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Abstract 

Three discrete categories of sedimentary deposits are associated with glaciovolcanism: 
englacial cavity, jökulhlaup and lahar. Englacial cavity deposits are found in water-filled 
chambers in the lee of active glaciovolcanoes or at a locus of enhanced geothermal heat 
flux. The cavities provide a depocentre for the accumulation of debris, either abundant fresh 
juvenile debris with sparse dropstones (associated with active glaciovolcanism) or polymict 
basal glacial debris in which dropstones are abundant (associated with geothermal hot 
spots). Described examples are uncommon. By contrast, volcanogenic jökulhlaup deposits 
are abundant, mainly in Iceland, where they form extensive sandar sequences associated 
with ice-covered volcanoes. Jökulhlaups form as a result of the sudden subglacial discharge 
of stored meltwater. Analogous deposits known as glaciovolcanic sheet-like sequences 
represent the ultra-proximal lateral equivalents deposited under the ice. Glaciovolcanic 
lahars are associated with ice-capped volcanoes. They form as a result of explosive 
eruptions through relatively thin ice or following dome collapse, and they trigger mainly 
supraglacial rather than subglacial meltwater escape. Sediment transport and depositional 
processes are similar in jökulhaups and lahars and are dominated by debris flow and 
hyperconcentrated or supercritical flow modes during the main flood stage, although the 
proportions of the principal lithofacies are different. 

 

Introduction 

Glaciovolcanism is defined as ‘all types of volcano interactions with ice in all its forms 
(including snow and firn) and, by implication, any meltwater derived from that ice by 
volcanic heating’ (Smellie, 2006). It is widespread on Earth, extending from the equator to 
both polar regions (Major and Newhall, 2989; Smellie and Edwards, 2016; Curtis and Kyle, 
2017; Barr et al., 2018; Edwards et al., 2020; Fig. 1). The study of glaciovolcanism is a 
relatively young science but it is a distinctive and important component of hydrovolcanism 
(Edwards et al., 2015; Smellie and Edwards, 2016). It has a history of investigations going 
back only about a century but has undergone an exponential growth in interest during the 
past few decades (Russell et al., 2014). In part, this is due to the occurrence of two 
particularly significant well-monitored glaciovolcanic eruptions, both in Iceland: Gjálp in 
1996 (Gudmundsson et al., 1997) and Eyjafjallajökull in 2010 (Gudmundsson et al., 2012; 
Magnússon et al., 2012). The latter eruption, in particular, had a widespread and extremely 
costly impact on aviation, tourism and business travel for the duration of the eruptive 
period (Smellie and Edwards, 2016, p. 4). Glaciovolcanic eruptions have the power to 
reshape the surrounding landscape, often causing massive environmental damage mainly by 
ashfall, glacier outburst floods (jökulhlaups) and lahars (e.g. Carrivick et al., 2004b; Russell et 
al., 2006; Huggel et al., 2007 ; Friele et al., 2008; Dunning et al., 2013; Harrison et al., 2019; 
Thouret et al., 2020; Delgado Granados et al., 2021). 
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Post- 
Figure 1.   Map showing the global distribution of Holocene glaciovolcanoes (based on Edwards et al., 2020, 
modified). The inset shows an expanded view of Antarctica, which is poorly displayed on the main map due to 
the projection. The volcanoes are divided into ice-capped and ice-covered, as explained in the text and as they 
occur today. Ice-covered volcanoes are concentrated mainly in polar and sub-polar locations. However, most 
are ice-capped polygenetic stratovolcanoes associated with circum-Pacific consuming plate margins. During 
past glacials, the numbers and distribution of ice-covered volcanoes expanded towards lower latitudes, 
affecting additional volcanoes especially in Alaska and Patagonia, and probably including all of Antarctica’s 
volcanoes. 

eruptive erosion is ubiquitous and affects all volcanoes including those erupted in non-
glacial settings and the resulting sedimentary products have been well described by many 
authors, in particular in the seminal volume by Fisher and Smith (1991) and elsewhere in 
this volume. The wide range of natural post-eruptive erosional processes includes not only 
erosion by overriding glacial ice but also edifice degradation caused by gravitational 
collapses during ice-free or ice-poor interglacial periods when the buttressing effect of the 
surrounding ice is removed. These processes result in significantly modified landforms and a 
variety of epiclastic sediments, although neither aspects are generally well described 
(Smellie et al., 1993; Loughlin, 2002; Tuffen et al., 2002; Komatsu et al., 2007a). Because the 
processes result in normal epiclastic, mainly mass flow deposits that are not linked directly 
to active glaciovolcanism, they are not discussed further. Thin diamict drapes relating to 
younger glacial episodes, which have been observed on many glaciovolcanoes (Jones, 1969; 
Werner and Schmincke, 1999; Loughlin, 2002), are also excluded. 

To date, practically all of the emphasis of investigations of glaciovolcanoes by volcanologists 
has been focused on the ice-clad volcanic edifices and the primary eruptive products, i.e. 
the lavas and tephras (e.g. Smellie, 2001, 2006, 2008; Kelman et al., 2002; Tuffen et al., 
2001, 2002; McGarvie et al., 2007; Stevenson et al., 2006, 2009, 2011; Smellie et al., 2011a, 
2018; Conway et al., 2015; Edwards et al., 2015; Cole et al., 2018). Associated sedimentary 
rocks are only rarely described in those investigations, and seldom in detail (Bergh and 
Sigvaldason, 1991; Loughlin, 2002; Tuffen et al., 2002; Bennett et al., 2006, 2009). However, 
a major dramatic impact of glaciovolcanism is the occurrence of jökulhlaups (glacial outburst 
floods) and lahars, which can have a major impact on the local landscape. The products, 
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processes and landforms associated with jökulhlaups  and lahars have been a focus of 
numerous studies by sedimentologists (e. g. Jónsson, 1982; Scott, 1988; Hackett and 
Houghton, 1989; Maizels, 1989, 1993, 1997; Baker et al., 1993; Palmer et al., 1993; Scott et 
al., 1995; Tómasson , 1996; Donoghue and Neall, 2001; Carrivick et al., 2004a,b, 2007; Alho 
et al., 2005; Russell et al., 2006, 2010a,b; Duller et al., 2008, 2014; Pierson, 2005; Dunning et 
al., 2013; Pagneux et al., 2015). However, until now there has been no comprehensive 
overview of sedimentation linked to active glaciovolcanism, and its causes and 
characteristics. This is particularly true for distinctive deposits sedimented in proximal 
locations (i.e. at subglacial locations, close to the volcano source). This contribution sets out 
to redress that imbalance. 

Terminology 

In this paper, ‘englacial’ is used to describe cavities that are surrounded by ice. The usage of 
englacial and subglacial is confused in glaciovolcanology and both words are used in 
different publications depending on the authors’ preferences (cf. Tuffen et al., 2001, 2002; 
McGarvie, 2009; Smellie et al., 2011a; Russell et al., 2021). Following glaciological usage, 
englacial implies that ice should be present on all sides. However, since the initiation of 
glaciovolcanic eruptions is typically at a bedrock surface overlain by ice, ‘subglacial’ is often 
preferred. Etymologically, the prefix ‘en’ is used in English to signify ‘to put someone or 
some thing into or onto’, with no assumption of being completely surrounded. Moreover,  

 

Figure 2.   Classification of ice-clad volcanoes, as used in this paper. Ice-covered volcanoes are distinguished by 
ice thicknesses > c. 200 m over the vent. Hence, in addition to volcanoes that are drowned by an ice sheet 
(labelled a), they also include edifices that have summit calderas filled by thick ice but have thinner ice (often < 
200 m) on the flanks (labelled b). ‘Ice’ includes any snow and firn present. The consequences for meltwater 
discharge and resulting deposits are also shown for different glacier thermal regimes. In both ice-capped and 
ice-covered settings, it is likely that eruptions under cold-based ice result only in highly mobile meltwater flows 
or ice-slurry flows (e.g. Lube et al., 2009) with a negligible potential for preservation or recognition. Not to 
scale. See text for further details. 

many glaciovolcanoes grow upwards and ultimately penetrate the surface of the overlying 
ice. Thus an eruption that commences subglacially evolves to become subaerial, whilst still 
confined by ice on its flanks. It is then neither englacial nor subglacial but simply ice-
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impounded, potentially leading to a plethora of names required to describe a single edifice. 
In this paper, the term ‘englacial’ is used simply to imply that a cavity associated with 
glaciovolcanic activity (including geothermal activity lacking an associated volcanic eruption) 
is surrounded by ice on most of its sides. 

Volcanoes with an ice cover (including any snow and firn) are here called ice-clad. A further 
distinction is made between ice-capped and ice-covered (Figs 2, 3). It follows from the 
division proposed by Smellie and Skilling (1994) and Chapman et al., (2000) in which a  

 

Figure 3.  Views of selected ice-clad volcanoes. A. Mount Rainier, USA, an active ice-capped volcano with a 
summit elevation of c. 4000 m. Photo by Stan Shebs 
(https://en.wikipedia.org/wiki/GNU_Free_Documentation_License). B. Satellite image showing Mýrdalsjökull 
(Katla volcano) and Eyjafjallajökull, southern Iceland. Caldera outlines are indicated by red  dashed lines. Both 
are active ice-covered volcanoes but the thickness of ice within the summit caldera of Eyjafjallajökull (c. 200 m) 

https://en.wikipedia.org/wiki/GNU_Free_Documentation_License
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is at the transition separating ice-capped and ice-covered volcanoes, and the lateral extent of the ice on the 
volcano is quite limited. Eruptions in the Eyjafjallajökull caldera (e.g. that in 2010) create a meltwater-filled 
englacial vault that is short-lived and drains as a jökulhaup soon after an eruption starts (see Magnússon et al., 
2012, for the sequence of events in 2010). Should the capping ice become thinner in future, the volcano shall 
be classified as ice-capped. Ice within the Katla caldera is 400-700 m thick (Björnsson et al., 2000) and 
meltwater stored initially during eruptions is eventually released subglacially via glaciers that breach the 
caldera (e.g. Tómasson, 1996). NASA Earth Observatory image by Jesse Allen, using Landsat data from the U.S. 
Geological Survey. C. Satellite view of Mount Takahe, an active ice-covered volcano in Antarctica. The thickness 
of ice within the prominent summit caldera is unknown but likely to exceed 200 m. However, unlike ice-
covered volcanoes in Iceland, the implications for meltwater escape (and therefore jökulhlaups) are uncertain. 
Although high thermal gradients within the caldera caused by the cooling magma chamber might create local 
areas of wet-based ice, much of the volcano is covered by cold-based ice, and basal meltwater escape will be 
difficult. Image: Google Earth and U.S. Geological Survey. 

distinction was drawn between thin- and thick-ice conditions. Under thin ice, i.e. ≤ 100-200 
m (Smellie and Skilling, 1994; Chapman et al., 2000; see also Edwards et al., 2015; Curtis and 
Kyle, 2017), also called mountain ice or alpine ice, the glacial topography forms an icefield 
and the underlying topography of the volcano is clearly evident and exerts a powerful 
control on ice flow. The glacial cover offers little impediment to explosive eruptions and 
meltwater probably escapes continuously. These volcanoes are here called ice-capped in 
recognition that the glacial cover is a geographically limited capping mass and the lower 
slopes of the volcanoes are generally ice-free except for far-travelled glaciers (Fig. 3a). By 
contrast, ice-covered volcanoes are those which are draped by a geographically extensive 
sheet of ice, which covers much or all of the volcano and may extend far beyond the 
morphological limits of the volcano (Figs 2b,c). On these edifices, the thickness of ice above 
the vent is more than c. 200 m. For eruptions beneath ice > 200 m thick, explosivity is largely 
suppressed initially and a water filled vault is created. In general, ice-covered volcanoes are 
characteristic of the polar and sub-polar regions whereas ice-capped volcanoes are 
overwhelmingly dominant at mid and lower latitudes (Fig. 1). However, the discrimination 
between the two types of volcano is not rigorous and many volcanoes have summit calderas 
in which the ice exceeds 200 m in thickness whereas ice thicknesses on the flanks are just 
tens of metres (e.g. Mýrdalsjökull and Öræfajökull in Iceland; Hudson volcano in Chile; 
Naranjo and Stern, 1998; Björnsson et al., 2000; Magnússon et al., 2013; Fig. 4). On these  

 

Figure 4.  Map of Iceland showing the locations of places mentioned in the text. 
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volcanoes, the style of eruptions from summit vents will be different from those occurring 
at flank vents, with significantly different implications for the timing and volumes of 
meltwater and associated sediments. Further distinction can be made according to the 
glacial thermal regime (Fig. 2), which will determine the hydraulics of the volcanic eruption 
(as described below), the shape of the hydrograph of any meltwater discharge and the 
sedimentation paths. 

Deposits that are linked to erupting subaqueous (including subglacial) volcanoes are 
characteristically dominated by juvenile clasts that may be redeposited more or less 
contemporaneously while in an unlithified state (i.e. the syn-eruption resedimented 
deposits of McPhie et al., 1993). As a result, the deposits are highly immature and closely 
resemble primary volcaniclastic rocks both texturally and compositionally. Many 
volcanologists therefore use primary volcaniclastic names for rapidly resedimented 
deposits, formed dominantly of juvenile clasts (White and Houghton, 2006). Conversely, 
epiclastic terminology is used for deposits, usually polymict, showing evidence for erosion of 
previously lithified bedrock or whose particles differ in size and shape , especially evidence 
for abrasion during transport, from those formed during an eruption. However, a significant 
problem exists when discussing some clastic rocks associated with glaciovolcanism. As is 
described later, proglacial deposits of eruption-related jökulhlaups (glacier outburst floods) 
have been universally described by sedimentologists using epiclastic terminology. By 
contrast, the more-proximal subglacial equivalents of jökulhlaup deposits, known as 
glaciovolcanic sheet-like sequences (Smellie, 2008), have been described by volcanologists 
using volcaniclastic terminology. Thus, different parts of essentially the same deposits are 
currently described using contrasting terminology simply because of the location in which 
they were finally deposited (subaerial versus subglacial). In part this is because turbulent 
flow conditions associated with jökulhlaups (and lahars) are capable of eroding and 
incorporating additional debris from the surface over which they pass. Thus, whilst often 
dominated by juvenile volcanic clasts generated by the coeval eruption, the flows can 
become polymict due to a process called bulking up (described later). Moreover, clasts often 
show abrasion (rounding) mainly due to erosion of fluvial sediments from the substrate, 
although if the substrate becomes scoured of easily erodable detritus, angular juvenile 
detritus may become dominant in younger flows. In this contribution, to enable the easiest 
comparison with published studies, the terminology used in the original publications is used 
except where it is unambiguously incorrect (e.g. use of epiclastic terminology for deposits 
when they are clearly primary volcanic lithofacies that constructed volcanic edifices (i.e. 
monomict, angular-clast tephras and volcanic breccias; see Bennett et al., 2009). 
Additionally, most published studies of Icelandic volcanic outcrops conflate lapilli tuff, pillow 
breccia and hyaloclastite. They are typically all referred to as hyaloclastite despite the 
significant differences in the generation of those deposits. In this contribution, the 
terminology of White and Houghton (2006) is used for those volcanic lithofacies following 
the recommendations of Smellie and Edwards (2016). 

Hydraulics of glaciovolcanic eruptions 

The hydraulics of fluid flow in glaciers is of fundamental importance for understanding the 
timing, volume and transport paths of sediment moved during glaciovolcanic eruptions. The 
different thermal states of glaciers have profound differences for meltwater hydraulics. 
Glaciers and ice sheets occur in two broad end-member thermal regimes: cold-based ice 
(also called polar or frozen-bed ice) in which all the ice is below the pressure melting point 
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and the ice is frozen to its bed, and warm-based ice (also called wet-based or temperate ice) 
in which the ice is at or close to the pressure melting point throughout. An intermediate 
thermal state, called polythermal or sub-polar ice, comprises ice with a thin basal layer at 
the pressure melting point, or a patchwork mosaic composed of cold- and warm-based ice; 
in the former, a thin layer of meltwater intervenes between the ice and bedrock similar to 
warm-based ice whilst, in the latter, the individual patches have the same properties as 
cold- or warm-based ice. Although there are some practical differences between 
polythermal ice and both cold- and warm-based ice, they are relatively minor and for 
present purposes polythermal ice does not require a separate discussion. 

The treatment followed here is focused principally on eruptions associated with warm-
based ice, which is the overwhelmingly dominant thermal regime of ice on Earth (but not on 
other planets, e.g. Mars: Carr and Head, 2010; Hubbard et al., 2014) and in which sub- and 
englacial meltwater is a defining feature. The overlying ice is decoupled from its bedrock, 
thus permitting the ice to slide. Wet-based ice is thus much more dynamic than cold-based 
ice, which moves principally by slow internal deformation. Moreover, since meltwater 
generated during a volcanic eruption under cold-based ice conditions is sealed into an 
encircling vault by the enclosing ice, the ice cannot be floated and the meltwater can only 
escape supraglacially. This has implications for the constituent sedimentary materials and 
volumes of sediment transported, as will be discussed later. 

Water is transmitted only very slowly by Darcy flow along ice crystal boundaries in snow and 
firn and effectively not at all in ice, apart from in microfractures and crevasses. However, 
snow and firn particles readily melt and cause the bulk porosity and permeability to 
constantly change (Fig. 5). This is particularly true during the seepage of warm, volcanically  

 

Figure 5.  Schematic diagram illustrating the melting processes and migration of meltwater through firn or 
snow at the margins of a warm, meltwater-filled vault during a glaciovolcanic eruption (adapted from Smellie, 
2006). The ice particles melt continuously as the wetting front moves forward, altering the porosity and 
considerably increasing the relative permeability. Meltwater penetration is thus enhanced leading to 
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supraglacial escape. The grey objects are rock particles. Abbreviations: T1 – vault at time 1 (vault filling); T2 – 
vault at time 2 (vault overflowing); ui – water volume flux per unit area; K – intrinsic (hydraulic) permeability of 
the aquifer medium (firn/snow); ΔP/Δx – pressure or hydraulic gradient; ƞ – dynamic viscosity of water. See 
Smellie (2006) for further discussion. 

heated meltwater and it can lead to supraglacial drainage (overflowing), ultimately by pipe 
flow in tunnels during glaciovolcanic eruptions (Smellie, 2006). In warm-based ice, 
meltwater moves along the ice:bedrock interface either as slow distributed flow or faster 
channelized flow (Björnsson, 1998; Fountain and Walder, 1998). The latter is faster because 
it occurs within Nye and Röthlisberger channels, also called N and R channels, eroded in 
bedrock and ice, respectively. Their presence is of fundamental importance for 
understanding why englacial vaults created during volcanic eruptions are essentially leaky, 
when they are developed above pre-existing subglacial channel networks (Smellie, 2006, 
2018). Even if the eruptive site and associated englacial vault do not intersect a pre-existing 
tunnel network, Glen’s Law predicts that, at ice thicknesses exceeding 150-200 m, the 
horizontal stress at the ice:bedrock interface exceeds the vertical compressive stress thus 
theoretically enabling water in the vault to force a hole in the ice and potentially link up 
with any tunnels in the vicinity (Glen, 1954; but see Tweed and Russell, 1999). The 
development and relative proportions of supraglacial and subglacial drainage are important 
for understanding flood timing, sediment transport paths and meltwater volumes. 

It is also important to recognize that abundant meltwater can be produced in areas of high 
geothermal heat flow even without volcanic eruptions. These lead to distinctive ice surface 
features known as cauldrons caused by the collapse of the underlying ice (less dense than 
water). They are often associated with jökulhlaups, for example the Skaftá cauldrons in 
Iceland (Fig. 6; Einarsson et al., 2017). The very long cooling times for crustal magma  

 

Figure 6.  View of one of the Skaftá cauldrons (Vatnajökull, Iceland), which are caused by geothermal heat 
melting the overlying ice, causing the surface to subside. The feature is c. 2 km in diameter. Photograph by the 
author. All photographs in this paper are by the author unless otherwise attributed. 
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chambers associated with large polygenetic glaciovolcanoes may cause enhanced 
geothermal heat that can persist for many thousands of years, creating large water-filled 
englacial vaults that may be emptied repeatedly in jökulhlaups (e.g. Björnsson, 1988, 1992; 
Gudmundsson et al., 2007; Russell et al., 2010a; Einarsson et al., 2017). 

Glaciovolcanic edifices and effect on timing and volumes of meltwater generation 

For ice-capped volcanic edifices, the hydraulic consequences of eruptions are relatively 
simple. The cover of relatively thin ice (which includes snow and firn) is unable to suppress 
explosive eruptions, resulting in the construction of prominent pyroclastic cones (e.g. 
Smellie, 2002; Magnússon et al., 2012). Nor does the thin ice significantly impede the flow 
of meltwater, which escapes generally within minutes, or at most a few hours, of an 
eruption initiating (e.g. Kjartansson, 1951; Waitt et al., 1983; Scott, 1988; Pierson et al., 
1990; Trabant et al., 1994; Pierson, 1995; Magnússon et al., 2012). By contrast, the volcanic 
and hydraulic consequences for edifices that are ice-covered (i.e. ice > 200 m thick over the 
vent) are significantly different. Two broad types associated with thick ice can be 
distinguished based on the dominant constructive process. The first type mainly comprises 
tephra-bearing edifices in which explosive hydrovolcanism is prominent, resulting in 
glaciovolcanic tuff cones or tindars which are constructed in a meltwater-filled englacial 
vault. A tindar is a volcanic ridge constructed by a subglacially erupted, overlapping series of 
tuff cones along a volcanic fissure (Jones, 1969, 1970); it is often surmounted by laterally 
spreading lava-fed deltas if the edifice becomes subaerial, when it is called a tuya. 
Glaciovolcanic sheet-like sequences (sensu Smellie, 2008) can also form in these situations; 
although the type of edifice responsible for sheet-like sequences has not yet been 
described, it is probably a glaciovolcanic tuff cone or tinder (Smellie and Edwards, 2016). A 
second type of edifice formed under thick ice conditions forms non-explosively and is 
dominated by subaqueous lava effusion (pillow mounds, glaciovolcanic domes and lava-
dominated tuyas; Jones, 1969; Smellie and Edwards, 2016). It may transition up into 
explosive hydrovolcanic activity, as just described, but many examples cease at the effusive 
subglacial stage (e.g. McGarvie et al., 2007; Pollock et al., 2014). Absence of explosivity 
indicates that substantial pressure over the erupting vent exists typically corresponding to 
an ice roof thickness or meltwater depths ≥ 100-200 m (Jones, 1969; White et al., 2003; 
Zimanowski and Buttner, 2003). The hydraulic conditions are broadly similar in each case, 
involving initial meltwater build-up in an englacial vault encompassing the active volcanic 
edifice, during which time the meltwater leaks more or less continuously at the ice:bedrock 
interface, as exemplified by the well-documented glaciovolcanic eruption of Gjálp (Iceland) 
in 1996 (Fig. 7; Gudmundsson et al., 1997). Eventually floating of the surrounding ice occurs  

 

Figure 7.  Schematic cross section showing features of the 1996 eruption of Gjálp, Iceland (after Gudmundsson 
et al., 1997). Note the evidence for both subglacial and supraglacial meltwater drainage (black arrows). The 
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meltwater generated at Gjálp was temporarily stored in the Grímsvötn caldera before being released in a 
major jökulhlaup on Skeiðarársandur. Thus, the debris carried in the jökulhlaup was derived largely from the 
Grímsvötn basin and eroded from the subglacial transport path between there and the terminus of 
Skeiðarárjökull. It does not directly reflect the nature of the glaciovolcanic eruption at Gjálp. 

if the hydraulic pressure at the base of the water-filled vault balances the encircling 
cryostatic pressure, thus initiating a sudden outburst flood (jökulhlaup). Compared to 
eruptions at ice-capped volcanoes, there will be a strong delay in timing before the initiation 
of any jökulhlaup, amounting to several days or even weeks depending on the local 
conditions, especially thickness of ice being melted (Tómasson, 1996; Gudmundsson et al., 
1997). A principal difference between the two eruption modes at ice-covered volcanoes is in 
the rapidity of meltwater generation. It is much more efficient and thus faster during type 1 
hydrovolcanic explosivity than during type 2 passive lava effusion (Gudmundsson, 2003). 
However, passive lava effusion by itself will not result in floating of the surrounding ice. The 
slow conductive melting of the ice may only keep pace with the essentially continuous basal 
escape of meltwater, and conditions in the vault are never likely to be sufficient to break the 
ice seal by flotation. Thus, no jökulhlaup is likely to occur. The resulting hydrograph may 
broadly resemble that associated with eruptions under alpine ice although the slow 
generation of meltwater may significantly reduce the peak discharge. 

During jökulhlaup events, the escaping meltwater follows multiple routes through a glacier 
or ice sheet. Basal flow is mainly in tunnels rapidly enlarged by heat transferred from the 
volcanically-heated meltwater and by viscous dissipation. The sudden injection of water 
during some jökulhlaups can overwhelm the tunnel system leading to a distributed, linked-
cavity system, decoupling of the glacier from its bed, and a glacier surge (Björnsson, 1998). 
Supraglacial flow can also occur either by overflowing of the englacial lake or as a result of 
pressurized water forcing a way up crevasses (e.g. Gudmundsson et al., 1997; Roberts et al., 
2000; Waller et al., 2001; Smellie, 2002, 2006; Russell et al., 2010a,b; Figs 7, 8); supraglacial 
overflow is in any case the only way in which meltwater can escape during eruptions under 
cold-based ice. For subglacial discharge, the glacier snout is frequently disintegrated by the 
forceful exit of over-pressured meltwater, resulting in the generation of numerous ice 
blocks often tens of metres across that are diagnostic of jökulhlaups (Fig. 8). Sediment can 
be transported along any of these escape routes. 

 

Figure 8.  Cartoon showing hydraulics of meltwater flow at the snout of a glacier during a jökulhlaup (from 
Russell et al., 2010a, fig. 11.5). Note how the over-pressured water has forced its way up crevasses as well as 
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exiting at the snout via tunnel portals. Glacier snouts frequently break up en masse, contributing large 
numbers of often very large icebergs to the jökulhlaup. 

Three categories of sedimentary deposits associated with glaciovolcanic eruptions 

The major focus of this contribution is on deposits associated with glaciovolcanic eruptions 
and during periods of enhanced subglacial geothermal heat flow, often very long-lived, that 
do not result in a volcanic eruption. Moreover, an important consequence of the distinction 
into ice-covered and ice-capped volcanoes (Fig. 2) is that eruptions beneath thick ice, as 
defined above (i.e. ice-covered), characteristically yield jökulhlaups (sudden large-volume 
floods of meltwater released by ice-confined lakes after a period of impoundment) and their 
deposits. By contrast, eruptions under thinner alpine ice at ice-capped volcanoes are unable 
to pond significant volumes of meltwater and its discharge is essentially continuous from 
the earliest stages of an eruption. The latter result in flows known as lahars together with 
their deposits. Although the products of jökulhlaups and lahars are similar (combinations of 
debris flow and hyperconcentrated flow deposits), their triggering conditions (i.e. lake flood 
versus snowmelt/ice scour) are different and they are generally treated as distinct types of 
mass flows (e.g. Gudmundsson, 2015; Curtis and Kyle, 2017; Barr et al., 2018). The 
hydrographs are also similar, with a steep rising stage and much more gradual falling stage. 
Although lahar hydrographs are perhaps more often multi-peaked during the falling stage, 
there is no clear distinction with jökulhlaups (cf. Maizels, 1997; Pierson et al., 1990; Pierson, 
1995; Lube et al., 2009). Three major categories of clastic deposit types associated with 
glaciovolcanism can be distinguished based on differences in structural setting (a 
combination of geothermally active sites with or without volcanic activity; and volcanic 
eruptions beneath thick and thin ice). They comprise (1) englacial cavity deposits; (2) 
jökulhlaup deposits; and (3) lahar deposits. 

Englacial cavity deposits 

In present context, englacial cavities are voids created by melting due to geothermal heat 
associated with glaciovolcanism. Typically, they form above a glaciovolcanic edifice during 
an eruption but they are also created above areas of long-lived high heat flow associated 
with large polygenetic volcanoes and the prolonged cooling of their magma chambers 
(Gudmundsson et al., 2007; Einarsson et al., 2017). Only static ice conditions have previously 
been considered (and are usually unstated) in models for erupting glaciovolcanoes but, 
given that most bedrock surfaces are not horizontal but have gradients, glaciovolcanism 
associated with moving ice must occur frequently in nature. Away from steep gradients, ice 
movement is typically very slow in most ice masses (few metres to tens of metres yr-1; 
Hambrey and Glasser, 2005) so an assumption of effectively static ice is realistic for short-
lived eruptions (months to few years). However, much faster flow occurs in ice streams and 
outlet glaciers, and on steep gradients (few kilometres yr-1;  Rignot et al., 2011). Only a 
single model has been published for a glaciovolcanic centre that is postulated to have 
erupted under fast-moving ice (an ice stream), which resulted in a distinctive constructive 
architecture and volcanic lithofacies (Smellie and Panter, 2021). Most glaciovolcanoes 
described so far are small monogenetic centres for which the build-up, release & decay of 
geothermal heat occur over short timescales (weeks, months or, at most, a few years). Thus, 
the assumption of essentially static ice is permissible in most instances even when that ice is 
in reality moving slowly. However, for larger polygenetic centres or monogenetic centres 
associated with long-lived volcanic fissure systems, the lifetime of above-background 
geothermal heat is considerably extended (for example, a decay lifetime of c. 50 ka is not 
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unusual for high-level crustal magma chambers associated with large polygenetic centres; 
Fassett and Head, 2006, 2007). If ice moves rapidly across a geothermal hot spot, an 
asymmetrical englacial cavity is created on the lee side. For the cavity to be filled with 
meltwater, relatively thick ice (> 100-200 m) is required. Such a situation has been described 
in detail for two examples associated with volcanic fissures in Iceland by Bennett et al. 
(2006, 2009) and they are summarized here. 

Subglacial glaciolacustrine fans have been identified in Iceland associated with prominent 
volcanic fissure systems in the Laugarvatn and Brekknafjöll—Jarlhettur areas (Fig. 9). Similar 
deposits have not been described by other authors elsewhere, which implies that the  

 

Figure 9.  Simplified geological map of the area between Laugarvatn and Brekknafjöll—Jarlhettur (modified 
after the Geological Survey of Iceland (http://jardfraedikort.is/?coordinate=64.23%2C-20.45&zoom=3) and 
Jones, 1969), showing the locations of known outcrops of englacial cavity (glaciolacustrine) deposits (after 
Bennett et al., 2006, 2009). The glaciolacustrine outcrop in the Jahrlhettur area is approximate and others may 
exist there. The outcrops of breccia/tuff breccia of the lava-fed deltas (tuya edifices) are estimated. Palaeo-ice 
sheet flow lines (grey arrows) after Hubbard et al. (2006). The inset shows the location of the map within 
Iceland. 

deposits might require unusual conditions for their formation and preservation. In the 
Laugarvatn area, glaciovolcanism is represented by multiple overlapping tindars and tuyas 
that erupted at different times during the Quaternary (< 780 ka) from a prominent north-
east-trending fissure system. The centres are historically significant in that they were a focus 
of one of the earliest glaciovolcanic studies, in which a general model for glaciovolcano 
construction was established (Jones, 1969, 1970). Two sedimentary fan successions were 
described by Bennett et al. (2006). One, at Efstadalsfjall (Fig. 9), is c. 1.5 km in length (apex 
to toe) and up to 3.5 km in width, formed of deposits that vary from 25-35 m thick in distal 
parts to < 10 m near the fan apex. The sedimentary dips decline in a south-westerly 
direction progressively from 24-28° in the main part of the fan to < 5° distally. The second 
fan, at Hrossdalur (Fig. 9) is smaller and less well exposed, measuring c. 1.2 km long and up 
to 800 m wide, composed of sedimentary deposits that attain a maximum thickness of 33-
55 m. The fans, and a third fan at Bjarnarfell nearby (otherwise undescribed), are confined 

http://jardfraedikort.is/?coordinate=64.23%2C-20.45&zoom=3
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to the down-flow (lee) side of the volcanic edifices relative to the prevailing ice flow 
direction, but they drape the edifices to a high elevation. They are constructed from 
successive sedimentary sheets orientated sub-parallel to the fan surface, which onlap 
volcanic rocks composed mainly of pillow lava and pillow breccia representing basal pillow 
mounds and overlying breccia/tuff breccia foreset bedded deposits of tuyas (Jones, 1969, 
1970). The beds are cross-cut by numerous large (> 50 m) and small (< 30 m) channels, 
which are broader distally. The deposits are polymict and contain little or no primary 
(juvenile) volcanic material. They are dominated by abraded (sub-rounded—sub-angular) 
volcanic clasts, and many clasts show striations and facetting. Six recurrent epiclastic facies 
assemblages were defined including massive to stratified diamicts, in which dropstones are 
common; gravel, sand and silt sheets and channel fills; and laminated silts and rhythmites, 
also with numerous dropstones (Figs 10, 11). Although the deposits are essentially lithified 
(i.e. diamictite, conglomerate/breccio-conglomerate, sandstone, siltstone etc), the  

 

Figure 10.  Selected sedimentary logs of glaciolacustrine sequences at (A) Eftadalsfjall and (B) Brekknafjöll 
(from Bennett et al., 2006, 2009). In B, note the presence of juvenile debris in the clast population at 
Brekknafjöll (inset), significantly more angular than associated polymict debris and consistent with coeval 
active glaciovolcanism. See Bennett et al. (2006) for explanation of the lithofacies notations. 

terminology used by Bennett et al (2006) is that for unlithified deposits. It is retained here to 
facilitate direct comparison with their study. After advancing arguments rejecting the 
possibility that the sediments might be related to marine sedimentation during a high sea-
level period or deposition in an ice-dammed lake, Bennett et al. (2006) postulated the 
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existence of a subglacial cavity and sediment depocentre on the lee (southern) side of the 
Laugarvatn volcanic edifices. The local presence of subglacial diamicts overlying the 
Hrossdalur fan is also consistent with an ice-confined setting. The sediments were  

 

Figure 11. Selected close views of polymict glaciolacustrine lithofacies characteristic of englacial cavity 
deposits at Eftadalsfjall (from Bennett et al., 2006). A. Laminated siltstone and mudstone interbedded with 
thin clast-supported diamicts showing evidence for current winnowing. B. Laminated diamict with siltstone 
stringers and dropstones passing up into massive to weakly stratified diamict. C. Prominent abraded dropstone 
in laminated siltstone and mudstone. D. Laminated diamict, a common lithofacies, with small scour structures, 
silty drapes and numerous small dropstones. E. Abundant abraded dropstones within laminated diamict. 

interpreted as products of subaqueous rain-out of subglacial debris associated with rapid 
suspension settling and some current reworking (represented by massive and stratified 
diamicts); deposition from fast-flowing, often substrate-eroding sediment gravity flows, 
variably hyperconcentrated and concentrated flows and turbidity currents (gravel, sand and 
silt sheets and channel fills); and rapid suspension settling or fine-grained turbidity currents 
in a quiet-water setting (laminated silts and rhythmites). The presence of abundant 
dropstones and gravel pods (likely till lumps; cf. Smellie et al., 2011b) in several lithofacies 
indicate frequent subglacial debris rain-out throughout the sedimentation period. 

The creation of an englacial cavity was ascribed to a local high heat flux associated either 
with the cooling volcanic pile in the immediate post-eruptive period or else a renewed 
episode of enhanced heat flow. The geothermal heat melted the basal ice as it passed over 
the volcanic rocks, creating large volumes of meltwater and causing an increased flux of ice-
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transported basal polymict debris, which draped the volcanic substrate and created a 
sediment fan. Although the lithologies comprising the debris were not described by Bennett 
et al. (2006), it is likely that they were composed almost exclusively of material eroded from 
the adjacent volcanic centres rather than derived from significantly more distant sources 
(e.g. beneath Langjökull; Fig. 9). The abraded shapes indicate that the clasts were eroded by 
the ice and were not redeposited syn-eruptively, suggesting that they were probably not 
associated with a coeval eruption but with a later episode of geothermal heating. The 
presence of dropstones throughout also suggests that an ice roof covered the cavity during 
the depositional period, providing an abundant source of continuously-replenished basal 
debris (cf. Bennett et al., 2006, fig. 11a). It was suggested that the dimensions of the 
englacial cavity may have varied with time as a function ice overburden pressure, ice 
velocity and water volume. The presence of numerous large and small channels suggested 
the presence of strong currents passing through the vault. 

The Brekknafjöll—Jarlhettur area consists of several north-east-trending fissures marked by 
prominent linear ridges (tindars; Fig. 9). It is a north-easterly prolongation of the fissure-
erupted volcanic system exposed in the Laugarvatn area but lacks the well-developed tuyas 
(flat-topped lava-fed delta caprocks) of the latter; tuya development is only incipient. The 
ridges are characterized by a beaded or serrated appearance due to multiple peaks that 
represent the sites of individual explosive hydrovolcanic vents that constructed the tindars 
(Bennett et al., 2009; Smellie and Edwards, 2016, fig. 10.8), many of which were probably 
simultaneously eruptive. In their study Bennett et al. (2009) described six recurrent 
lithofacies assemblages. From the published details, use of epiclastic terminology 
throughout (including for volcanic lithofacies of the tindars) and lack of a geological map, it 
is difficult to define the full outcrop extent of the epiclastic deposits but they appear to be 
restricted to a relatively small area on the south-east flank of one of the tindar ridges 
(Brekknafjöll; Fig. 9); it is likely that additional outcrops exist in the Jarlhettur area. Most of 
the lithofacies assemblages identified are primary glaciovolcanic (eruptive) deposits and 
they refer to the construction of the volcanic centres. Only one lithofacies assemblage is 
epiclastic and is of particular interest (Assemblage 1 of Bennett et al., 2009). It is formed of 
interbedded massive diamict, stratified diamict and sandy gravels, with lesser laminated silts 
and laminated diamict (Fig. 12). Because the deposits are lithified they should properly be 
called diamictite, conglomerate, etc similar to that used for analogous Laugarvatn outcrops,  

 

Figure 12.  Sketch view of channel-based massive and crudely stratified diamicts in englacial cavity deposits at 
Brekknafjöll (from Bennett et al., 2009). 

but the original terminology is retained here. Larger clasts are sub-rounded to sub-angular, 
mainly composed of polymict basalts showing abrasion, including striated and facetted 
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surfaces. They dominate the basal beds, in which dropstones are also locally common. 
However, angular juvenile clasts are also present. They are generally scarce to absent in 
basal exposures but their proportion rapidly increases upward and they become dominant. 
The lithofacies generally rest on sheared diamict that overlies a striated surface cut in 
subaerial lava. The sedimentary lithofacies form a prominent discordant drape on the 
glaciovolcanic tindar edifice, whilst at the base of the tindar they are overlain along steep 
contacts by tindar lithofacies (i.e. mainly pillow lava and lapilli tuff; cf. Skilling, 1994; Smellie, 
2001; Schopka et al., 2006; Bennett et al., 2009). The contradicting field relations can be 
explained by the contemporaneous deformation that the sedimentary deposits have 
undergone during coeval eruption of the associated tindar (see below). Finer-grained 
interbedded units display numerous small current scours and the diamicts commonly 
contain channels up to 0.6 m deep and 8 m in width filled by massive and stratified diamict, 
some of the latter resembling planar cross sets (Fig. 12). Dropstones are locally common. 

The sediments at Brekknafjöll—Jarlhettur are similar in many respects to the fan deposits in 
the Laugarvatn area. They were interpreted as glaciolacustrine deposits associated with 
debris rain-out, current reworking and erosional scouring. They form broad low-angled fan 
accumulations composed mainly of stratified diamicts and matrix- and clast-supported 
gravel sheets deposited from debris flows, hyperconcentrated flows, and rare turbidity 
flows respectively. As at Laugarvatn, the occurrence of numerous channels attests to strong 
water flow and associated diamict remobilization. Quiet water deposits (laminated diamict, 
silts and rhythmites) are minor and restricted to distal locations. The sites for the latter 
deposits are sometimes as much as 750 m from the steep ridge margins, attesting to a 
relatively extensive englacial cavity that in places was wider than the main volcanic ridge 
itself (typically 400-500 m in diameter). 

 

Figure 13.  Views of deformed glaciolacustrine englacial cavity deposits on the south-east flank of Brekknafjöll, 
at Leynifoss. A. View of pale-coloured slumped diamicts and gravels south-west of Leynifoss on the flank of the 
Brekknafjöll tindar. B, C. Deformed, overturned diamict and gravels, shouldered aside by pillow breccia and 
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‘hyaloclastite sand’ (probably lapilli tuff) of the Brekknafjöll tindar. Each of these views is sketched and 
described by Bennett et al. (2009, figs 17b,c,d, 18). 

The field relations between sediments and volcanic rocks at Brekknafjöll—Jarlhettur, and 
the spectacular large-scale deformation structures shown by the sediments (Fig. 13), were 
explained by Bennett et al. (2009) as a consequence of the lateral growth of the volcanic 
core during eruption. The edifice was thus envisaged subsiding into and  ‘bulldozing’ aside 
the fan deposits while they were still water saturated, soft and easily deformed (Fig. 14). 

 

Figure 14. Schematic diagram illustrating a model for creating the deformation structures observed in 
glaciolacustrine englacial cavity deposits at Brekknafjöll (Bennett et al., 2009, fig. 19). The view is transverse to 
the tindar ridge axis. 

An additional volcano-sedimentary deposit at Arnarþúfur, near Bláfjöll, south-west Iceland, 
was described by Hamilton (2004). It is less well characterized but may also be an englacial 
cavity sequence associated with a small active glaciovolcano. The deposit is narrow, thin and 
thus ribbon-like (Fig. 15). It is sourced in a small tuff cone (Vífilsfell) c. 1 km in basal diameter 
from which the Arnarþúfur deposit extends > 4 km. The Arnarþúfur outcrop is < 0.5 km 
wide, elongate and tapers in a north-westerly direction. The tuff cone sits on top of a 
southwest—northeast elongated fissure-erupted tindar and tuya formed of explosively 
generated lapilli tuff, pāhoehoe lava and volcanic breccia. The tindar was constructed on top 
of a poorly exposed, low-elevation pillow lava mound that was probably formed coeval with 
the tindar, and the tindar locally evolved into the flat-topped tuya, with its lava-fed deltas. 
The tindar/tuya was eroded by ice prior to eruption of the young tuff cone outcrop at the 
summit. Vífilsfell, which was also erupted subglacially, is a conical mound composed of 
thinly stratified, palagonite-altered lapilli tuff with peripheral slump deposits. The summit is 
c. 200 m above the surrounding lava plain. Quaquaversal bedding defines a single central 
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vent and the presence of bombs lacking well-defined impact structures suggests that 
eruption and deposition were subaqueous. A wet tephra pile is also indicated by the 
pervasive palagonitization and dykes with pillowed margins, but the presence of welded 
scoria interbedded with lapilli tuff in the summit crater implies that subaerial activity  

 

Figure 15. Simplified geological map of the Bláfjöll—Vífilsfell–Arnarþúfur area, south-west Iceland (modified 
after the Geological Survey of Iceland (http://jardfraedikort.is/?coordinate=64.23%2C-20.45&zoom=3) and 
Hamilton, 2004), showing the locations of known outcrops of putative englacial cavity (glaciolacustrine) 
deposits. The outcrops of breccia/tuff breccia of the lava-fed deltas (tuya edifices) are a best-estimate. Palaeo-
ice sheet flow lines (grey arrows) after Hamilton (2004) and Schopka et al.(2006). The inset shows the location 
of the map within Iceland. 

ultimately occurred. Although the tuff cone outcrop is approximately circular in plan view, it 
is asymmetrical in elevation (steep and taller to the ESE, gently tapered and lower to the 
WNW) and aligned northwest—southeast parallel to the prevailing coeval ice flow direction 
(flow to the north-west; Hamilton, 2004; Schopka et al., 2006). The summit of Vífilsfell is 
horseshoe shaped and opens into a channel on its south-west side, which curves round to 
the north-west with distance. The Arnarþúfur outcrop consists of several small relict 
mounds 20-30 m high composed of lapilli tuff similar to Vífilsfell (Fig. 15). Climbing ripples 
and current flutes are locally common and suggest north-westerly palaeoflow. The 
stratification is mound-like, with dips pointing symmetrically away from the central outcrop 
axis, to the north-east and south-west, but bedding orientations are commonly disturbed. 
The outcrops become finer grained and the clasts are more abraded in a north-westerly 
direction. The predominant thinly planar stratified lithofacies is closely comparable with 
that shown by pyroclastic density currents (cf. Branney and Kokelaar, 2002), but deposited 
subaqueously. Hamilton (2004) inferred that the once-continuous Arnarþúfur outcrops were 
deposited within a subglacial drainage channel coeval with eruption of the Vífilsfell tuff 
cone. The presence of abundant armoured lapilli (ash-coated lapilli?; Brown et al., 2012) 

http://jardfraedikort.is/?coordinate=64.23%2C-20.45&zoom=3
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indicates that eruptions at the tuff cone had a subaerial plume prior to incorporation of the 
lapilli (following column collapse?) in subaqueous sediment gravity flows in the Arnarþúfur 
ice tunnel. Inward-dipping beds on the margins of the outcrops (also seen in edifice-
marginal glaciolacustrine deposits at Brekknafjöll—Jarlhettur, described above; Bennett et 
al., 2006) suggest either centroclinal flow or the beds were banked up against the ice wall 
margins of the tunnel. The location of the ice tunnel relative to Vífilsfell and its north-
westerly elongation are also consistent with deposition in an englacial cavity caused by ice 
flow in that direction, across a warm active volcanic mound, which supplied the abundant 
juvenile debris. It is therefore regarded here as a subaqueous englacial ice cavity deposit 
associated with active glaciovolcanism. It is suggested that the Arnarþúfur deposit is similar 
to broadly analogous deposits at Brekknafjöll—Jarlhettur. 

The only other published example known to the author of sedimentary rocks potentially 
deposited in an ice cavity setting are associated with a felsic tuya at Rauðufossafjöll, Iceland 
(Tuffen et al., 2002). The outcrop is a 15 m-thick sequence of pumiceous gravelly sandstone, 
a basal polymict diamict and rhyolitic (including obsidian) breccias deposited variably by 
traction currents, hyperconcentrated flows, debris flows and rock avalanche. The sequence 
is only exposed on one flank of the felsic tuya and exposure is laterally very limited. Beds dip 
at 20-30° away from the tuya and they occupy a channel cut into felsic ash. The uppermost 
bed is a rhyolite breccia inferred to be derived by gravitational collapse of a nearby rhyolite 
lava dome, thus linking sediment deposition with construction (eruption) of the tuya, but 
the relationships are not clearly exposed. It was postulated that deposition fluctuated 
between subaerial and subaqueous, presumably in an ice tunnel marginal to the volcanic 
edifice. Deposition was therefore in an englacial cavity. Despite the differences in 
composition and their much smaller development at Rauðufossafjöll, there is a crude 
resemblance in structural position and depositional processes to the mafic-composition fan 
deposits at Laugarvatn and Brekknafjöll—Jarlhettur. Other examples of englacial cavity 
sediments associated with glaciovolcanism must exist elsewhere but it is remarkable that so 
few examples have been noticed and published, a conundrum that requires explanation. 

Jökulhlaup deposits 

Glacierized landscapes are frequently affected by outburst floods known as jökulhlaups, the 
sedimentary products of which create vast proglacial outwash plains known as sandar 
(singular: sandur; Björnsson, 2002; Tweed and Russell, 1999; Carrivick and Tweed, 2019). 
The floods form in three principal ways: (1) as enhanced runoff following storms, which 
results in moderate-magnitude flows; (2) from the sudden drainage of glacier-impounded 
lakes; and (3) as a result of glaciovolcanic eruptions. Floods from category (2) and (3) events 
are large magnitude and often described as catastrophic. They include the largest 
freshwater floods in Earth history, with volumes and discharges exceeding 106 m3s-1 (e.g. 
Baker et al., 1993; Carrivick et al., 2004b; Alho et al., 2005; Carrivick, 2007). Jökulhlaups 
from ice-dammed lake-draining events are sometimes called limno-glacial whilst those 
associated with glaciovolcanic eruptions are referred to as volcano-glacial (Maizels, 1989, 
1993, 1997). They may also be called limnogenic and volcanogenic, respectively (Jónsson, 
1982; Russell et al., 2010a; Pagneux et al., 2019). Although limno-glacial jökulhlaups are 
associated with the largest floods (e.g. the Pleistocene Altai outburst flood of c. 18 x 106 
m3s-1; Baker et al., 1993), those associated with volcanism can also be significant (Carrivick 
and Tweed, 2019) and some jökulhlaups are named after their source volcano (e.g. 
Grímsvatnahlaup: Tómasson, 1975; Katlahlaup: Jónsson, 1982). The largest-known volcano-
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glacial jökulhlaups occurred during the Holocene and were sourced in the Kverkfjöll volcano 
(northern flank of Vatnajökull, Iceland). They were routed through Jökulsá á Fjöllum and 
involved repeated events with discharges of 105–106 m3s-1 (Carrivick et al., 2004b; Alho et 
al., 2005), although more recent studies suggest that these values are substantially 
overestimated (van der Bilt et al., 2021). The 1918 jökulhlaup from Katla (Iceland) reached a 
maximum discharge of 2.5-4.0 x 105 m3s-1 (Jónsson (1982) estimated the discharge as 1.6 x 
106 m3s-1), releasing a total volume of c. 8 km3 of flood water. Although the principal flood 
lasted only half a day, it temporarily moved the coastline seaward by 3.6 km (Tómasson, 
1996; Duller et al., 2014). Finally, the short-lived, mafic glaciovolcanic eruption of Gjálp in 
1996, also in Iceland (Vatnajökull), generated a flood of 3.4 km3 and a discharge that peaked 
at 5 x 104 m3s-1 (Jóhannesson, 2002), equivalent to four times the discharge of the 
Mississippi River. It was thus briefly the second largest freshwater discharge on Earth, 
exceeded only by the Amazon, despite being generated by a comparatively small volcanic 
eruption (Smellie and Edwards, 2016, p. 81). The associated jökulhlaup also delivered more 
than 1.8 x 106 tonnes of suspended solids to the sea in only 42 hours (Tómasson, 1996; 
Stefánsdottir and Gíslason, 2005). This amounts to c. 1 % of the total annual suspended flux 
delivered by rivers globally to the oceans. Jökulhlaups with discharges less than c. 2-4 x 103 
m3s-1 are probably below the limits of detection within the sedimentary and landform 
record (Maizels, 1989). 

The hydrographs of limno-glacial and volcano-glacial jökulhlaups differ. Limno-glacial 
hydrographs characteristically exhibit a relatively slow, gradual rise in discharge followed by 
a rapidly falling limb. By contrast, volcano-glacial hydrographs commence abruptly with a 
rapid rise to peak discharge followed by a much more gradual falling limb (Maizels, 1993; 
Tómasson, 1996; Jóhannesson, 2002). The hydrograph profiles are generally explained by 
the ability of volcanically heated meltwater to rapidly enlarge subglacial tunnels compared 
with much colder water sourced in glacial lakes (Björnsson, 1998; Waller et al., 2001). An 
over-pressured water-filled englacial cavity can also be hydraulically lifted, thus propagating 
a subglacial pressure wave and allowing an early peak discharge to be established 
(Jóhannesson, 2002; Einarsson et al., 2017), but the fundamental reasons for the differences 
between hydrographs are not fully understood. Hydrograph shapes can be more irregular 
owing to ancillary effects such as temporary blockages during tunnel collapses or 
constriction by ice masses in transport leading to pulsed flow (Sturm et al., 1987; Maizels, 
1997; Tómasson, 1996). Jökulhlaups may even change their drainage routes as a result of 
substantial tunnel blockages (Tweed and Russell, 1999). 

Jökulhlaups are strong geomorphological agents capable of creating substantial landforms 
and significantly modifying landscapes (e.g. Maizels, 1997; Carrivick et al., 2004a; Russell et 
al., 2010a). They are also characterized by distinctive features such as kettles and ice-block 
obstacle marks (Maizels, 1992; Branney and Gilbert, 1995; Russell et al., 2000; Fay, 2002a,b; 
Everest and Bradwell, 2003; Roberts and Gudmundsson, 2015), which are diagnostic of 
jökulhlaups. Kettles can survive for decades to hundreds of years (Fig. 16; Everest and 
Bradwell, 2003; Roberts and Gudmundsson, 2015) and they can leave a distinctive imprint in 
the geological record (Maizels, 1992; Olszewski and Weckwerth, 1999; Russell et al., 2010a; 
Smellie et al., 2016). Moreover, because of the actual and potential economic damage and 
loss of human lives associated with jökulhlaups, their triggers, progress, processes involved 
and the resulting sedimentary products and landforms are well studied and there is a large 
published literature (e.g. Jónsson, 1982; Maizels, 1989, 1993, 1997; Tómasson , 1996; 
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Gudmundsson et al., 1997; Tweed and Russell, 1999; Carrivick et al., 2004a,b, 2007; Elíasson 
et al., 2006, 2007; Russell et al., 2006, 2010a; Komatsu et al., 2007b; Duller et al., 2008, 
2014; Marren et al., 2009; Pagneux et al., 2015). Much of it is focussed on the outwash 
plains (sandar) of southern Iceland, which extend for tens of kilometres from the margins of  

 

Figure 16. Photographs of kettles formed from buried ice preserved in historical jökulhlaup deposits, 
illustrating how resistant such ice-block structures can be to removal by erosion. A. Small kettle in a deposit on 
Deception Island (Antarctica) formed during the 1969 glaciovolcanic eruption of Mt Pond (see Smellie, 2002), 
photographed in 1995; the kettle is c. 3 m in diameter. B. Large kettle in the Kotá fan (Iceland), measuring c. 70 
m in diameter, formed during a major jökulhlaup associated with the 1727 glaciovolcanic eruption of 
Öræfajökull (see Roberts and Gudmundsson, 2015), photographed in 2013. 

ice caps and glaciers. Numerous papers have established the range of lithofacies deposited 
by jökulhlaups (e.g. Maizels, 1989, 1993, 1997; Carrivick et al., 2004b; Marren et al., 2009; 
Russell et al., 2010a; Duller et al., 2006, 2009). Observed and modelled jökulhlaups show 
that they can be extraordinarily extensive, rapid and deep over large areas. For example, the 
1918 Katlahlaup inundated the full width of Mýrdalsandur and had calculated mid-sandur 
flow depths of 20-30 m (Maizels, 1993; Tómasson, 1996). Modelled Katlahlaups are also 
capable of inundating the Markarfljót valley in only 10 hours, with modelled flow depths of 
20-25 m proximally, diminishing to 10 m by the coast (Elíasson et al., 2007). The volume of 
meltwater discharged correlates with eruption magnitude and duration (Jónsson, 1982; 
Tómasson, 1996; Russell et al., 2010a). Jökulhlaups suddenly entering the sea can also 
create tsunami (Elíasson, 2008). Present-day rivers on Iceland’s sandar are misfits that 
cannot explain the large-scale erosional features and depositional volumes observed 
(Russell et al., 2010a). 

In this paper the focus is only on volcano-glacial jökulhlaups and their associated sediments. 
A key condition for the generation of these jökulhlaups is the temporary impoundment of 
meltwater in a subglacial vault, the sudden release of which causes a jökulhlaup. 
Jökulhlaups are therefore restricted to ice-covered volcanoes, i.e. those in which the 
thickness of ice above the vent is > c. 200 m (Fig. 2). Volcano-glacial jökulhlaup deposits are 
generally distinguished by an overwhelming abundance of fresh juvenile detritus, typically 
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sideromelane derived from the explosive hydrovolcanic eruptions that caused the melting 
and ultimately triggered the jökulhlaups. Jökulhlaups associated with tuya eruptions have 
never been observed. Although it has been inferred that they must occur (Björnsson, 1988), 
the conditions for lava-fed delta formation (i.e. advancement into ice-impounded water) 
generally preclude the flotation of the surrounding ice and sudden release of large volumes 
of water. Conversely, limno-glacial jökulhlaup deposits are polymict. They also usually 
contain a large percentage of abraded cobbles and boulders, whereas volcano-glacial 
jökulhlaup deposits are dominated by (juvenile) sand and fine gravel grain sizes, which also 
have less abraded shapes. Volcano-glacial jökulhlaups can also incorporate debris from the 
bedrock and regolith over which they passed (Fig. 17a,b), although the proportion of debris  

 

Figure 17. A. View of the surface of a jökulhlaup fan deposit on Sólheimasandur. The surface is strewn with 
numerous indurated lapilli tuff blocks and abraded lava boulders derived by bedrock erosion during a 
jökulhlaup event. B. Large bedrock clast deposited by the same jökulhlaup event shown in (A). Jim Head (1.8 
m) for scale. C. Lava block 2 m in diameter deposited by the 1969 jökulhlaup on Deception Island, 
photographed in 1995. Note the moat surrounding the block, excavated by the water flow (from right to left), 
still preserved 25 years after the event. D. Till mounds up to c. 10 m in width left by the 1969 jökulhlaup on 
Deception Island, photographed in 1995. The mounds represents formerly frozen debris torn from the base of 
the Mt Pond glacier during the jökulhlaup. 

is generally minor overall apart from in early-formed flows in proximal areas (close to the ice 
terminus). The sizes of blocks carried and deposited by jökulhlaups can be impressively large 
(up to 1000 tons, carried over 14 km; Jónsson, 1982; Russell et al., 2010a; Fig. 17b,c) and 
they can include large blocks of frozen basal till, left behind as till mounds (Fig. 17d). 
Bedrock erosion is enhanced by jökulhlaups that occur within confined, steep bedrock 
channel systems, and substrate-derived (bedrock and regolith) and non-juvenile debris is 
prominent (Carrivick et al., 2004b). The debris is recognized by its polymict nature, often 
crystalline rather than glassy, rich in palagonite (a pervasive clay alteration mineral of mafic 
sideromelane), and abraded clast shapes. Also, in some cases such as jökulhlaups linked to 
Grímsvötn (Grímsvatnahlaups), a jökulhlaup may be sourced in a subglacial lake that is 
simply a holding tank for meltwater derived from a glaciovolcanic eruption located 
elsewhere within the catchment area. Thus, the clastic content of Grímsvatnahlaups mainly 
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reflects debris contained in the subglacial Grímsvötn caldera and picked up en route to the 
ice terminus rather than that produced at the eruptive site. Because deposits of jökulhlaups 
have been investigated and described by sedimentologists in recognition of the sedimentary 
setting, epiclastic terminology has invariably been used. However, they are largely 
composed of the redeposited unconsolidated products of explosive glaciovolcanic eruptions 
and are thus syn-eruptive (cf. McPhie et al. (1993). Similar to our argument for englacial 
cavity (glaciolacustrine fan) deposits, above, they are therefore often predominantly 
volcaniclastic rather than epiclastic (sensu White and Houghton, 2006). Moreover, 
analogous jökulhlaup lithofacies called glaciovolcanic sheet-like sequences (Smellie, 2008) 
that were deposited under the coeval ice and not on the sandur have been described by 
most volcanologists using volcaniclastic terminology (Walker and Blake, 1966; Bergh, 1985; 
Berg and Sigvaldason, 1991; Sigvaldason, 1992; Smellie et al., 1993; Smellie, 2008; Banik et 
al., 2014; but not Loughlin, 2002). A dichotomy therefore exists between proximal (sub-ice) 
and distal (sandur) jökulhlaup deposits from the same event(s) being described using 
contrasting terminology. In this paper, we recognise that epiclastic terminology is 
embedded in a very extensive literature for the sandur deposits. It is therefore retained and 
used here for the sandur successions in order to facilitate comparison with the large 
jökulhlaup literature and avoid unnecessary confusion. However, the use of volcaniclastic 
terminology is retained for the more proximal sub-ice equivalents known as sheet-like 
sequences (see later). 

Distal jökulhlaup deposits (1) – sandar plains 

Distal deposits are described first because they are so well studied. Volcano-glacial 
jökulhlaup deposits are most widely developed on sandur plain and valley sandar where 
they typically comprise ≥ 85 % of the preserved sediment (Fig. 18; Maizels, 1989; Gomez et 
al., 2000). They construct braided sediment trains and fans. The latter issue from marginal  

 

Figure 18. Aerial views of Icelandic sandar. A. braided sandur plain (Skeiðarársandur) and B. valley sandur 
(Sprengisandur). 

valleys and often show axial dissection caused by late-stage waning flood conditions as well 
as by later ‘normal’ fluvial dissection unrelated to jökulhlaups. This results in prominent 
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lateral terraces, particularly at the fan apex, indicating discrete stages of baseline 
readjustment linked to late-waning and post-flood incision (Fig. 19). The erosional and 
depositional impacts of jökulhlaups diminish with distance downstream, as do the number 
and sizes of boulders and ice blocks (Russell et al., 2010a). Many lithofacies have been  

 

Figure 19. View looking towards the apex of the Kotá fan (south-west flank of Öræfajökull), formed during a 
jökulhlaup in 1727. The jökulhlaup issued from Kotárjökull via the two prominent gullies flanking Slaga. The 
resulting fan has been extensively modified, probably during the late stages of the jökulhlaup event, when the 
prominent terraces seen near the fan apex at right were incised, as well as during normal post-jökulhlaup 
stream flow. As a result of late- and post-jökulhlaup sediment redistribution, fan and sandar surfaces formed 
during jökulhlaups can be significantly lowered (Harrison et al., 2019). 

identified in volcano-glacial jökulhlaup deposits, but one lithofacies association is ubiquitous 
and characterizes the main flood event (often called a surge) in its principal channel(s). 
Where fully developed, it is tripartite, comprising pre-surge and post-surge gravels with 
fluid-flow bedforms which bookend a central thicker deposit of massive sandy gravel 
deposited mainly by hyperconcentrated flows (Fig. 20). However, more recent studies, 
based on three-dimensional exposures rather than the one-dimensional vertical profile 
sections used by Maizels (1989, 1993, 1997), have convincingly demonstrated that the main 
flow event in the 1918 Katla jökulhlaup was supercritical, characterized by multiple large 
migrating antidunes deposited from highly concentrated fluidal flows rather than 
hyperconcentrated flows (Duller et al., 2008, 2014; Russell et al., 2010a). The faint 
curviplanar stratification illustrated by Maizels (1993, fig. 6a) is consistent with that 
interpretation. Although antidunes are sometimes mentioned by others for other 
jökulhlaups, based on landforms (e.g. Alho et al., 2005; Marren et al., 2009; Russell et al., 
2010a), it is not known how common they are relative to hyperconcentrated flow deposits 
and what the typical flow rheology is for jökulhlaups. Both flow modes have been inferred 
for some jökulhlaups (Russell et al, 2010a). 

The ‘core’ lithofacies association of sandur deposits (‘Type B3 profile’ and variants of 
Maizels, 1997; Fig. 20) is dominant in large areas of the volcano-glacial sandurs. Individual 
complete deposits can exceed 12 m in thickness, mostly composed of massive granule-grade 
gravel sometimes showing faint stratification mainly to base and top. The underlying and 
overlying gravels may be absent, forming truncated lithofacies associations (‘marginal flows’ 
in Fig. 20). The basal gravels are < 2 m thick and crudely horizontally to rarely trough cross-
bedded. The capping trough-cross stratified and planar stratified gravels are typically 1-3 m 
thick, with channels up to 11.5 m wide and 1.4 m deep. The core lithofacies association was  
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Figure 20. Schematic vertical profile sections through lithofacies characteristic of jökulhlaup deposits on 
sandar plains (after Maizels, 1989, 1993, 1997; Duller et al., 2008). The ‘core lithofacies’ represents deposits of 
the main flood path and is representative of the bulk of the jökulhlaup deposits. It has been interpreted 
variably as a deposit of hyperconcentrated or supercritical flow. Numerous lithofacies variations also occur 
depending on the depositional location relative to the main flow path (other profile sections shown; see text 
for description). 

deposited mainly from hyperconcentrated flows or antidunes. It was laid down from the 
main flood surge and is dominated by juvenile volcanic clasts (typically black when 
associated with mafic eruptions) derived by syn-eruptive redeposition of glaciovolcanic 
tephras, together with a small proportion of locally derived bedrock or surface regolith seen 
mainly in ice-proximal outcrops. The basal lithofacies, with its crude planar stratification, 
accumulated ahead of the main surge (‘pre-surge’ of Maizels, 1997). It was deposited 
rapidly from suspension or hyperconcentrated flow conditions, contains a high proportion 
of reworked sandur gravel and is associated with the initial rapidly rising surge flood. By 
contrast, the upper stratified lithofacies represents waning flow, post-surge conditions. It 
marks a distinct upward transition from hyperconcentrated or antidune flow of the main 
surge phase to rapid traction flows characterized by smaller migrating dunes (trough cross 
beds) or, at lower flow velocities, planar stratified beds deposited from shallow fluctuating 



Smellie  Sedimentation and glaciovolcanism   GSL Sp Publ on ‘Volcanic processes in the sedimentary record’ 

 
 

26 
 

sheet flows. While still containing relatively high sediment concentrations, the upper 
stratified deposits represent the declining competence and tractive power of fluid flows. 

A wide array of additional lithofacies has also been recognized (e.g. Maizels, 1989, 1993; 
Carrivick et al., 2004b; Duller et al., 2004; Russell and Knudsen, 1999; Russell et al., 2006, 
2010a). They are of lesser volumetric importance compared to the core lithofacies and 
primarily illustrate the consequences of local flow conditions on the resulting deposits, e.g. 
associated with flow margin effects, bedrock obstacles, slack water, ice-proximality (debris 
flow deposits), cobble- and boulder-rich lags, remobilisation of earlier debris lobes, or 
whether the flood waters were (temporarily) moraine confined (Gomez et al., 2000; Russell 
et al., 2006; Fig. 20). The succession of depositional processes and related bedforms are 
unique to specific locations and hydrodynamic conditions on a sandur and its configuration, 
thus yielding substantial spatial variability in terms of the vertical lithofacies associations 
and overall sedimentary architecture (Duller et al., 2008; Russell et al., 2010a). The 
subsidiary lithofacies are not further described here. 

The deposits create large depositional landforms categorized as sandur plains, valley sandar 
and outwash fans (Maizels, 1997). Large-scale erosional as well as depositional forms are 
present, including streamlined residual hills, longitudinal grooves, giant potholes, scours and 
plunge pools, and spillways, sediment bars, dunes, boulder lags, pitted and kettled outwash, 
obstacle marks and a variety of proximal fans. Together, they define a distinctive array of 
landforms that characterize a jökulhlaup landsystem (Fig. 21). 

 

Figure 21. Model summarizing a sandur landsystem subject to volcano-glacial jökulhlaups showing the 
sedimentary deposits and landforms created (from Maizels, 1997). 1 – stacked sequences of multistage 
massive granular sediments; 2 – terraced boulder deposits; 3 – high-level, abandoned sandur surface 
exhibiting thin gravel horizon and braided palaeochannel networks; 4 – ‘washed’ sandur; 5 – lobate fan 
deposited by hyperconcentrated jökulhlaup flows; 6 – incised jökulhlaup channel with streamlined residual 
hummocks, boulders and megaripples; 7 – hummocky distal jökulhlaup deposit; 8 – streamlined, hummocky 
residual bars mantled with rimmed and till-fill kettles; 9 – incised jökulhlaup channel; 10 – incised meltwater 
channel; 11 – streamlined erosional bars, wash limits and scattered boulders and dune forms downstream of 
bedrock obstacles. Several of the features labelled are seen in Figure 19 (particularly examples of features 2, 3 
and 10), which also provides a natural example of the scale of the features shown in this diagram. See Maizels 
(1997) for further detailed description. 
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Distal Jökulhlaup deposits (2) – confined channel systems 

Two broad categories of jökulhlaup-related deposits have been defined for confined channel 
systems (canyon-forming jökulhlaups) in northern Iceland (Jökulsá á Fjöllum) fed by volcanic 
eruptions beneath Vatnajökull sourced particularly in the Kverkfjöll volcano (Carrivick et al., 
2004b): (1) main valley fill and (2) tributary mouth, the latter representing slack water 
deposits, i.e. deposits laid down by backed-up flows originating in the main drainage 
channel. The sediments in both categories are more spatially variable and less regularly 
structured than displayed by unconfined jökulhlaup deposits of the sandar, although the 
depositional processes are similar (Fig. 22a,b). The variability implies an absence of laterally 
uniform flow conditions. Abrupt changes to the flow hydraulics or sediment supply are  

 

Figure 22. Sedimentary logs of lithofacies characteristic of jökulhlaup deposits of confined channel systems 
(after Carrivick et al., 2004b). Because of the rapid lithofacies variations, it can be difficult to distinguish 
deposits of individual jökulhlaup events (only identified in one log). The depositional processes occurring in 
channel-confined systems are essentially similar to those shown by jökulhlaup deposits of sandar plains but 
the deposits are much more variable. 
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inferred consistent with a multi-event or multi-pulse origin for the deposits that makes it 
hard to distinguish between successive jökulhlaups (Carrivick et al., 2004b). The valley-filling 
sediments (broadly equivalent to the ‘core lithofacies’ of sandar) are dominated by massive 
to inverse-graded products of hyperconcentrated flows (matrix supported) varying to more 
fluidal flows (clast supported), together with planar-bedded ungraded units representing a 
migration toward late-stage traction transport. Less common beds are horizontally bedded 
massive silt and sand, some associated with scour and fill, suggesting upper- and lower-flow 
tractional regimes. Dipping beds probably represent the passage of migrating shallow-relief 
bedforms. The slack-water deposits show particularly pronounced spatial (vertical and 
lateral) variability compared with lithofacies of the main channel (Fig. 22c,d). They are finer-
grained and thinner-bedded but are interpreted similarly to the main channel deposits, or to 
pulses in sediment supply or flow conditions within single depositional events. Dipping beds 
(Fig. 22d) represent shallow-relief bedforms that prograded up the tributary valley 
indicating flow away from the main channel. Deposits in both settings contain abundant 
polymict debris reflecting multiple sediment sources. 

Proximal (subglacial) jökulhlaup deposits - glaciovolcanic sheet-like sequences 

Sheet-like sequences are a distinctive category within glaciovolcanism (Loughlin, 2002; 
Smellie, 2008, 2009, 2013). As the name implies, they occur as laterally extensive sheets and 
narrow ribbon-like (valley-confined) outcrops probably erupted from fissures and isolated 
centres, respectively. Although two discrete types of deposit were suggested and known as 
Dalsheidi- and Mt Pinafore-types (Smellie, 2008), they were later recombined into a single 
type by Smellie and Edwards (2016) based on acknowledgment of the substantial similarities 
in lithofacies, although there is a noticeable difference in scale between the two types. 
Examples are widely distributed in Iceland (e.g. between Eyjafjallajökull and Öræfajökull) 
but are much less common elsewhere in the world (Antarctica: Smellie et al., 1993, 2011a). 

Sheet-like outcrops: The most detailed study is by Bergh (1985; also Bergh and Sigvaldason, 
1991) for extensive outcrops in the Sida—Fljotsfverfi district of south-east Iceland. Using 
lithofacies analysis, Bergh (1985) was able to define a standard depositional unit that is 
repeated time and again during successive eruptions (Figs 23, 24). Ignoring the presence of 
generally thin glacial sedimentary deposits beneath many of the volcanic units, which were 
used by Bergh (1985) to make lateral correlations, the standard unit is tripartite. From base 
up, it is formed of (1) lava showing spectacular columnar jointing of colonnade, entablature 
and kubbaberg (including hackly or blocky types; see Forbes et al., 2014, for explanation of 
jointing types and how they form); (2) a central voluminous thick deposit of mainly massive 
lapilli tuff and tuff; and (3) an upper thin unit of stratified tuff. Variations on the standard 
depositional unit also occur, consisting of sequences lacking one or more of the constituent 
lithofacies (Fig. 23b-d). Bergh (1985) demonstrated that outcrops closer to source (i.e. 
unvisited eruptive fissures inland) are dominated by the basal lava, which Smellie (2008) 
named an interface sill because it shows abundant evidence for intrusion into the host lapilli 
tuff and tuff, which were wet at the time (see Smellie and Edwards, 2016, for further 
description); it shall not be further described here. The clastic deposits are dominated by 
lapilli tuff and tuff (hereafter simply called lapilli tuff for convenience), 10-120 m thick 
(average: c. 40 m), which form at least two thirds of each deposit. Calculated volumes for 
the individual sequences are impressively large. They are mostly > 10 km3, with mean 
volumes (including interface sills) ranging from c. 0.1 to 31.4 km3 (average: 12.6 km3; Bergh, 
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1985) but the estimates depend on the validity of the mapping, which has not been 

 

Figure 23. A. Selected representative vertical profile sections of sheet-like sequences for laterally extensive 
sheet-like (A-D) and valley confined (E-H) outcrops, respectively (modified after Bergh, 1985 and Loughlin, 
2002). Profiles A (based on Sida—Fljotsfverfi district) and E (based on Eyjafjallajökull) depict standard 
depositional units identified by Bergh (1985) and Loughlin (2002), respectively; the vertical scale is 
exaggerated in both, for clarity. The other profiles shown are variants of the two standard depositional units. 
Note the very different vertical scales for deposits in the two settings, despite the similarities in lithofacies. 

rigorously tested. The lapilli tuff is mainly massive, with a relatively uniform or upward-
decreasing grain size and faint crude planar stratification to top. The normal grading 
described by Bergh (1985) is not prominent but is emphasized by basal deposits that are 
often rich in coarse fragments spalled off the chilled basal sill mingled with lapilli tuff. The 
lapilli tuff rapidly fines up into the upper tuffs showing planar or much rarer cross 
stratification. The sequence is interpreted to represent transport and deposition mainly 
from a hyperconcentrated flow (massive deposit), with the flow becoming somewhat less 
concentrated upward and developing minor traction structures (crude stratification). The 
capping unit of stratified tuffs represents the final waning depletive stage of the current, 
with the planar stratified part representing upper flow stage traction deposition, and the 
rarer cross stratification indicating the migration of dune bedforms. 
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Figure 24. Sketch of multiple interbedded sheet-like sequences at Lomagnúpur, southern Iceland. Of Pliocene 
or early Quaternary age, each sequence represents the products of a single jökulhlaup event linked to 
relatively voluminous glaciovolcanic fissure eruptions, including an intrusive basal sill (interface sill of Smellie, 
2008). The clastic units represent the proximal subglacial equivalents of subaerially-emplaced jökulhlaup 
deposits on the sandar. The exposed cliff face is c. 500 m high. Based on Smellie, unpublished. 

The overall similarity of the clastic standard sheet-like sequence to the tripartite core 
lithofacies of sandur jökulhlaups identified by Maizels (1989, 1993, 1998) is obvious (cf. Figs 
20, 23). Larsen (2000) described a possible sheet-like sequence that exited Kötlujökull (a 
glacier on the east flank of Katla) and was thus subaerial, although the field relationships 
were described as ambiguous by the author. Banik et al. (2014) also postulated that some of 
the sheet-like sequences described by Bergh (1985) were subaerial, at least in part, but 
without providing evidence. Here, it is suggested that glaciovolcanic sheet-like sequences 
are mainly the subglacial equivalents of the sandar jökulhlaups. They are therefore regarded 
as the proximal (subglacial) and distal (subaerial) equivalents, respectively, of the same 
events. One possible difference may be that the interface sill of sheet-like sequences is 
absent from the subaerial jökulhlaup sequences, or at least no convincing example has yet 
been described. However, Sigvaldason (1992) described a sheet-like sequence at Dyngjufjöll 
Ytri, west of Askja (north-central Iceland). The sequence contains a basal sill but the surface 
of the deposit is strewn with numerous (> 1300) tiny crater-like structures, 2-50 m in 
diameter and up to 6 m deep, that were interpreted as much younger explosion vents 
caused by hydrothermal activity related to the migration of a non-eruptive volcanic fissure 
below the area. The hypothesis has several possible flaws, including how the craters can 
consist of fresh sideromelane particles that were supposedly derived explosively from the 
underlying, supposedly much older, strongly lithified (palagonitized) lapilli tuff of the sheet-
like sequence, and why the craters show no clear ejecta blankets but comprise narrow rings 
of blocky debris (not further described; see Sigvaldason, 1992, fig. 7). However, another 
explanation is possible for the Dyngjufjöll Ytri occurrence. From satellite images, the crater-
like rings are seen to vary from examples with broad raised rims and shallow interiors, to 
others with narrow rims and deeper interiors. They are also irregular in outline, with 
coalesced shapes commonly present (acknowledged by Sigvaldason, 1992; Fig. 25). In size, 
morphology and, possibly, clast characteristics, the craters have a remarkable resemblance 
to boulder ring structures formed by the decay of debris-rich ice blocks released during 
subaerial jökulhlaups (see Maizels, 1992, figs 3 and 4a; also Russell et al., 2010a, fig. 11.15). 
Moreover, both Sigvaldason (1992) and Maizels (1992) comment on how the interiors of the 
crater structures they describe are noticeably paler than their surroundings. Thus, if the 



Smellie  Sedimentation and glaciovolcanism   GSL Sp Publ on ‘Volcanic processes in the sedimentary record’ 

 
 

31 
 

crater structures at Dyngjufjöll Ytri are boulder rings and they are cogenetic with the 
underlying sheet-like sequence, the latter was emplaced subaerially. 

 

Figure 25. Satellite image perspective view of part of the surface of Dyngjufjöll Ytri showing multiple small 
crater-like features, described as hydrothermal explosion craters (Sigvaldason, 1992). The scale shown is 
approximate. See text for description. The features are reinterpreted here as boulder ring structures (sensu 
Maizels, 1992) associated with the melting of surface-strewn ice-blocks following a major jökulhlaup event 
possibly represented by the underlying glaciovolcanic sheet-like sequence. Image: Google Earth and Maxar 
Technologies (2021). 

Valley-confined outcrops: The narrow ribbon-like glaciovolcanic sheet-like sequences are 
described in detail by Walker and Blake (1966), Loughlin (2002) and Smellie et al. (1993). 
They appear to have formed within pre-existing subglacial valleys (i.e. valley-confined), 
whereas the laterally more extensive sheet-like sequences described above both fill and 
extend well outside of any pre-existing valleys (Bergh, 1985). It seems likely that the valley-
confined ribbon-like outcrops are related to much smaller-volume volcanic eruptions, 
probably from point sources rather than fissures. Like the lithofacies produced by subaerial 
jökulhlaups in confined channel systems, the lithofacies in the ribbon-like outcrops are 
similar to those described by Bergh (1985) but form thinner beds and the lithofacies 
relationships are more variable. This is particularly well shown by Loughlin (2002), who 
identified at least nine different lithofacies associations for examples on Eyjafjallajökull 
(south Iceland), although there is a tripartite ‘core association’ common to all that is 
essentially comparable with that established by Bergh (1985; cf. Fig. 23). However, by 
contrast to valley-confined jökulhlaup deposits, the valley-confined sheet-like sequences 
described so far are monomict apart from some thin basal sediments laid down ahead of 
the main surge phase (Smellie et al., 1993). They probably will generate a jökulhlaup 
sediment fan where they exit the glacier snout and spread out onto the adjacent sandur, 
probably similar in appearance to the Kotá and Skógá fans in southern Iceland (Maizels, 
1989, 1993; Fig. 19). 

Lahar deposits 

Eruptions at ice-capped volcanoes also have the potential for rapidly melting large volumes 
of snow and ice, and generating a wide variety of mass flow events, including debris 
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avalanches, avalanches of snow and ice, and lahars (Major and Newhall, 1989; Pierson and 
Janda, 1994; Pierson, 1995). Additionally volcanoes that are seasonally clad in snow can also 
generate lahars during eruptions, although they are rarely sizeable (Kjartansson, 1951; 
Major and Newhall, 1989). Lahars consist of debris flows and sediment-laden water floods, 
the latter also called hyperconcentrated flows or lahar runouts (Scott, 1988; Pierson and 
Scott, 1985; Scott et al., 1995). Like jökulhlaups, lahars occur on active glaciovolcanoes 
(Gudmundsson, 2015) but, because the summit ice (and snow, firn) is unable to impound 
meltwater at source, they don’t typically involve outburst floods although sometimes pre-
existing lakes and others temporarily impounded behind topography are overtopped by the 
rapid influx of eruption-induced meltwater, leading to widespread flooding (Pierson, 1999). 
The resulting hydrographs are essentially similar to those associated with jökulhlaups. 

Primary lahars (Mothes and Vallance, 2015; Thouret et al., 2020) are composed mainly of 
volcanic clasts and they are a direct consequence of volcanic activity rather than simply a 
product of mass wasting of volcanoes in an alpine setting, such as snowmelt-induced debris 
flows (Scott, 1988). The deposits are conspicuously associated with stratovolcanoes 
scattered along the Pacific consuming plate margins of North and South America (Fig. 1). 
Most of the volcanoes rise to 3000-6000 metres above sea level and have steep flanks 
deeply dissected by streams and glaciers and their upper slopes are covered by snow and 
ice (Fig. 3a). Primary lahars are fast-moving (flow speeds of tens of metres.s-1), often 
voluminous (107-109 m3) and capable of travelling great distances, sometimes hundreds of 
kilometres (Pierson, 1995; Mothes and Vallance, 2015; Delgado Granados et al., 2021). For 
example, Cotopaxi volcano (Ecuador) has a small ice cap, 14 km2 in area and with a total 
volume of just 0.5 km3, but suffered a large-magnitude lahar in 1877 that travelled 325 km 
as a result of an eruption generating pyroclastic density currents (pdcs; Mothes et al., 1998; 
Mothes and Vallance, 2015). Peak outflows can also be similar to jökulhlaups (20-60 km3.s-

1). Lahars are also generated at volcanoes lacking snow or ice, for example following 
rainstorms (‘meteorological lahars’), and at inactive volcanoes (e.g. flank-collapse lahars and 
lake-breakout lahars; Huggel et al., 2007; Friele et al., 2008; Vallance and Iverson, 2015). 
They are known as secondary lahars (Mothes and Vallance, 2015). Secondary lahars derived 
from the mechanical failure of a snow-covered volcano not uncommonly have an 
intermediate stage of debris avalanche. They are also likely to be more clay-rich (hence 
cohesive) and lithic clast-rich, with minor pumice or other juvenile glass, so they should be 
distinguishable from primary lahar deposits (Scott et al., 1995; Friele et al., 2005; Simpson et 
al., 2006). Cohesive and fine matrix-rich lahars are also less easily diluted by water and are 
slow to transform to hyperconcentrated flows (Delgado Granados et al., 2021). Only 
glaciovolcanic (primary) lahars are discussed here. Although lahars are often triggered by 
relatively small eruptions, they may have catastrophic effects. For example, despite the 
comparatively small area of summit snow and ice at Nevado del Ruiz, the lahars generated 
in the small (VEI3) 1985 eruption were highly destructive as well as lethal because of the 
effective transfer of heat and energy from pyroclastic debris to the snowpack and bulking up 
with alluvial detritus and river water (Pierson et al., 1990; Thouret, 1990). 

Because of the significant hazards they represent for human populations and infrastructure, 
lahars and their deposits are well studied, with an extensive literature particularly focussed 
on the large active North and South American stratovolcanoes (e.g. Pierson, 1985; Lowe et 
al., 1986; Naranjo et al., 1986; Scott, 1988; Waitt, 1989; Pierson et al., 1990; Thouret et al., 
1990, 2020; Trabant et al., 1994; Scott et al., 1995; Mothes et al., 1998; Pierson and Waitt, 
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1999a; Huggel et al., 2007; Mothes and Vallance, 2015; Delgado Granados et al., 2021; 
Procter et al., 2021). Two key processes by which volcanism creates lahars are volcanic 
explosive activity and mass failures of lava domes (Mellors et al., 1988; Major and Newhall, 
1989; Thouret, 1990; Pierson and Waitt, 1999b). During explosive eruptions, the dynamic 
mixing of hot pyroclastic material by turbulent high-velocity pdcs (‘surges’ and ‘pyroclastic 
flows’) appears to be a critical factor in transferring heat effectively. Pdcs produce 
voluminous lahars because they rapidly melt and entrain ice, forming an ice scabland (Waitt, 
1995) or sometimes scouring glacier ice down to bedrock; concentrated flows (greater 
concentration of clasts) are more erosive than dilute flows (Scott, 1988; Major and Newhall, 
1989; Pierson et al., 1990; Thouret, 1990; Walder, 1999; Barr et al., 2018). Attrition is 
particularly effective on steep and crevassed sections of glaciers and may cause beheading 
of glaciers. The commonest way in which lahars form on snow-capped volcanoes is by the 
transformation from flood surges produced by the interaction (transfer of heat) between 
pyroclasts in density currents, including block-and-ash flows, with snowpack or glacial ice 
(e.g. Scott, 1988; Trabant et al., 1994; Thouret, 1990; Pierson and Waitt, 1999). However, 
dilute pyroclastic currents (surges) probably generate less melt because they lack much 
thermal mass. Conversely, the more concentrated density currents (pyroclastic flows; block-
and-ash flows) probably generate much more melt and entrain ice much more efficiently 
(Barr et al., 2018). This was demonstrated during the 1985 Nevado del Ruiz eruption in 
which the snow and ice surfaces over which the denser currents flowed were extensively 
melted, gouged and abraded (Pierson et al., 1990); flat-floored channels 2-4 m deep and up 
to 100 m wide were eroded into glacier ice. 

By contrast, supraglacial accumulation of tephra by pyroclastic fall has a conflicting but 
probably minor impact on melting snow and ice. Within a narrow zone proximal to the vent, 
tephra deposits may have elevated temperatures (especially ballistic bombs, which melted 
holes up to 2 m in diameter and depth during the 1985 eruption of Nevado del Ruiz; 
Delgado Granados et al., 2021). Even larger melt pits are possible (see Fig. 26). Outside of  

 

Figure 26.  View of a small pyroclastic cone surrounded by snowpack showing numerous small melt pits caused 
by the ballistic impact and melting effects of large bombs. Using the diameter of the crater (c. 150 m) as a 
scale, the largest melt-pits seen in the view may be as much as 8 m in width. The cone is also flanked by a 
prominent moat probably created by radiant heat from the pyroclastic pile. More proximal snow (under the 
cone flank) was probably melted by the accumulation of tephra. Snow and moat are absent on the rear left 
flank of the cone as that flank collapsed during a prior episode of lava effusion. The dark-coloured terrain in 
the background is ash-covered ice. Mount Belinda, Montagu Island, South Sandwich Islands, 2006. Photograph 
by R. Ashurst. 
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that zone, tephra is probably cold when it lands. If the tephra layer is thin (< c. 2 cm), small 
debris flows may be triggered due in part to a reduced albedo, but they are unlikely to 
develop into significant meltwater floods. Moreover, because of the low thermal 
conductivity of tephra and its shielding properties, thicker layers of tephra protect 
underlying snow and ice thus reduce surface melting (Major and Newhall, 1989; Wilson et 
al., 2013; Barr et al., 2018; Manville et al., 2000; Edwards et al., 2020 and references 
therein). 

Lava dome collapse by mechanical failure also transmits heat effectively by the penetration 
of snow by hot rock fragments. During dome growth, gravitational stresses acting on the 
brittle carapace can trigger mechanical failure accompanied by minor explosions from the 
ductile, gas-pressured dome core, with the failed mass moving away as a hot-rock avalanche 
that usually transforms into a block-and-ash flow (e.g. at Mt Redoubt in 1989 and 1990; 
Trabant et al., 1994; Pierson and Waitt, 1999a,b and references therein). By bringing hot 
rock into intimate contact with snow, the heat is transferred rapidly, triggering melting and 
resulting in large volumes of meltwater that, mixed with the hot volcanic debris, transform 
into lahars. Additional material is incorporated derived from older deposits, which rapidly 
increases the volume of the initial lahar, a process called bulking up. Bulking up, which is 
important in all lahars, is facilitated by the presence of easily erodible older deposits, such 
as poorly- or unconsolidated pyroclastic rocks, alluvium and a high topographical relief with 
steep slopes. Volume increases of 2-4 times during flow are not uncommon and the volume 
may increase by an order of magnitude (Pierson et al., 1990; Pierson and Waitt, 1999a). 

In summary, whilst pyroclastic fall appears unable to melt significant quantities of snow 
outside of a vent-proximal zone, both low-concentration and high-concentration pdcs are 
the principal means by which a snow or ice substrate is thermally and mechanically eroded. 
Scouring and heat transfer from pdcs are more important than ice volume in many 
examples (Delgado Granados et al., 2021). However, because even small explosive eruptions 
deposit much hot debris close to a vent, both by fallout and as pdcs, the resulting focusing 
of hot rock/snowpack interactions in proximal locations is often particularly effective at 
generating meltwater. 

Glaciovolcanic lahars also generate a distinctive hybrid type of mass flow called mixed 
avalanches or ice-slurries (Pierson and Janda, 1994; Waitt et al., 1994; Pierson et al., 1990; 
Lube et al., 2009; Waythomas et al., 2009). A prerequisite for their formation is the 
presence of extensive thick firn and snow. The deposits, called ice diamict, incorporate 
granular snow, blocks of ice and pyroclastic debris (pumice) in a matrix of sand ash and ice 
(frozen pore water); clasts of ice and snowpack may be as large as 2.5 m. Ice diamict can 
form composite deposits up to 20 m thick although individual beds are more typically 1-5 m 
thick. They are highly distinctive on deposition but the ice components and voids, which 
cumulatively may amount to as much as 80-90 % of the deposit by volume, soon collapse. 
The deposit deflates to a small fraction of its original thickness, thus removing the evidence 
for its unusual origin. 

Finally, lava emplacement at low effusion rates (< 50 m3.s-1) creates water flows not lahars, 
and the volumes of melt are generally not large (Major and Newhall, 1989; Barr et al., 2018 
and references therein; Edwards et al., 2012, 2016; Fig. 27). Small lahars are created at 
higher effusion rates whereas, at very high effusion rates (> 100 m3.s-1), accompanied by 
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lava fountaining, melting in the vent region can be sufficient to generate voluminous lahars 
(Delgado Granados et al., 2021). 

 

Figure 27.  View looking north at Big Ben, Heard Island, in 2016, showing several short lavas that flowed 
supraglacially before subsiding into the snowpack. Small meltwater floods evidently preceded each of the 
lavas, as evidenced by the discoloured snow streaks downslope of the lava-occupied channels. Despite the 
steep slopes, the lavas only flowed c. 400 m before terminating; the meltwater travelled at least a further 1200 
m before vanishing into crevasses (below the cloud in the image). Photograph by P. Harmsen (CSIRO Marine 
National Facility, Australia). 

The downflow transformation of floods follows a recognizable pattern (Fig. 28). Lahars begin 
as (melt)water flood surges, bulk up into debris flows, then debulk to transform into 
hyperconcentrated flows and, ultimately, streamflows (e.g. Pierson and Scott, 1985; Scott,  

 

Figure 28.  Sketch showing a lahar triggered by a supraglacial pyroclastic density current and its downflow 
transformation from debris flow to hyperconcentrated flow (from Scott, 1988; figure not subject to U.S. 
copyright). Also shown are schematic vertical profile sections through lithofacies representative of the flow 
conditions at different stages in the emplacement of the lahar (after Pierson and Scott, 1985; see also Scott, 
1988). The mean grain sizes of each lithofacies are also indicated. Note how the debris flow lithofacies/stage 
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overrides the hyperconcentrated flow lithofacies/stage and terminates within a relatively short transition 
zone. 

1988; Meyer and Trabant, 1995). Water surges unrelated to eruptions may take 20 km of 
more to transform to a debris flow, depending on how rapidly bulking up occurs (Scott, 
1988). By contrast, clay-poor eruption-generated flood surges may transform much more 
rapidly; examples at Mount St Helens and Mount Rainier transformed from water floods to 
debris flows within 1 and 6.5 km, respectively (Pierson, 1999). A single lahar flood wave 
comprises a frontal portion that is hyperconcentrated (and becomes the lahar runout) and a 
tail that is a debris flow. The formation of hyperconcentrated flows is caused by the 
progressive incorporation of streamflow by the leading edge of the debris flow; the debris 
flow then overruns the hyperconcentrated flow in a short transition zone (Fig. 28) just prior 
to freezing. The rate of downstream transformation to a lahar runout is strongly influenced 
by the amount of clay in a lahar (Scott, 1988; Vallance and Scott, 1995). A higher proportion 
of clay (> 3-5 % by weight; measured values range up to 37 %) is typically present in 
nonvolcanic lahars derived by flank collapses incorporating hydrothermally-altered rock 
(Vallance and Scott, 1995; Delgado Granados et al., 2021). By contrast, eruption-derived 
lahars are generally more granular and less cohesive due to a lower proportion of clay (< 5 % 
by weight; Scott, 1988; Vallance and Iverson, 2015), which gives them a greater miscibility 
with overrun streamflow, and the hyperconcentrated flow stage probably has a greater 
lateral extent than those sourced in clay-rich lahars. Ultimately, the flows become so diluted 
by stream water that they become sediment-laden stream flows. 

The progressive changes during flow are reflected in the sequence of lahar lithofacies 
deposited downstream (Fig. 28). Debris flow lithofacies are massive or weakly stratified, 
characterised by up to 80-90 % matrix (typically much less, down to < 10 %) composed of 
mainly sand-grade ash, pumice and lithic grains together with a very variable proportion of 
much larger lithic clasts, some of which may show radial cooling joints signifying that they 
were hot when incorporated. An extremely wide grain size is typical and clasts a few metres 
in diameter are not uncommon, with some exceeding 10 m (Fig. 29a,b; Mothes and 
Vallance, 2015; Procter et al., 2021). Most clasts are angular closer to source but the 
proportion of rounded clasts increases with distance and were picked up during bulking. 
Grading and sorting generally do not improve with distance from source, reflecting the high 
yield tendency of most debris flows in which the high matrix content prevents much mixing 
with water during flow, nor do the deposits fine markedly. Hyperconcentrated flow deposits 
are massive or faintly planar stratified with moderate to poor sorting (Fig. 29b,c). They are 
composed of sand or fine gravel with angular (mainly juvenile) to abraded clast shapes, the 
latter representing alluvial material picked up from stream beds during flow (Scott, 1988; 
Pierson, 2005; Procter et al., 2021). They may also show isolated lenses of gravel and 
pumice, an openwork texture with dispersed to imbricated outsize clasts up to boulder size, 
and dish and pillar structures indicative of dewatering (Fig. 29b,d). Lahars can be divided 
into a channel facies dominantly composed of the deposits of the basal debris flow, possibly 
with a sole layer (‘traction carpet’; Scott, 1988; Thouret et al., 2020;  Fig. 28); and a flood 
plain facies consisting of laterally extensive debris flows somewhat finer-grained than the 
channel facies, together with hyperconcentrated flow sheets. Ultimately the 
hyperconcentrated flows evolve into normal well-stratified streamflow (flood) deposits. 
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Figure 29.  Compendium of photographs illustrating lahar lithofacies. A. Sandy breccio-conglomerate 
deposited by a debris flow, composed of variably angular to abraded cobles and boulders set in fine sand 
matrix with scattered pumice clasts; the ice axe is 70 cm long. B. Debris flow deposit (sandy breccio-
conglomerate) overlying a hyperconcentrated flow deposit; the latter is medium to coarse sandstone with 
faint planar laminations, a few fine gravel lenses and dispersed outsize clasts. C. Close view of 
hyperconcentrated flow deposit shown in (B); note faint planar lamination and washout structure; the ice axe 
head is 30 cm long. D. Prominent dish and pillar structures in a hyperconcentrated flow deposit, caused by 
dewatering. All photographs of ravine-filling deposits on Mason Spur volcano (Late Miocene), Antarctica. It is 
not certain that the volcano was ice-capped but the lithofacies are representative of lahar deposits generally. 

Discussion and conclusions 

Despite the widespread occurrence of glacierized landscapes and glaciovolcanism on Earth, 
past and present, there is no comprehensive discussion of the range of sedimentary 
deposits associated with the volcanism and only the proglacial deposits are well studied. 
Three discrete groups of deposits are recognized: englacial cavity, jökulhlaup and lahar. 

Englacial cavity deposits are identified here as an important yet little recognised 
sedimentary association linked directly to glaciovolcanism. They are probably only 
associated with small monogenetic glaciovolcanoes or groups of monogenetic volcanoes 
associated with a longer-lived eruptive fissure. Very few examples are known and all are in 
Iceland (Bennett et al., 2006, 2009). It is possible that they have been overlooked but it is 
also likely that special circumstances are required for their development, specifically an ice 
sheet coeval with the glaciovolcanism that is moving sufficiently rapidly that an englacial 
cavity is opened up. A cavity will open up if the rate of ice melting during flow around a 
volcano exceeds the rate of cavity closure due to normal cryostatic pressure (Smellie and 
Panter, 2021). Englacial cavity deposits can form in somewhat different situations 
depending on whether the glaciovolcano is active or the location is simply experiencing 
enhanced geothermal activity but not an eruption (Fig. 30). In the former case, the ice roof 
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will be removed over the lee-side englacial cavity if the eruption becomes subaerial (true for 

 

Figure 30.  Schematic plan views and cross sections illustrating different situations capable of generating lee-
side englacial cavities with associated glaciolacustrine deposits. A-C: Active glaciovolcano has melted 
completely through an ice sheet. The deposits contain an abundance of juvenile clasts, and dropstones are 
uncommon except in marginal locations. The cavity will generally be significantly larger for tuyas (B), with their 
laterally spreading lava-fed deltas, compared with tuff cones or tindars (C). There is currently no known 
example of deposition associated with an active tuya but a possible depositional setting for outcrops at 
Jarlhettur is depicted by C. D-E: Situation envisaged for areas of active geothermal activity not resulting in a 
volcanic eruption (cf. Bennett et al., 2006, fig. 11a), a situation that may have prevailed in the Laugarvatn area, 
with deposits characterised by polymict abraded debris and abundant dropstones discharged from an actively 
overriding ice roof. Although an active glaciovolcanic pillow mound will also not melt through the ice roof, it is 
unclear whether the very low profile of the mound and the relatively slow meltwater generation (melting by 
conduction and convection) are capable of generating a substantial lee-side cavity. No examples are currently 
known. 

tuya and most tindar glaciovolcanoes), but it typically remains in place in situations involving 
only geothermal activity. The differences should result in detectable variations in the 
resulting deposits, especially in the presence and abundance of dropstones (ice roof 
present; geothermally heated edifice) or their scarcity (ice roof absent; coeval volcanic 
eruption), and in the dominant clast type (polymict or monomict, respectively). In cases 
where a glaciovolcano ceases activity without melting through its ice roof, which is probably 
true for most glaciovolcanic pillow mounds, there may be no distinction. However, it is 
currently unclear whether the low profiles of pillow mounds, which generate meltwater 
only slowly (Gudmundsson, 2003), are capable of generating substantial lee-side englacial 
cavities. No examples associated with pillow mounds have yet been described. 

Englacial cavity deposits in the Laugarvatn area appear to be polymict, with abraded clast 
shapes, and no clearly identified juvenile material (Bennett et al., 2006). Dropstones are 
abundant throughout. Moreover, at Laugarvatn the volcanic centres associated with 
englacial cavity deposits are tuyas and tuya construction involves the lateral progradation of 
lava-fed deltas. The associated ice is melted through completely above the volcanic edifice. 
In the absence of an ice roof over the cavity, dropstones (representing released glacial 
bedload) are unlikely to form except possibly to limited effect in marginal locations (Fig. 
30a,b). Thus, the presence of abundant dropstones in the Laugarvatn sequences (Fig. 11) 
probably implies that an ice roof was formerly present and the ice cavity was probably 
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heated during an episode of enhanced geothermal flux rather than with a recently erupting 
(unconsolidated) glaciovolcano. 

By contrast, analogous deposits at Jarlhettur are generally rich in angular juvenile detritus 
(lapilli—ash hyaloclasts), apart from in a basal polymict layer in which dropstones are also 
locally common (Bennett et al. (2009). The deposits are thus mainly linked to erosion of 
unconsolidated tephras in the associated tindar and they were also deformed by the edifice 
as it grew and expanded. Although the contemporaneous ice sheet was melted through, the 
area of ice removed by an explosively generated conical edifice would be much smaller than 
during tuya development. Figure 30c shows a possible reconstruction of the depositional 
setting at Jarlhettur, with sediment fans growing inward from the sides of an englacial vault. 
Bennett et al. (2009) also suggested that inflow of meltwater to the fan sites might be 
enhanced by reconfiguring of the pre-existing glacial drainage network to focus on the 
eruptive site(s) due to effects on the hydraulic potentials caused by the geothermal anomaly 
(cf. Björnsson, 1988). Such focussing would increase the volume of basal sediment delivered 
to the vault. 

The lateral extent of the fan-like englacial cavity deposits is substantial, variably ≥ 1.2-3.5 km 
at Laugarvatn and at least 0.75 km at Brekknafjöll—Jarlhettur. The distances correspond to 
minimum extents of the associated englacial vaults, and the three-dimensional morphology 
is not yet well defined due to glacial removal of many deposits. The presence of large 
channel bedforms in the deposits was linked by Bennett et al. (2006) to possible jökulhlaup 
events, but how strong currents could also occur between such events, to explain the 
smaller channels, was regarded as inexplicable. However, a leaky vault is likely to generate a 
strong continuous but fluctuating flux of escaping (warm) meltwater (Smellie, 2006) and 
sudden jökulhlaup events need not always be necessary to create water flow and channels. 
The observation of axially focussed currents described by Bennett et al. (2006) suggests 
tunnel flow, with currents deflected centroclinally by the tunnel margins (also possibly seen 
at Arnarþúfur; cf. Hamilton, 2004), but other interpretations are possible. It is unclear how 
representative the fan dimensions are but it may be significant that the most extensive 
vaults appear to be associated with fans in the Laugarvatn area. Perhaps the duration of 
high geothermal heat flow associated with the Laugarvatn fans (lacking coeval volcanism?) 
was much longer than that associated with fans at Brekknafjöll—Jarlhettur (associated with 
a relatively short-lived pulse of volcanism?), thus permitting a longer period of melting of 
overlying ice and deposition of larger sediment volumes. Further examples need to be 
described to test this suggestion. 

This study has also highlighted, for the first time, that distinctive glaciovolcanic units known 
as sheet-like sequences (Smellie, 2008; Smellie and Edwards, 2016) are the proximal, 
subglacial equivalents of subaerial (sandar) jökulhlaup deposits (Fig. 31). The sheet-like 
sequences represent an important opportunity to examine the processes involved in 
jökulhlaup development, and for understanding sediment transport paths and volumes, in 
an ultra-proximal location that is wholly inaccessible to view during modern jökulhlaup 
events. Examples of sheet-like sequences and jökulhlaup deposits are widespread in Iceland 
but they are rare elsewhere. A challenge also exists reconciling the terminology used for 
sheet-like sequences and jökulhlaup deposits, with volcanic terminology used for the former 
but epiclastic terminology for the latter, despite both being linked to the same event(s). 
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Figure 31. Schematic diagram illustrating the emplacement of sheet-like sequences and jökulhlaup deposits, 
which are proximal (ice-covered) and distal (subaerial) equivalents, respectively, deposited during the same 
volcanogenic outburst-flood event(s). Sheet-like sequence interface sill (Smellie, 2008) not shown, for clarity. 
Although the sketch depicts features associated with a large monogenetic tuya, similar processes occur on the 
flanks and proglacial sandar of large polygenetic glaciovolcanoes. 

Despite different triggering conditions, in many respects the products of jökulhlaups and 
lahars are identical (i.e. debris flow and hyperconcentrated flow deposits) and show the 
same transitions downflow. However, debris flow deposits require steep gradients to 
maintain flow and they appear to be volumetrically much commoner in the lahar settings 
associated with stratovolcanoes, with their typically steep flanks (Fig. 28). They are generally 
minor in volcanogenic jökulhlaup sequences, in which they are mainly preserved close to 
the ice terminus (Maizels, 1997). They are also a minor lithofacies within sheet-like 
sequences, although examples containing sandy matrix-rich conglomerate and pebbly 
mudstone are sometimes present (Bergh, 1985; Smellie et al., 1993). However, the flows 
that created sheet-like deposits are usually clay-poor and dominated by coarse ash- and 
lapilli-size juvenile glass clasts, which enables them to transform to hyperconcentrated flows 
rapidly. Debris flows are much more prominent in jökulhlaups that are channel-confined 
(Carrivick et al., 2004b). Mixed-avalanche or ice-slurry flows (and their ice diamict deposits) 
appear to be unique to lahars, as are lahars generated by dome collapses. Ice diamicts have 
no significant preservation potential. Lahars linked to dome collapse are distinctive in being 
dominated by poorly or non-vesicular, monomict, aphanitic juvenile clasts. Further 
differences between lahars and jökulhlaups include the following: (1) Lahar events are 
generally shorter in duration, reflecting the generally much greater volume of water stored 
subglacially that is released suddenly in jökulhlaups. (2) Lahar hydrographs may more 
frequently show multiple peaks that attenuate downstream but there is clear overlap in this 
characteristic. (3) Lahars are triggered within minutes of an eruption but jökulhlaups may 
lag the eruption initiation by several days to a few weeks. (4) Studies of lahars show a much 
stronger focus on channel flow and channel deposits (dominated by debris flows) because 
most examples include a prominent valley-confined section; by contrast, low-gradient flood 
plains (sandar) are the principal focus of jökulhlaups studies, probably because the source 
regions are currently still covered by ice and thus inaccessible. 

In glaciovolcanic eruptions beneath thick ice (> 200 m) that are characterized mainly by 
finely particulate tephra cones and ridges formed by explosive hydrovolcanic eruptions, the 
efficiency of ice melting is much greater than during eruptions distinguished by lava effusion 
and much slower conductive cooling (70-80 % efficiency versus 10-45 %, respectively; 
Gudmundsson, 2003). Thus, explosive glaciovolcanic eruptions associated with thick ice shall 
generate abundant meltwater much more rapidly, quickly filling the englacial vault and 
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enhancing the likelihood of relatively early jökulhlaups compared with effusive eruptions. 
The implications for volcanic risk assessment are obvious. Moreover, the timing of flooding 
in relation to eruption initiation is inversely proportional to ice thickness (smaller vaults 
(thinner ice) shall fill and discharge more rapidly than larger vaults (thicker ice)). The 
eruption of Eyjafjallajökull in 2010, with c. 200 m-thick ice in its summit caldera, released 
meltwater rapidly in jökulhlaups. It is an example of a volcano at the transition between ice-
covered (i.e. ≥ c. 200 m thick) and ice-capped (thinner ice). If ice thinning continues due to 
climate change, the volcano shall become associated with lahars rather than jökulhlaups. 

These observations affect glaciovolcanic eruptions under wet-based ice. By contrast, 
meltwater generated during a volcanic eruption under cold-based ice is sealed into the vault 
by the surrounding ice, the ice cannot be floated and the meltwater can only escape 
supraglacially. Thus, basal debris is never accessed at any stage during flooding. However, 
the resulting supraglacial jökulhlaups will entrain large quantities of coeval tephra deposited 
on the surrounding ice surface. This might result in the construction of ice-proximal, 
supraglacially-sourced outwash fans of hochsandur type, which are relatively small features 
(Krüger, 1997; Kjær et al., 2004). With their distinctive sedimentary characteristics and lack 
of proximal to distal transitions, glaciovolcanic hochsandur deposits should be recognizable 
in the geological record. 

Finally, it is worth noting that, despite being surrounded by the Antarctic Ice Sheet (the 
largest ice sheet on Earth), many Antarctic volcanoes have a relatively thin cover of ice over 
their summits except where they contain a caldera filled by thicker ice. They are also mainly 
associated with cold-based ice unlike glaciovolcanoes at mid and lower latitudes, and the 
implications for sedimentation coeval with eruptions in Antarctica are not certain. As 
indicated above, jökulhlaups are unlikely since the ice is frozen to its bed. Moreover, any 
lahars that are generated will be deposited supraglacially and advected to the sea by ice 
flow, where they shall probably be unrecognizable in the geological record. 
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