in the mass eruption rate, thereby
overloading the eruption column and causing it to collapse
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over the crater and generate the PDC. The lack of compo-
sitional and textural changes of magma during these erup-
tions and the systematic appearance of Eocene lithic clasts
in the transition from Strombolian to phreatomagmatic
phases do not support the possible effect of variable gas
content, transient blocking of the conduit or groundmass
crystallisation in the magma as causes for the increased
explosivity. The resulting flows were emplaced into topo-
graphic depressions as highly concentrated PDCs that were
deposited up to several kilometres away as high-density,

granular flows (cf. Roche 2012) when the initial momen-
tum dissipated. On some occasions (e.g. Puig d’Adri), the
transient explosions were repeated several times during the
eruption and generated several flow units that produced
tens-of-metres-thick composite succession.

In addition to the three deposits we have described in detail
here, we know of the presence of many more in the GVF.
Similar dense-PDC deposits have been described in other vol-
canic fields (e.g. White 1991; Giordano et al. 2002; Gernon
et al. 2009; van Otterloo et al. 2013), which suggests that, in
addition to the more common dilute PDCs, the formation of
this particular type of dense PDC may also occur when
magma/water interact in confined aquifers with relatively
low transmissivity located a few hundred meters below the
surface. This is thus a reminder of the importance in hazard
assessment of understanding the characteristics of the sub-
strate in volcanic fields and, in particular, of the aquifers that
may exist at relatively shallow depths since they could have an
unexpected—and thus serious—impact at considerable dis-
tances from the vent.

Conclusions

The lithological and sedimentological characteristics of some
of the massive basaltic PDC deposits in La Garrotxa Volcanic
Field are similar to those of low-to-intermediate-volume ig-
nimbrites generated during explosive eruptions of silicic
magmas. We infer that these basaltic ignimbrites were derived
from transient phreatomagmatic episodes occurring during
Strombolian eruptions whose dynamics suddenly changed
and gave rise to a substantial increase in their explosivity
and mass flow rate. This generated overloaded eruption col-
umns that immediately collapsed, forming the flows that
emplaced chiefly along the main valleys and gullies. These
pyroclastic flows achieved velocities of several metres per
second, with run-out distances of up to 6 km from the vent,
and were deposited at relatively high temperatures (up to
550 °C). The fact that the resulting deposits present very sim-
ilar features to medium-to-low-volume silicic ignimbrites im-
plies that despite the differences between their eruptions dy-
namics and nature of juvenile components, the transport and
depositional mechanisms in both types of volcanic processes
were similar. Eruptions with these dynamics and capable of
producing such deposits thus represent an inherent and signif-
icant hazard in monogenetic basaltic volcanism, which is tra-
ditionally assumed to represent only a low threat.
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Fig. 8 Interpretative sketch of the eruption mechanisms that generated
the basaltic ignimbrites in La Garrotxa Volcanic Zone. In all cases of
ignimbrite deposits observed in the GVF, the succession of deposits is
very similar, which suggest a common eruption mechanism for all of
them. These eruption phases were preceded by pure Strombolian
magmatic episodes, characterised by magmatic fragmentation and
formation of scoria fallout deposits. Progressively magma/water (from
the Eocene aquifer) interaction started giving rise to the initiation of
hydromagmatic fragmentation and the incorporation of lithic clasts from
the Eocene aquifer in the scoria deposit. The phreatomagmatic character
of the eruption suddenly increased due to a more effective magma/water
interaction, generating vulcanian explosions that gave rise to the forma-
tion of overloaded eruption columns, rich in scoria fragments and lithic
clasts from the Eocene aquifer and the substrate rocks above it. These
eruption columns collapsed very rapidly, forming dense PDCs mostly
emplaced down the main valleys and gullies. The transport and deposi-
tion of these dense basaltic PDCs occurred in a similar way as some
small-volume silicic ignimbrites, giving rise to the same facie association
as that first described by Sparks et al. (1973) (see text for further
explanation)
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Appendix 1

Approximate minimum flow velocities have been calculated
using the approaches proposed by Pittari et al. (2007) and
Roche (2015), both aimed at calculating the minimum flow
velocity required by the parent flow to move lithic clasts cap-
tured from an underlaying substrate to a certain distance.
Following Pittari et al. (2007), if we assume that the force
required to move a static clast of certain dimension and den-
sity resting on bedrock is

F1 ¼ usmg ð1Þ

and that the force applied to a clast at rest by a pyroclastic flow is

F2 ¼ 0:5ρ f lν
2CDA ð2Þ

where us is the coefficient of static friction, m is the clast mass,
g is the acceleration due to gravity, ρfl is the bulk density of the
pyroclastic flow, ν is the pyroclastic flow velocity, CD is the
coefficient of aerodynamic drag and A is the clast surface
impacted by the flow force, and makingF1= F2, we have that

ν2 ¼ usmg=0:5ρ f lCDA ð3Þ

Considering a lithic clast size dimensions of 0.8 × 0.5 × 0.3
(volume = 0.12m3), which corresponds to the maximum lithic
clast (Eocene feldspathic sandstone) size we have recorded,
and the following input values: us = 0.7; A = 0.15 m2;
m = 300 kg (clast density = 2500 kg/m3); g = 10 ms−2;
ρfl = 1800 kg/m3; CD = 0.8, we obtain v = 4.41 m/s
(15.87 km/h). If we used the equation proposed by Roche
(2015)

v2 ¼ ρp−ρ f

� �
gC � γρ ð4Þ

where ξ is a shape factor equal to 2.3 for an ellipsoid, ρp is the
clast density, ρf is the gas density (∼1 kg/m3), g is the accel-
eration of gravity, C is the short length of the clast, γ ≈ 0.06 is
an empirical factor and ρ is the bulk flow density, and using
the same input values that in the previous case, we obtain a
minimum flow velocity of 7 m/s, equivalent to 24 km/h.
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