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Abstract. Most volcanic hazards depend on an injected dyke
reaching the surface to form a feeder. Assessing the volcanic
hazard in an area is thus related to understanding the condi-
tion for the formation of a feeder dyke in that area. For this
latter, we need good field data on feeder dykes, their geome-
tries, internal structures, and other characteristics that dis-
tinguish them from non-feeders. Unfortunately, feeder dykes
are rarely observed, partly because they are commonly cov-
ered by their own products. For this reason, outcrops are
scarce and usually restricted to cliffs, ravines, and man-made
outcrops. Here we report the results of a study of feeder
dykes in Tenerife (Canary Islands, Spain) and Iceland, focus-
ing on their field characteristics and how their propagation
is affected by existing structures. Although Holocene fissure
eruptions have been common in both islands, only eleven
basaltic feeder dykes have been identified: eight in Tenerife
and three in Iceland. They are all well preserved and the re-
lation with the eruptive fissure and/or the deposits is well ex-
posed. While the eruptive fissures are generally longer in Ice-
land than in Tenerife, their feeders show many similarities,
the main ones being that the feeder dykes (1) are generally
sheet-shaped; (2) are segmented (as are the associated vol-
canic fissures); (3) normally contain elongated (prolate ellip-
soidal) cavities in their central, topmost parts, that is, 2–3 m
below the surface (with solidified magma drops on the cavity
walls); (4) contain vesicles which increase in size and num-
ber close to the surface; (5) sometimes inject oblique dyke
fingers into the planes of existing faults that cross the dyke
paths; and (6) may reactivate, that is, trigger slip on existing
faults. We analyse theoretically the feeder dyke of the 1991
Hekla eruption in Iceland. Our results indicate that during the
initial peak in the effusion rate the opening (aperture) of the
feeder dyke was as wide as 0.77 m, but quickly decreased to

about 0.56 m. During the subsequent decline in the effusion
rate to a minimum, the aperture decreased to about 0.19 m. At
a later abrupt increase in the effusion rate, the feeder-dyke
opening may have increased to about 0.34 m, and then de-
creased again as the effusion rate gradually declined during
the end stages of the eruption. These thickness estimates fit
well with those of many feeders in Iceland and Tenerife, and
with the general dyke thickness within fossil central volca-
noes in Iceland.

1 Introduction

All volcanic eruptions on Earth are fed by conduits through
which magma is transported from a source chamber to the
surface. Magma conduits may be cylindrical, such as the
main vents of Etna, Stromboli and Reunion, or tabular or
sheet-like, such as many that feed fissure eruptions in rift
zones in the USA, Japan, the Canary Islands and Iceland
(e.g., Pollard et al., 1983; Delaney and Gartner, 1997; Gud-
mundsson, 2002; Acocella and Neri, 2003; Gudmundsson et
al., 2008; Keating et al., 2008; Poland et al., 2008; Geshi et
al., 2010, 2012). The solidification of magma inside these
conduits forms plugs and feeder dykes, respectively. Many
plugs, however, are composed of dense clusters of dykes
(Gudmundsson, 2012a). In rift zones, magma conduits are
usually tabular or sheet-like subvertical dykes, and when they
reach the surface they form eruptive fissures whose trends co-
incide with those of the associated feeder dykes. If magma in
a sheet-like conduit does not reach the surface, the structure
is referred to as an arrested dyke.

While arrested dykes are commonly observed in eroded
parts of volcanic edifices, observed feeder dykes are rare
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(Gudmundsson, 1986, 2002; Marinoni and Gudmundsson,
2000; Geshi et al., 2010, 2012). Some feeder dykes have
been reported from Iceland, Italy, USA, Japan and the Ca-
nary Islands (Saemundsson, 1967; Jonsson, 1978; Atkinson
and Lambert, 1990; Gudmundsson, 1986, 2002; Goto et al.,
1990; Rickwood, 1990; Galindo, 2005; Gudmundsson et al.,
2008; Keating et al., 2008; Geshi et al., 2010, 2012). Theoret-
ical studies suggest that, on approaching the surface, feeder
dykes should normally become thicker and shorter (Gud-
mundsson, 1986; Maaloe, 1998; Gudmundsson et al., 2008;
Keating et al., 2008). This is supported by field observations
of many feeders (e.g., Gudmundsson et al., 2008; Keating et
al., 2008; Geshi et al., 2010, 2012). Some feeder dykes have
been studied to depths of a few hundred metres below the
surface (e.g., Gudmundsson et al., 2008; Keating et al., 2008;
Geshi et al., 2010, 2012), but few feeders have been studied
in great detail as regards changes in their geometry, internal
structure, and texture on approaching the surface. Such stud-
ies are needed because of the importance of understanding
feeder dykes when assessing volcanic hazards and risks. For
example, feeder dykes provide information on: the mechani-
cal properties of the host rocks and the stress conditions that
encourage a dyke to reach the surface, magma overpressure
and flow direction at the time of dyke emplacement, magma
cooling and degassing processes near the surface, the physi-
cal transition from the dyke itself to its deposits, the locations
of the intersections between the dyke and the free surface,
and the mechanism and mechanics of the eruptive-fissure
propagation.

In this paper we report the results of a detailed study of
several well-exposed feeder dykes in the rift-zones of Tener-
ife (Canary Islands) and Iceland. We discuss a total of 11
feeder dykes; 8 in Tenerife and 3 in Iceland. While all the
dykes come from two areas, Tenerife and Iceland, feeder
dyke formation, like fracture formation in general, has many
common characteristics with implications for other areas.
Thus, we compare our results from Iceland and Tenerife with
results on feeder dykes in other areas, in particular data on
feeder dykes in Japan.

In Tenerife, the feeder dykes are observed along the three
rift zones of the island where landslides, intense erosion, and
quarries make it possible to study the feeders in detail. The
exposures of the feeder dykes are excellent but of limited
sizes, mostly restricted to a few tens of metres below the sur-
face. The outcrops in Iceland are generally larger and occur
in canyons formed by large floods in rivers or cliffs gener-
ated by sea erosion. The studied feeder dykes are all well
preserved and their relationship with the eruptive fissure and
the erupted deposits are well exposed.

The principal aim of the paper is to present a detailed de-
scription of feeder dykes and their connections with the as-
sociated volcanic fissures so as to improve our understand-
ing of feeders and provide accurate field data for mechani-
cal models of dyke emplacement and hazard assessments. A
second aim is to analyse the volumetric flow rate through a

Fig. 1.Volcano-tectonic settings of Iceland and the Canary Islands.

typical feeder dyke. All the feeder dykes studied in the field
are well exposed but emplaced long before any volcanolog-
ical monitoring began. The volumetric flow-rate data must
come from a comparatively recent and well-monitored erup-
tion. Here we use data from the well-documented 1991 Hekla
eruption in Iceland and relate the variation in the associated
volumetric flow or effusion rates with variations in the open-
ing (aperture or thickness) of the feeder dyke.

2 Volcano-tectonic setting

Iceland and Tenerife are both volcanic islands but they
are located in somewhat different volcano-tectonic settings
(Fig. 1). Iceland constitutes the subaerial part of the Mid-
Atlantic Ridge, where the Eurasian plate diverges from the
North American plate at a rate of around 20 mm yr−1 (Garćıa
et al., 2003). In contrast, Tenerife is part of the Canary Islands
archipelago that is located inside the African Plate, which
is considered stationary or moving very slowly (Burke and
Wilson, 1972; Burke, 1996; O’Connor et al., 1999). How-
ever, both islands are widely thought to be related to man-
tle plumes. The plume under Iceland is well confirmed and
has been traced to depths of at least 400 km (Wolfe et al.,
1997; Bjarnason, 2008). As for the Canary Islands, the exis-
tence of a mantle plume is more debated, but many have re-
lated their volcanism to a mantle plume activity (e.g. Hoernle
and Schmincke, 1993; Carracedo et al., 1998; Duggen et al.,
2009). Both the volcanic islands have developed rift zones
(Fig. 2). Rift zones form when the intrusion of magma takes
place within a restricted area, a zone, where the stress field
is essentially uniform and thus encourages the generation of
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Fig. 2. Simplified geological maps of Iceland(A) and Tenerife(B) showing the location of the active rift zones (in orange) and the studied
feeder dykes (red stars). The numbers indicate the name of the feeder dykes: (1) Hljodaklettar; (2) Raudholar; (3) Reykjanes; (4) Llanos; (5)
Infierno; (6) Cho; (7) Colmenas; (8) Chiqueros; (9) Negrita; (10) Colorada; (11) Chese. Also shown is the location of the Hekla Volcano (red
filled circle), the 1991 volcanic eruption (and associated feeder dyke) of which are analysed in the paper. The inset map in(B) shows the
location of the Tenerife Island.
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swarms of sub-parallel dykes injected perpendicular to the
maximum tensile (minimum compressive) principal stress,
σ3. Dykes in rift zones coexist with other extensional struc-
tures such as tension fractures, normal faults, and grabens,
most of which trend parallel with the rift-zone axis (e.g., Ru-
bin and Pollard, 1988; Gudmundsson, 2002; Galindo, 2005;
Galindo et al., 2005; Kl̈ugel et al., 2009).

Volcanic activity in a rift zone is characterised by fissure
eruptions. The fissures are fed by those dykes that are able
to propagate from their source chambers to the surface, that
is, feeders. Feeder dykes are rarely exposed, partly because
they are normally covered by their own eruption products.
Basaltic fissure eruptions are common in Iceland and Tener-
ife. However, and as a result of their different tectonic situa-
tion, the fissures are more frequent and longer, on average, in
Iceland. The longest Holocene volcanic fissures in Iceland
reach about 70 km, and several tens-of-kilometers fissures
have erupted in historical time (the past 1100 yr). In Tener-
ife, the last fissure eruption took place in 1909 (Chinyero
eruption) and is, like most other eruptive fissures in the is-
land, only several hundred metres long (Galindo, 2005). The
longest eruptive fissure in Tenerife is less than 4 km long
(Galindo, 2005; Galindo et al., 2005).

In this study, one primary focus was on finding good out-
crops of feeder dykes in the field. As a result, a total of eleven
feeder dykes were identified along the rift zones of Iceland
and Tenerife (Fig. 2). In Iceland, three Holocene feeder dykes
were studied, namely the feeders of the lava flows of (Fig. 2a)
Hlj ódaklettar (1) and the Raudhólar (2) in the North Vol-
canic Zone, and of Stampar (3) in the West Volcanic Zone.
In Tenerife eight feeder dykes have been identified (Fig. 2b),
namely the Llanos feeder dyke (4) in the Santiago Rift, the
Infierno (5) and Cho (6) feeder dykes in the South Rift, and
the Colmenas (7), Chiqueros (8), Negrita (9), Colorada (10)
and Chese (11) feeder dykes in the Dorsal Rift. Many of these
dykes are shown in Figs. 3–9. Feeder dykes are more com-
monly exposed in Tenerife than in Iceland partly because of
several large landslides and collapse calderas have occurred
during the rift evolution, generating excellent scarps for de-
tailed observations of dykes and their connections (or not)
with eruptive rocks.

3 Field observations

With one exception (Fig. 4), all the observed feeder dykes
in Iceland and Tenerife are subvertical (Figs. 3, 5–9) and
trend parallel with the associated volcanic fissure and rift-
zone axis. This geometry is normally displayed indepen-
dently of the eruption style and erupted volume. For example,
the dykes in Fig. 3b and c are connected to spatter cones of
different sizes and the dyke in Fig. 3a is connected to small
chimneys; however, they are all subvertical and sheet-like.
These observations are entirely in agreement with theoretical
considerations. As a rule, the maximum principal compres-

sive stress is vertical at and close to the surface of a flat active
rift zone, and so must be the dykes that reach its surface (e.g.,
Gudmundsson, 2002). This rule, however, does not apply to
rift zones with great topographic highs, where the maximum
principal stress may be inclined (perpendicular to a sloping
surface), or when dipping (inclined) discontinuities such as
contacts and faults are used by the dykes as channels to the
surface. The one exception to the generally observed sub-
vertical feeder dykes occurs where a feeder uses an inclined
contact (Fig. 4). In this case the magma became transported,
and the sheet propagated, sub-horizontally along the contact
between two layers of pyroclastic rocks until close to the sur-
face where the sheet became a sub-vertical dyke again and
thus perpendicular to the palaeo-surface of the rift zone.

The feeder-dyke thickness is approximately constant along
most of the dyke exposures (Figs. 3, 4). However, below
spatter and cinder cones the thickness of the uppermost part
of the feeder increases towards the vent (the palaeosurface).
This is seen clearly in Fig. 3b and 3c. The increase in thick-
ness is rapid in the dyke in Fig. 3b but gradual in the dyke in
Fig. 3c, where the thickness increases from 4.5 m at about
100 m below the surface (close to the river at the bottom
of the canyon) to 13 m at the surface (Gudmundsson et al.,
2008).

We propose that the commonly observed thickness in-
crease of feeder dykes on approaching the surface is partly
because of magma-erosion effects, but mainly because of the
free-surface effects. Erosion of the dyke walls may certainly
occur (Bruce and Huppert, 1989), and is most likely to occur
where feeders dissect scoria, sediments, and other unconsol-
idated materials. Nevertheless, it is rare to find many xeno-
liths in dykes, non-feeders as well as feeders. We have stud-
ied tens of thousands of dykes; very few contain abundant
xenoliths that could be related to erosion of the dyke walls,
suggesting that there is normally little wall erosion by the
flowing magma. For some dykes, the lack of magma-related
erosion of the dyke walls may be partly related the chilled
selvage, the glassy margin, that develops at the contact be-
tween the dyke and the host rock. Most of the feeder dykes
in the present study, however, have poorly developed chilled
selvage. In contrast to comparatively small wall-erosion ef-
fects on feeder-dyke thicknesses, the free-surface effect on
feeder-dyke thicknesses is common. It follows from the fact
that the opening or aperture of an extension fracture is nor-
mally greatest at the free surface because there the elastic
constraints on the opening-displacement are partly removed
(Gray, 1992; Gudmundsson et al., 2008). The same results as
to the commonly observed widening of feeder-dykes towards
the surface have been obtained in other studies (e.g., Geshi et
al., 2010).

Rarely, the dyke feeding a lava flow may decrease in thick-
ness upwards towards the contact with the lava (Fig. 5). This
geometric change is presumably because the overpressure
(driving pressure) of the magma was declining rapidly to-
wards the surface, or because the surface layer through which
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Fig. 3. Examples of subvertical sheet-like feeder dykes:(A) the Colmenas feeder dyke (Tenerife) connected to chimneys;(B) the Colmenas
feeder dyke connected to a spatter cone; and(C) the Raudholar feeder dyke (Iceland) connected to a spatter cone. Observe the normal fault
reactivated as a reverse fault by the dyke intrusion (Gudmundsson et al., 2008). See text for explanation. Dash lines indicate the palaeo-surface
prior to the eruption. See persons for scale in(A) and(B); and cars inside the white circle for(C).

the dyke had to propagate was very stiff, that is, with a high
Young’s modulus (Geshi et al., 2010, 2012). In this case, the
lower layer through which the dyke dissects is a soft pyro-
clastic layer (where the dyke is comparatively thick) whereas
the surface layer on top of the pyroclastic layer is a stiff,
basaltic lava flow (where the dyke becomes thinner).

These observations are supported by studies of dykes else-
where. For example, Keating et al. (2008) report thickness
changes in feeder dykes, from the depth of about 250 m be-

low the surface, which, again, show that the dykes generally
become thicker towards the surface. In their interpretation,
the dyke thickness increases from 4–12 m in the depth range
of 100–250 m to as much as 30 m at depths of about 50 m.
Also, studies in the walls of the AD 2000 caldera collapse in
Miyakejima Volcano in Japan show that feeder dykes nor-
mally become thicker towards the palaeosurface (Geshi et
al., 2010, 2012). The results, however, indicate that the dyke
thicknesses depend much on the mechanical properties of the
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Fig. 4. Example of an inclined feeder dyke: the Infierno feeder dyke (Tenerife). As the dyke approached the surface it met a weak contact
between two pyroclastic deposits and propagated into the contact – the contact being parallel with the stratification. However, just under the
palaeo-surface the dyke turns and becomes perpendicular to the erupted lava flow.

layers that the dykes dissect on their paths to the surface.
More specifically, the dykes tend to be comparatively thick
where they dissect soft, pyroclastic layers but thinner where
they dissect stiff lava flows.

All feeder dykes reported here (except the dyke in Fig. 4)
are sub-vertical. Yet their margins are irregular in shape and
many show fingers and apophyses (Figs. 5, 6). The apophy-
ses are more common where the host rock is soft (mainly py-
roclastics; Figs. 5 and 6). One remarkable dyke dissects the
pyroclastic fallout deposits formed during eruption to which
it was the feeder (Fig. 6b). This dyke shows a sort of pinch-
and-swell structure (a ball-chained structure). In this case,
there is no relationship between the changes in thickness and
the host-rock properties which are essentially uniform.

Chilled margins are mostly poorly developed and thin
along the feeders and only occasionally glassy (obsidian).
Where a feeder dyke intrudes a cinder cone, the lapilli de-
posits in the vicinity of the dyke are reddish and, closer to
the dyke, become welded and stuck to the chilled margin
(Fig. 6b). Parallel to the chilled margins in the dyke centre,
an elongated hollow is sometimes observed (Fig. 7a). The
elongated hollow or cavity is commonly confined to the up-
permost 2–3 m of the dyke, that is, just below the surface. The
opening (aperture) of the hollow may be several tens of cen-
timetres and is lined with solidified magma drops (Fig. 7b).

Vesicles are common in the deeper parts of the feeder
dykes. For any particular feeder, vesicles tend to increase
rapidly in size and number close to the surface and towards
the central part of the dyke (Fig. 7c). They are distributed
in bands parallel to the dyke margins, generally elongated
(elliptical) in shape and with the major axis parallel with

the chilled margins (Fig. 7c, d). Some vesicles, however, are
drop or pear-shaped (Fig. 7e), suggesting a sub-vertical (up-
ward) movement of gas bubbles relative to the surrounding
magma. Vesicles have commonly been used to infer the flow
direction of magma in dykes, the normal assumption being
that the vesicles are elongated parallel with the flow direc-
tion (e.g., Rickwood, 1990). However, as for many strain in-
dicators whose formation is not fully understood in terms
of well-tested physical theories, a straightforward interpre-
tation of the vesicle shape in terms of magma flow direction
in dykes is open to doubt.

Every single feeder dyke is segmented (Fig. 8). The scale
of the segmentation is different between Iceland and Tener-
ife, the segments being thicker (Fig. 8) and longer in Ice-
land (Gudmundsson, 1986, 2002). In addition, the offsets
of the dyke segments are much greater for the Icelandic
dykes, commonly many metres, than for the dykes in Tener-
ife. The generally larger offset of dykes in Iceland is partly
attributable to their greater thicknesses. There is a crude rela-
tionship between the thickness of a dyke and its potential off-
set (Gudmundsson, 1986), so that, since the regional dykes
in Iceland are much thicker than those in Tenerife, the dyke-
offsets tend to be larger in Iceland. Both in Iceland and Tener-
ife, however, the offset dyke segments in the vertical sections
are linked either through thin, igneous veins (Gudmunds-
son, 1986), or connected through narrow channels (Fig. 8a)
formed by the lateral prolongation of individual fingers of the
dyke segments. The thicknesses of the segments reach their
maximum close to their centres and then decrease towards
the tips or the connection channels (Fig. 8a).
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Fig. 5.The Reykjanes dyke (Iceland) feeding a lava flow. The dyke
dissects soft pyroclastic layers and then, at the top, a stiff basaltic
lava flow. The stiffening of the host rocks may be the cause of the
decreasing of dyke thickness upwards towards the vent. The dashed
line indicates the palaeo-surface.

Mechanical interactions between the propagating feeder
dykes and existing faults have been also observed in two
feeder dykes. The first example was previously reported by
Gudmundsson et al. (2008) who, based on field observations
and numerical models, suggest that the dyke intrusion of the
Raudholar feeder dyke (see Fig. 2a for location) reactivated
an existing normal fault, namely a boundary fault of a graben
(Fig. 3c). The reactivation resulted in reverse slip on the nor-
mal fault closest to the dyke, probably when the overpres-
sured feeder dyke approached and then reached the surface.
The reverse slip on the fault accommodated part of the thick-
ness increase of the feeder, from 4.5 to 13 m, when it reached
the surface.

Another example from Tenerife shows the interaction
between the Colorada feeder dyke, from the Dorsal Rift
(Fig. 2b), and a small normal fault (Fig. 9). The magma in-
truded up along the normal fault, reached the surface, and
erupted forming a small lava flow. This feeder dyke has a
trend approximately perpendicular to the main trend of the
Dorsal Rift. However, this direction is not the main trend of
the feeder dyke but is rather the trend of the fault that it fol-

lows at this locality. This is supported by the fact that 25 m
below the surface the dyke trend coincides with that of the
Dorsal Rift and intersects the normal fault; part of the dyke
magma flowed up along the fault plane through a pipe struc-
ture (Fig. 9). At the point of intersection between the dyke
and the fault, a ball-shaped structure is observed (Fig. 9). The
existence of the fault does not affect the main trend of the
dyke. No evidence of fault reactivation was observed. Inter-
actions between faults and feeder dykes have been observed
in other volcanic areas and play a role in assessing volcanic
hazards such as at Etna (e.g., Cappello et al., 2012).

4 Feeder-dyke identification

In eroded volcanic areas it is normally difficult to identify
feeder dykes because the erupted deposits have been eroded
or are not clearly related to the feeder. This study provides
information to help to identify basaltic feeder dykes. Based
on the present field observations, feeder dykes show several
features that are also common with dykes in general. For
example, feeder dykes are generally sheet-shaped subverti-
cal structures with irregular margins. Also, feeder dykes are
normally segmented (as are the associated volcanic fissures).
Some features, however, are more specific to feeder dykes (as
distinct from non-feeders) and can be used to identify feed-
ers. These features include the following:

– Feeder dykes contain vesicles that increase in size and
number close to the surface. The depth at which this in-
crease becomes noticeable depends on composition of
the dyke magma and other factors, but some such ef-
fects may be seen to depths as great as several hundred
metres below the surface. This is supported by observa-
tions in Hawaii which indicate that significant degassing
of basaltic feeder dykes may occur to a depth of several
hundred metres (Greenland et al., 1988).

– Feeder dykes normally contain elongated (prolate ellip-
soidal) cavities in their central, topmost parts, particu-
larly close to (within 2–3 m of) the surface. Commonly,
there are solidified magma drops on the cavity walls.
These cavity structures have not been reported for non-
feeder dykes. While not all feeder dykes have such elon-
gated cavities, where they do occur they help distinguish
between feeders and non-feeders.

– Some feeder dykes inject oblique fingers into the planes
of existing faults that cross the dyke paths, and may re-
activate, that is, trigger slip on existing faults. While this
applies to dykes in general, it is more likely to occur
close to the surface where, for normal faults, the dip
commonly becomes steeper and the normal stress on the
fault plane thus smaller and easier for the magma to use
the fault as a channel (Gudmundsson, 1986).

www.nat-hazards-earth-syst-sci.net/12/3683/2012/ Nat. Hazards Earth Syst. Sci., 12, 3683–3700, 2012
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Fig. 6. Feeder dykes showing irregular margins:(A) the Chese feeder dyke (Tenerife) shows several apophyses and fingers.(B) The Negrita
feeder dyke (Tenerife) displays a ball-and-chain structure in its more superficial part, when intruding pyroclastic deposits of the cinder cone
formed during its eruption.

– Close to the surface most feeders increase their thick-
ness which, at the surface, may be at least several times
the dyke thickness at some tens or hundreds of metres
below the surface (Fig. 3c; Gudmundsson et al., 2008;
Keating et al., 2008; Geshi et al., 2010, 2012).

5 From the conduit to the deposits

The feeder-dyke rock represents the magma characteristics
as they were at the end of the eruption. The field results indi-
cate that the magma was not completely degassed by the end
of the eruption, since vesicles are common. Moreover, end-
eruption magma withdrawal is inferred from the commonly
observed magma drops covering the central hollow parts of
several of the feeder dykes. The magma could have flowed
down the conduit at the end of the eruption at that particular
locality, either because of general magma-pressure decrease
in the conduit or because the eruption (and the magma) mi-
grated to another vent along the fissure.

Close to the vent, the conduit increases in thickness. The
thickness increment seems to be related of the volume of
the erupted deposits, being greater where a spatter cone is
well developed. As a field example supporting this sugges-
tion, consider Fig. 3. Figure 3a shows a location under a vent
that did not erupt volcanic material, but rather gas, so it can
be considered as the initial stage, when the dyke was reach-
ing the surface. As the dyke reaches the surface and starts to
form a spatter cone, as seen in Fig. 3b, the vent expands; fi-
nally, if the eruption goes on over enough time, the magma
has time to widen the conduit, as in Fig. 3c, perhaps partly

through some erosion and partly through the free-surface ef-
fects on the fracture opening (Gudmundsson et al., 2008).

6 Feeder-dyke propagation

Feeder dykes propagate primarily in the same way as non-
feeder dykes, that is, as pure opening (mode I) fractures
driven by magmatic overpressure (Gudmundsson, 2002). The
dyke-fracture is perpendicular to the minimum compressive
(maximum tensile) principal stressσ3. This stress is normally
perpendicular to the rift-zone axis, so that the dykes tend to
be parallel to that axis, as is observed in this study. The prop-
agation is commonly through crustal layers that are stress-
homogenised, that is, behave as essentially a single mechani-
cal layer at the time of feeder-dyke emplacement. By con-
trast, when the crustal layers are not stress-homogenised,
they may develop local stresses that are unfavourable for
dyke propagation, or have contacts that are similarly un-
favourable, in which case the dykes would become arrested
and not reach the surface to become feeders (Gudmundsson,
2012a). However, the geometries of the feeder and the non-
feeder dykes are commonly different, particularly close to
the surface, as indicated by the results presented here and in
other works (Keating et al., 2008; Geshi et al., 2010, 2012).

Field observations and model results suggest that a feeder-
dyke injection is strongly affected by local stress fields asso-
ciated with changes in the mechanical properties of the host
rocks and the properties of existing structures, such as con-
tacts and faults. Local stresses and existing structures may
contribute to dyke segmentation and to parts of the dyke
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Fig. 7. (A) Central elongated hollow of the Colorada feeder dyke (Tenerife).(B) Details of the magma drops at the central hollow.(C)
Vesicles in bands and increasing in size and number from the chilled margins to the dyke centre.(D) Elongated vesicles.(E) A drop or
pear-shaped vesicle.

being inclined rather than sub-vertical. The segmentation is
also related to the propagation process itself (Gudmundsson,
1986), since the dyke-propagation front is formed by fin-
gers that propagate vertically and laterally and tend to co-
alesce. Occasionally, the dyke fingers or segments combine
in a manner indicated by Fig. 8a. Independently of the dyke
dip at depth, when reaching the surface, the dyke always be-
comes perpendicular to it because it follows the stress trajec-
tories that must be either parallel or perpendicular to a free
surface (Fig. 4).

There are two additional factors that affect dyke propa-
gation, particularly close to and at the surface. One is the
topography of the volcanic area of dyke emplacement, the
other is existing structures in the path of the dyke. It is well
known that the stress fields in large volcanic edifices, partic-
ularly close to the surface, are affected by the topography of
the edifice. The general topography may thus affect the dyke-
propagation path (e.g., Acocella and Neri, 2009; Acocella et

al., 2009). In addition, abrupt topographic changes, such as
lateral or sector collapses, may affect the dyke-propagation
path (Galindo, 2005; Neri et al., 2008). The topographic ef-
fect is thus partly due to the modification of the local stress
field, and partly because of vertical to steeply dipping free
surfaces, such as the walls of lateral and vertical collapse
structures. All the feeder dykes from Iceland considered here
(Fig. 2a) are from flat rift zones, except the feeder of the
Hekla 1991 eruption (Sect. 9). The feeder dykes in Tenerife
are located within the three rift zones of the island (Fig. 2b).
Topography clearly plays a role in the mechanism of vol-
cano spreading that operates on Tenerife. We have not, how-
ever, found evidence of abrupt changes in feeder-dyke trends
that can be attributed to topographical effects. But there is
abundant evidence of the effects of the free surface of the rift
zones and of contacts and other discontinuities on the dyke-
propagation paths (Fig. 4).
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Fig. 8. Segmented feeder dykes.(A) The Colmenas feeder dyke (Tenerife) is composed of several segments some of which have coalesced
through narrow channels. The segment main trend changes when approaching the nearby segment.(B) The Hljodaklettar feeder dyke (Ice-
land) is much thicker (approximately 25 m) than the Colmenas dyke and the segments are longer.

The second factor, existing structures, may have a strong
influence on the location of additional vents around the main
eruptive fissure. However, these structures do not normally
affect the main propagation of the feeder dyke, in particu-
lar when the structures, such as faults, that are comparatively
small (Figs. 3c and 9). A detailed study of feeder dykes and
fissure eruptions cutting faults will be needed to obtain a
clearer picture of the exact relationship between dykes and
faults. The present results indicate, however, that in analysis
of feeder dykes the possibility must be considered that a part
of a feeder is using a fault as a channel (Fig. 9), in which
case the attitude of that dyke part would not be representa-
tive of the stress field of the area. In particular, a dyke part
occupying a fault plane is not in a principal stress plane and
thus cannot be used to indicate the orientation of the principal
stresses at its time of emplacement.

Dykes induce stresses and displacements at and close
to the Earth’s surface when approaching it (Pollard and
Holzhausen, 1979; Pollard et al., 1983; Rubin and Pollard,
1988; Bonafede and Olivieri, 1995; Rubin, 1995; Bonafede
and Danesi, 1997; Acocella and Neri, 2003; Gudmundsson,
2003; Gudmundsson et al., 2008). Hence, surface deforma-
tion takes place before the eruption as well as at the moment
the feeder intersects the Earth’s surface. The probability of a
volcanic unrest period resulting in an eruption, that is, in a
feeder-dyke formation, is easier to assess if we have a better
knowledge of how and in which way feeder dykes and faults
and other discontinuities interact mechanically.

7 Volumetric flow rate through a feeder dyke

When a feeder-dyke reaches the surface to form a volcanic
fissure, the volumetric flow or effusion rate of the fissure
can be calculated. The calculation is based on the Navier-
Stokes equation for laminar flow between parallel plates
(e.g., Lamb, 1932; Milne-Thompson, 1996). The volumetric
flow rate,Q, in m3 s−1 is obtained from the equation:

Q=
1u3W

12µm

[
(ρr − ρm)g sinα−

∂pe

∂L

]
. (1)

Here1u is the opening or aperture of the volcanic fissure
or feeder dyke,W is the length or strike dimension of the vol-
canic fissure or feeder-dyke as measured at the surface,µm is
the dynamic or absolute viscosity of the magma in Pa s,ρm
is the density of the magma in kg m−3 (assumed constant),ρr
is the average density of the crustal segment (which includes
the volcano) through which the feeder dyke propagates to the
surface,g is the acceleration due to gravity in m s−2, α is the
dip of the feeder dyke in degrees, and∂pe/∂L is the verti-
cal magmatic excess-pressure gradient in the direction of the
magma flow, that is, in the direction of the dip dimension of
the dykeL in metres.

When discussing the flow of magma through a feeder dyke
that originates in a magma chamber, there are two pressure
concepts that need to be considered. One has already been re-
ferred to in connection with the pressure gradient in Eq. (1),
namely the excess pressure. Here, excess pressure (pe) is the
magma pressure in excess of the lithostatic pressure (or over-
burden pressure) in the magma chamber at the time of its
rupture and feeder-dyke initiation. At the time of magma-
chamber ruptured, the excess pressure in the chamber is nor-
mally equal to the tensile strength of the host rock, generally
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Fig. 9. (A) Outcrop of a shallow normal fault intruded by the Colorada feeder dyke (Tenerife), where the magma transported by the dyke
extrudes and forms a small lava flow. No clear indicators have been found to suggest the reactivation of the fault due to the dyke intrusion.
(B) Ball-shaped structure formed at the place where the feeder dyke cuts the fault. From the ball, a pipe structure propagates up to the fault.
The main feeder-dyke trend is perpendicular to the fault plane (pipe).(C) Schematic illustration of the likely dyke propagation along the
fault and to the surface to form the small lava flow.

in the range of 0.5–9 MPa, and most commonly about 3 MPa
(Haimson and Rummel, 1982; Schultz, 1995).

The second concept is overpressure (po), which is also
commonly referred to as driving pressure and net pressure.
It is the pressure that drives the propagation of the feeder
dyke (and other sheet-like intrusions). The magnitude of the
overpressure derives from the combined effects of the initial
excess pressure in the source chamber and the magma buoy-
ancy. The buoyancy is because of the difference between the
density of the magma in the feeder dyke and the density of
its host rock, as indicated in the first term(ρr − ρm)g in the
parenthesis in Eq. (1). More specifically, overpressure is the
total pressure minus the normal stress which acted on the
potential feeder-dyke path before magma emplacement. For
any extension fracture such as a dyke, the normal stress is
the minimum principal compressive stressσ3. From Eq. (1)

it follows that the excess pressure decreases up the feeder
dyke, whereas the buoyancy term increases so long as the
average density of the host-rock through which the feeder
dyke propagates is greater than the density of its magma. The
overpressure may reach several tens of mega-pascals at some
point along the dyke path, despite the fact that the excess
pressure in the source magma chamber is normally equal to
the rock tensile strength and thus only several mega-pascals.

When applying Eq. (1) to volumetric flow up through a
feeder dyke, it should be noted that the aperture1u, here
assumed constant, depends on the magmatic overpressure.
Here the overpressure (po) derives from the term in the
brackets, and is partly due to the excess pressurepe in the
source magma chamber of the dyke, and partly on the buoy-
ancy term (ρr − ρm)g as defined above (note that the term
is multiplied by the height or lengthL to get the proper
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units). The aperture is thus known to vary with overpressure,
and can be modelled in various ways (e.g., Gudmundsson,
1986; Gray, 1992; Kusumoto et al., 2012). Currently, how-
ever, there are no available analytical models that allow the
coupled changes in overpressure and aperture to be directly
related to changes in volumetric flow rates during volcanic
eruptions. Thus, in the analysis below, we explore changes in
the feeder-dyke aperture independently of the changes in the
associated magma overpressure.

8 Pressure changes in the source magma chamber

During a dyke-fed eruption, there is a certain volume of
magma,V , that is transported to the surface from the source
magma chamber before the eruption comes to an end. While
some magma chambers, particularly small sill-like cham-
bers, may be totally molten, most chambers are likely to be
only partially molten and behave as poroelastic bodies. For
a poroelastic magma chamber, the total volume of magma
transported by a feeder dyke to the surface (and including
the volume of the feeder itself) during an eruption may be
estimated as follows (e.g., Gudmundsson, 2012a):

V = fpe(βp +βm)Vc. (2)

Here,f is the porosity of the chamber, or its magma frac-
tion (no units),pe is the magma excess pressure in the cham-
ber before rupture and feeder-dyke formation (in pascals),βm
is the magma compressibility andβp the pore compressibil-
ity of the magma chamber (both with units of Pa−1), whereas
Vc is the total volume of the chamber.

Equation (2) is well known from poroelasticity (cf. Bear,
1972; Wang, 2000) and hydrogeology (Deming, 2002). For
a totally fluid magma chamber, the factorf = 1, and many
have used that version of the equation (e.g., Machado, 1974;
Blake, 1981). Generally, the flow out of the magma chamber
through the feeder-dyke stops, and the eruption comes to an
end, when the excess pressure is no longer able to keep the
dyke-fracture open at its contact with the chamber (Fig. 10),
that is, whenpe→ 0.

For non-feeder dykes, that is, dykes that end vertically
within the volcano and do not reach the surface, the dyke-
fracture does not need to close when the dyke stops its ver-
tical propagation. Rather, the dyke propagation simply stops
when the dyke becomes arrested and subsequently the dyke
solidifies and gradually cools down to the temperature of the
host rock. Non-feeder dykes, particularly when composed
of high-viscosity felsic magmas, that cut the roofs of fos-
sil magma chambers may thus be seen as connected to the
source magma, that is, the present felsic pluton (Gudmunds-
son, 2012b). But for feeder dykes, particularly low-viscosity
basaltic dykes, the contact with the magma chamber would
normally effectively close at the end of the eruption (Fig. 10).

Consider now how the volumetric flow rate through a
feeder dyke such as in Fig. 3a decreases during the eruption.

Fig. 10. Schematic illustration of a feeder dyke extending from a
crustal magma chamber to the surface of a volcanic edifice. The
crustal magma chamber, in turn, is supplied with magma from a
deeper magma reservoir, in the lower crust or at the top of the man-
tle. For a basaltic feeder dyke, the bottom of the dyke closes when
the excess pressure in the chamber is no longer able to hold the
dyke-fracture open at its junction with the chamber. When this hap-
pens, magma flow up the feeder dyke ceases and the eruption comes
to an end.

All the feeder dykes discussed in this paper are basaltic (or of
basaltic andesite), so we consider only basaltic (and basaltic
andesite) eruptions here, but the results can be generalised
to other magma compositions (where, however, gas exsolu-
tion, the viscosity of the magma, and other factors may play
a more important role). To simplify the problem, we present
the volumetric flow rate over a given time t during the erup-
tion by the average valueQt . Also, we assume the host rock
and magma densities to be equal, in which case we have, in
Eq. (1), (ρr − ρm)g L= 0. Consequently, the magma trans-
port up through the feeder dyke is solely due to the excess-
pressure gradient,∂pe/∂L in Eq. (1).

When magma starts to flow up the feeder dyke, and even-
tually to the surface (Fig. 10), the excess pressure in the
source chamber must normally decrease. The only excep-
tions would be if (i) gas exsolution and related processes
maintain the excess pressure and/or (ii) if new magma is in-
jected into the chamber from its source reservoir (Fig. 10) at
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Fig. 11.Variation in the volumetric flow or effusion rate in the 1991
Hekla eruption in Iceland as a function of time. The abrupt increase
in the volumetric flow rate is here thought to be related to a small
increase in the opening (aperture) of the feeder dyke. On the in-
set is a photograph of the Hekla Volcano early in the eruption (cf.
Gudmundsson et al., 1992).

the same volumetric flow rate as magma leaves the chamber
through the feeder dyke. The first factor is not likely to be
of great importance in the basaltic eruptions discussed here,
but may be so in explosive eruptions, particularly collapse-
caldera eruptions. Experience from basaltic eruptions world-
wide indicates that the inflow of magma is normally at a
much lower volumetric rate than the outflow through the
feeder dyke (e.g., Stasiuk et al., 1993; Woods and Huppert,
2003).

The main exceptions to this rule may be volcanoes such
as Stromboli (Italy) and Sakura-Jima (Japan) and active lava
lakes such as in Kilauea (Hawaii), Nyiragongo and Erta Ale
(Africa), and Mount Erebus (Antarctica), where there is a
quasi-continuous eruptive activity over long periods of time
(Simkin and Siebert, 2000; Frank, 2003; Rosi et al., 2003;
Siebert et al., 2010). In these volcanoes the rate of magma
injection into the chamber, or replenishment, may be very
similar to the feeder-dyke effusion rate. However, volcanoes
with such a quasi-continuous activity are few and maintain
that activity for short periods of time (with the possible ex-
ception of Stromboli) in comparison with their overall life-
times. For estimating the volumetric flow rates during most
basaltic eruptions, therefore, the new magma received by the
chamber, that is, the replenishment, may be ignored.

On these assumptions, and for a basaltic (and basaltic an-
desite) eruption, the excess pressurepc in the source chamber
of the feeder dyke at any instant may be given by:

pc = pe−ψ

t∫
0

Qdt. (3)

Here,pe is the excess pressure at the time of magma-
chamber rupture and feeder-dyke emplacement (and eruption

initiation), that is, att = 0, andQ is the volumetric flow or
effusion rate. The factorψ has the units of Pa m−3 and is the
reciprocal of the right-hand side of Eq. (1), thus:

ψ =
[
f (βp +βm)Vc

]−1
=
pe

V
. (4)

The flow rateQ up through the feeder dyke as a function of
time is given by (Machado, 1974):

Q=Qe−A

t∫
0

Qdt. (5)

Here,Qe is the initial flow rate andA is a constant that
is related to the excess pressure, compressibility and volume
of the magma chamber as well as to the dimensions of the
feeder dyke.

It can be shown that the solution to Eq. (5) (Machado,
1974; cf. Wadge, 1981) has the form:

Q=Q0e
−At . (6)

Equation (6) shows that the volumetric flow rate up
through the feeder dyke is a negative exponential function
of time since the beginning of the eruption or, strictly, the
rupture of the magma chamber and feeder-dyke initiation. A
roughly exponential decrease in the volumetric flow or ef-
fusion rates is common during eruptions (Machado, 1974;
Wadge, 1981; Stasiuk et al., 1993; Thordarson and Self,
1993; Thordarson and Larsen, 2007; Neri et al., 2011). One
such example (with irregularities, however) is provided in
Fig. 11.

Using similar arguments, it can be shown, based on the
above assumptions and by analogy with Eq. (6), that the
excess-pressurepc in the magma chamber during the erup-
tion is also a negative exponential function of time and given
by (cf. Woods and Huppert, 2003):

pc = pee
−(

Qt
V
). (7)

HereV is the volume of the eruptive materials plus the vol-
ume of the feeder dyke, as defined in Eq. (1),Q is the volu-
metric flow rate up the feeder, so thatQt is the volume during
the time intervalt . Since the units ofQt are m3, it follows
that the exponent has the units of m3 m−3 and is thus dimen-
sionless. A roughly exponential decrease in excess pressure
in the source magma chamber during a basaltic eruption can
therefore be expected until the pressure becomes too low to
keep the feeder dyke open at its contact with the chamber,
whereby the eruption comes to an end.

9 Changes in the volumetric flow rate

Equations (5) and (6) show that the volumetric flow rate or
effusion rate depends on the variation in the excess pressure
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in the chamber, which itself is a negative exponential func-
tion of time (Eq. 7). There are, however, other factors that
contribute to the volumetric flow rate, including the length
of the feeder-dyke/volcanic fissure, the dynamic viscosity
of the magma, the density difference between the magma
and the host rock, the dip of the feeder-dyke, and the open-
ing/aperture of the feeder-dyke/volcanic fissure at the sur-
face (Eq. 1). For a feeder issuing magma of a given com-
position and viscosity, any abrupt changes in the volumetric
flow rate during an eruption may be related to overpressure
changes, but are most likely to be related to changes in the
feeder-dyke length and, in particular, to its opening or aper-
ture. This follows because, according to Eq. (1), the volumet-
ric flow rate for laminar flow depends on the aperture in the
third power (referred to as the cubic law), which means that
small changes in the size of the aperture may have large ef-
fects on the volumetric flow rate. Following an earthquake,
or other tectonic movements, the aperture and length of the
active part of a volcanic fissure/feeder dyke may suddenly
change during the eruption. And even if the change is small,
the cubic law implies that the change in volumetric flow rate
may be very noticeable – with obvious implications for haz-
ards. Thus, while many eruptions show smoothly declining
effusive rates (Machado, 1974; Wadge, 1981; Stasiuk et al.,
1993; Thordarson and Self, 1993; Thordarson and Larsen,
2007; Neri et al., 2011), other eruptions show abrupt changes
in the rates at certain times during the eruption.

All the feeder dykes described and explored in the present
paper were injected hundreds or thousands of years ago.
Thus, we do not have any information about the volumet-
ric flow rates, or variations in these, during the associated
eruptions. We therefore decided to use the feeder to the
1991 Hekla eruption in Iceland, where the length of the dyke
(the volcanic fissure) is well known and where the volumet-
ric flow rate is also well documented (Gudmundsson et al.,
1992), and the eruptive volume similar to that of a typical
small basaltic eruption (0.25 km3) in Iceland. The eruptive
material was basaltic andesite so that the dyke is similar in
composition to the feeder dykes described in the present pa-
per. In addition, the 1991 Hekla eruption is a good example of
changes in volumetric flow rates during an eruption (Fig. 11).

We shall now make rough estimates of the feeder-dyke
dimensions for three stages of the eruption: the beginning
phase, the middle phase (which is also similar to the end
phase), and the following temporary abrupt increase in the
flow rate before the end phase. The depth of the source
magma chamber supplying magma to Hekla’s basaltic erup-
tions is generally thought to be about 10 km (Gudmunds-
son et al., 1992), and the corresponding crustal segment has
an average density of about 2800 kg m−3 (Gudmundsson,
2002). For a basaltic andesite magma we may take the den-
sity as 2650 kg m−3 and the viscosity as 100 Pa s (Murase
and McBirney, 1973; Kilburn, 2000; Spera, 2000). Since the
excess pressure in the chamber before rupture and feeder-
dyke initiation is roughly equal to the in-situ tensile strength

of the roof of the chamber, the excess pressure may be taken
as 3 MPa (Haimson and Rummel, 1982; Schultz, 1995). All
these parameters can vary, but the likely variation does not
much affect the main points of interest here.

During the initial phase of the 1991 Hekla eruption, the
volumetric flow rate reached at least 800 m3 s−1, and may for
the first few hours have reached about 2000 m3 s−1. During
this time the volcanic fissure was about 3 km long (Fig. 11).
Using Eq. (1) for a vertical feeder dyke (the dipα= 90◦) and
the above values for the physical parameters, we obtain the
opening or aperture of the feeder dyke at the surface, that
is, the aperture of the volcanic fissure, as about 0.56 m. This
applies to the effusion rate of 800 m3 s−1. In the first hours
when the effusion rate may have reached 2000 m3 s−1, the
fissure aperture (for the same fissure length) would have been
about 0.77 m. Both these values are very similar to common
thicknesses of dykes and inclined sheets in fossil central vol-
canoes in Iceland (Gudmundsson, 2002, 2003).

A few days after the initial phase, the effusion became con-
fined to a short fissure segment that was active for about 50
days and generated the main crater cone (Fig. 11). This seg-
ment was only several hundred metres long (similar to many
volcanic fissures in Tenerife and many short fissures in Ice-
land), and we take it here as approximately 200 m long for the
present calculations. Whether it was 100 m or 300 m would
not greatly affect the results which depend much more on the
fissure aperture. After about 14 days the effusion rate fell to
1–2 m3 s−1 and stayed at that low level for 12 days until is
increased abruptly to 12 m3 s−1 (Fig. 11). If the fissure main-
tained the same length, roughly 200 m, during both phases,
and all the physical parameters remained as above, then the
fissure aperture during the 2 m3 s−1 effusion rate would have
been about 0.19 m (very similar in thickness to the feeder
in Fig. 3a). Similarly, during the abrupt increase in effusion
rate to 12 m3 s−1, the fissure aperture would have been about
0.34 m. Thus, an aperture increase by 15 cm is enough to in-
crease the effusion rate 6-times. This follows from the cubic
law (Eq. 1) which shows that if the aperture is increased by a
factor of about 1.8 (0.34 m divided by 0.19 m) then the vol-
umetric flow rate (all other parameters remaining constant)
should increase by a factor of (1.8)3 or about 6.

All these thickness results for the feeder dyke in the 1991
Hekla eruption are similar to those measured for dykes and
inclined sheets in fossil central volcanoes in Iceland (Gud-
mundsson, 2002). They are also similar to many of the
basaltic feeder dykes discussed in the present paper. It should
be noted, however, that the thickness estimates for the Hekla
1991 feeder are crude: the magma viscosity and density very
likely changed during the eruption, and the depth to the
source magma chamber is still poorly constrained – and this
depth affects the excess pressure gradient. However, keeping
these limitations in mind, the results with regard to feeder-
dyke thickness are very reasonable and in good agreement
with the data presented in this papers on feeder dykes from
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Tenerife as well as data on dykes and sheets within eroded
central volcanoes in Iceland.

These results do not exclude variations in the excess pres-
sure in the source magma chamber during the eruption. In
fact, as indicated above, it follows from Eq. (7) that the
magma pressure in the chamber must have been generally
declining during the eruption; that is, the excess pressure is
theoretically a negative exponential function of time. While
magma may flow into the chamber (from a deeper reservoir)
during an eruption, it is well documented that the rate of flow
through a dyke out of the chamber is normally much faster
than the rate of inflow (e.g., Stasiuk et al., 1993; Woods and
Huppert, 2003; Gudmundsson, 2002, 2012b). Thus an abrupt
increase in volumetric flow rate during an eruption, such was
observed in the 1991 Hekla eruption (Fig. 11), is unlikely
to be due to a sudden increase in the rate of inflow into
the source magma chamber and more likely to be related to
changes in the aperture of the feeder dyke.

10 Discussion

During a volcanic unrest period with a dyke injection, the as-
sociated volcanic hazard depends, to a large degree, on the
probability of the dyke reaching the surface to become a
feeder. If the dyke becomes arrested on its way to the sur-
face, there will be no eruption and no volcanic hazard in
the ordinary sense. However, the dyke emplacement, even if
no feeder forms, may trigger earthquakes and possibly land-
slides that give rise to earthquake and landslide hazards.

Despite studies of hundreds of thousands of dykes world-
wide, there are surprisingly few reported feeder dykes, and
even fewer that have been studied in any great detail. Per-
haps the most detailed previous studies of feeder dykes are
those by Geshi et al. (2010, 2012), who made careful mea-
surements of feeder dykes in the 200-m-high caldera walls of
the Miyakejima Caldera in Japan and compared them with
non-feeders. They show that the geometries of feeders and
non-feeders, particularly close to their upper tips, are funda-
mentally different. In particular, the feeders tend to widen up
on reaching the free surface of the earth – the surface of the
volcano containing the dyke – whereas non-feeders, under-
standably, become thinner, that is, taper away, on approach-
ing their upper tips.

Another important result of the studies by Geshi et
al. (2010, 2012) is that most of the dykes seen are arrested.
Even at shallow depths, a few tens of metres below the sur-
face of the caldera, most of the dykes are seen to be arrested.
Thus, apparently, few of the dykes make it to the surface to
become feeders, even if they reach quite shallow depths. This
is in agreement with other studies (e.g., Gudmundsson, 2002;
Moran et al., 2011) which indicate that the majority of dykes
become arrested on their paths to the surface and thus never
become feeders.

There are many possible reasons as to why a propagating
dyke becomes arrested rather than reaching the surface to be-
come a feeder. The main reasons, however, relate to the me-
chanical layering and local stresses in the rock through which
the potential feeder dyke has to propagate to reach the sur-
face (e.g., Gudmundsson, 2012a). When the rock layers have
contrasting mechanical properties, in particular large differ-
ences in Young’s modulus, then there is a greater tendency
for the dyke to become arrested than if all the layers have
similar mechanical properties. This is supported by the many
dykes that become arrested at contacts between mechanically
dissimilar layers as seen in the caldera walls of Miyakejima
(Geshi et al., 2010, 2012). Further support derives from the
low proportion of magma supplied to a volcano that is ac-
tually erupted during any given period. For example, Harris
et al. (2000) estimated that only about 30 % of the magma
supplied to the Krafla Volcano in Iceland 1975–1984 was
erupted, and only 13 % of the magma supplied to Etna during
the period 1980–1995 was erupted. Much of the magma was
emplaced in dykes that did not reach the surface.

The results also indicate that in basaltic edifices (shield
volcanoes), composed mostly of mechanically very similar
layers, the chances of an injected dyke reaching the surface
are greater, other things being equal, than in a stratovolcano
composed of mechanically dissimilar layers. During unrest
periods with dyke injection, the probability of a feeder-dyke
formation and eruption are thus normally higher in a shield
volcano than in a stratovolcano.

No feeder dyke forms, however, unless there is enough
energy to drive the dyke fracture through all the layers of
its host rock and to the surface. It can be shown that during
common unrest periods with excess pressures reaching the
tensile strength of the rock and associated magma-chamber
inflation, the stored elastic strain energy is theoretically large
enough to propagate a typical basaltic dyke to the surface,
thereby generating a feeder (Gudmundsson, 2012a). This as-
sumes a sill-like magma chamber with an excess pressure
of 3–4 MPa and chamber inflation on the order of one me-
tre. For unrest periods with much lesser excess pressures and
inflations, the strain energy solely due to the magma cham-
ber excess pressure and inflation itself may not be enough to
propagate an injected dyke (formed at a lower excess pres-
sure) to the surface. But there are other energy sources in the
volcano, such as the work related to volcano spreading and
spreading in rift zones. As indicated above, even if the avail-
able energy would be theoretically high enough, the dyke has
to propagate through all the layers on its way to the surface,
many of which would tend to arrest the dyke. Nevertheless,
many dykes make it to the surface to form feeders.

Once a feeder reaches the surface, the associated haz-
ards depend much on the volumetric flow or effusion rates
(Fig. 11). Commonly, the effusion rates peak very early in
the eruption and then fall off exponentially with time (e.g.,
Machado, 1974; Wadge, 1981; Stasiuk et al., 1993; Thordar-
son and Self, 1993; Thordarson and Larsen, 2007; Neri et al.,
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2011). However, there are many cases where the effusion rate
fluctuates so that, in the later stages of the eruption, there is,
for a while, an increase in the effusion rate (Fig, 11; e.g.,
Gudmundsson et al., 2002; Nakada and Motomura, 1999;
Harris and Neri, 2002).

It is well known that effusion rates play a fundamental role
in deciding the type and lengths of lava flows (Walker, 1973;
Calvari et al., 2003; Coppola et al., 2005; Thordarson and
Larsen, 2007; Harris and Rowland, 2009), sizes of the cones
in the formation of shield volcanoes (Thordarson and Sig-
marsson, 2009), and are one of the distinctive differences be-
tween summit and flank eruptions on some volcanoes such
as Etna (Neri et al., 2011). It follows that effusion rates, and
their variations, are of fundamental importance when assess-
ing related hazards.

In some cases increases in effusion rates at later stages
of an eruption (Fig. 11) may be attributable to increase in
controlling magmatic overpressure in the feeder dyke (e.g.,
Nakada and Motomura, 1999; Harris and Neri, 2002). This
may, for example, come about when different compartments
of the source magma chamber begin to supply magma, com-
monly of somewhat different composition and under dif-
ferent excess pressure, to the feeder dyke (Gudmundsson,
2012b). Another reason for an abrupt effusion rate change
during the later stages of an eruption, as analysed for the
1991 Hekla eruption above, may be an increase in the open-
ing or aperture of the feeder dyke.

11 Conclusions

Base on the field observations and theoretical analysis pre-
sented in this paper, our main conclusions are as follows:

– Most feeders are sheet-like and sub-vertical. Even if the
feeder is inclined at depth, and thus an inclined sheet,
it becomes vertical on reaching the surface. This is in
agreement with orientation of the principal stresses at
free surfaces. In contrast to non-feeders, many feed-
ers are highly vesicular and the number of vesicles in-
creases on approaching the surface. Also, some feeders
have elongated, empty cavities or hollows, parallel with
the dyke wall and located in the dyke centre.

– On approaching the free surface, many feeders increase
their thickness. This is partly because of magma-erosion
effects, but mainly because of the free-surface effects;
the opening of any extension fracture tends to be great-
est at the free surface because the elastic constraints on
the opening-displacement are partly removed at that sur-
face (Gudmundsson et al., 2008). This is in excellent
agreement with other observations of feeders (Geshi et
al., 2010, 2012).

– Further modelling of the mechanical interaction be-
tween feeder dykes and faults is of vital importance for

assessing hazards and risks of feeder-dyke formation
during volcanic unrest periods. One basic aspect of such
a model is to help us to understand the conditions that
allow magma to flow into, and occasionally up along,
fault planes. Hazard modelling involving the interaction
between faults and feeder dykes has already been made
for volcanoes such as Etna (Cappello et al., 2012).

– The volumetric flow or effusion rate of a feeder dyke
commonly reaches its peak very early in the eruption
and then declines exponentially with time. There are
many examples, however, where the effusion rates in-
crease, sometimes abruptly, at a later stage in the erup-
tion. We analyse the case of the 1991 Hekla eruption
in Iceland (Fig. 11). Our results indicate that during
the initial peak in the effusion rate the opening (aper-
ture) of the feeder dyke was around 0.77 m. During the
subsequent decline in the effusion rate to a minimum,
the aperture decrease to about 0.19 m. At the subse-
quent abrupt increase in the effusion rate, the feeder-
dyke opening may have increased to about 0.34 m, and
then decreased again as the effusion rate gradually de-
clined during the end stages of the eruption.
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