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THEORETICAL CONSTRAINTS ON THE LOCATION OF ERUPTIONS AND INTRUSIONS OF PLANETARY 
VOLCANOES: DATA FROM KILAUEA VOLCANO, HAWAI'I. Elisabeth A. Parfitt, Environmental 
Science Division, Institute of Environmental & Biological Sciences, University of Lancaster, 
Lancaster LA1 4YQ, U.K. 

Kilauea volcano on the island of Hawai'i is a relatively young shield volcano. Like many other 
Hawaiian volcanoes it possesses structurally weak rift zones (I) ,  which act as preferred sites 
for eruptive and intrusive activity. Kilauea has two rift zones, the South-west Rift Zone (SWRZ) 
and the East Rift Zone (ERZ); eruptive and intrusive activity is partitioned between these and the 
summit caldera. Eruptions and intrusions on both the rift zones and the summit are all the 
results of the same physical process - the emplacement of dikes. Theoretical constraints (2-6) 
on dike emplacement can be used to explain the recent activity of this volcano and, by implication 
eruptive patterns on the morphologicaly similar martian shield volcanoes. 

Theoretical Constraints 
Stress intensity factors can be used to define the propagation conditions of dikes (6) and can be 
calculated for the upper and lower edges and the propagating tip of a dike as a function of the 
excess pressure at the dike centre, the dike half-height, the depth to the dike centre and the 
gradient of the regional tension. If the value of the stress intensity exceeds a certain threshold 
value, known as the fracture toughness (a function of the physical properties of the country 
rock), the dike will propagate. If the stress intensity falls below zero the dike will begin to 
close. In the range 0 < K < Kcrit, where K is the stress intensity and Kcrit is the fracture 
toughness, the dike is stable. Dike emplacement is, therefore, initiated when sufficient pressure 
is generated to exceed the country rock strength. At Kilauea this pressure is generated by the 
influx of fresh mantle magma into the region of shallow summit storage at a depth of 2-6 km 
(7). This influx causes the whole caldera region to inflate and tilt; when the pressure becomes 
large dike emplacement and magma flow begins. The dike generally follows one of two possible 
pathways: vertical emplacement which results in summit eruptions or intrusions, or lateral 
propagation feeding rift zone activity. 

Interpretation of Recent Eruptive Patterns on Kilauea 
Prior to the December 1962 ERZ eruption, activity on both rift zones was directly related to 

summit activity, rift zone eruptions only occuring after a summit eruption. The SWRZ still 
behaves in this way. In 1971, for example, activity on the SWRZ started with the opening of 
fissures in the summit caldera, continued lateral peopagation of the feeder dike eventually 
moving the eruptive activity to 12 km from the summit on the SWRZ. The ERZ since 1962 has, 
however, exhibited a new pattern in which eruptions/intrusions can follow on directly from one 
to another without an intervening summit eruption. This has led to the predominance of the ERZ 
in both eruptive and intrusive activity - about 10 years of accumulated activity on the ERZ since 
1962 compared with less than one year on the SWRZ and in the summit taken together. 

The importance of summit activity prior to 1962 and the very extended summit eruptions in 
the 19th and early 20th centuries suggest that at this time vertical dike emplacement was 
favoured, i.e., the fracture toughness above the summit storage region was lower than around the 
sides. However rift zone eruptions did occur after summit eruptions had ceased; this implies that 
the relative values of the fracture toughness changed. Such a change can be related to the 
shut-down process for summit eruptions. Summit activity, unlike activity on the rift zones, 
does not cause major deflation of the summit; i.e., summit eruptions, unlike rift zone eruptions, 
are inefficient at relieving the pressure built up prior to dike emplacement. Reduction in 
pressure cannot therefore be used as an excuse for shut-down in the case of summit activity. The 
end of a summit eruption is probably brought about by the solidification of magma within the 
feeder dike (8). The pressure in the summit region is usually, at this stage, still high and so the 
volcano is effectively still primed for a new eruption. The fact that this eruption tends to occur 
along one of the rift zones, rather than by reopening the newly closed vertical dike, implies that 
the fracture toughness of the newly solidified magma is greater than the fracture toughness of the 
older country rock and so a lateral pathway is now preferred and a rift zone eruption becomes 
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possible. The control of solidification on the fracture toughness means that, as long as total 
solidification of the dike does not occur, this dike will be the preferred pathway taken when new 
magma flow is initiated. Theoretical modelling of the dike emplacement process can be used to 
show that new propagation can be started far more readily at the tip of a pre-existing dike. 

The eruptive and intrusive activity on the ERZ of Kilauea since 1962 clearly demonstrates this. 
The September 1961 ERZ eruption followed an eruption in the summit and emplaced a dike into 
the ERZ. In December 1962 a new eruption started on the ERZ (9). The seismic activity 
associated with this eruption shows that no major dike was emplaced; earthquakes were confined 
to the summit and the eruption site. Harmonic tremor in the rift indicated that magma was 
moving underground through a pre-existing dike. The earthquakes recorded below the eruption 
site indicate the emplacement of a new vertical dike section which fed the eruption. This dike 
emplacement indicates that the existing dike either ended or was blocked at this point in the rift. 

Eruptions of this sort, fed by pre-existing dikes, are typical of the ERZ since the early 1960's 
and apparently led to the establishment of an aseismic dike section in the upper ERZ (10). The 
existance of a 'permanent' dike section linked to the summit storage area facilitates continued 
ERZ activity both due to the lower fracture toughness and the relative ease of extending a 
pre-existing dike rather than producing a new one. Repeated activity through the same lateral 
pathway has resulted in two extended eruptions on the ERZ: the Mauna Ulu eruptions on the upper 
ERZ between 1969 and 1974 and the Pu'u '0'0 eruption that started in 1983 and is still 
continuing. In addition to requiring a well established lateral dike, extended eruptions can only 
start if an efficient vertical dike can be emplaced from the end of the lateral dike to the surface. 
This is possible if the excess pressure in the lateral dike is high - resulting in a thick dike 
which takes a long time to cool and therefore is more likely to survive until the pressure is high 
enough to start a new eruption - or the summit pressure is high and therefore the volcano is in 
repose for a relatively short time minimising cooling in the vertical pathway between eruptions. 

Conclusions 
The eruptive and intrusive activity of Kilauea volcano since the early 1960's differs 
significantly from earlier activity. The previous dominance of summit activity indicated that the 
country rock fracture toughness was anisotropic, being greater on either side of the chamber 
than above it. Rift zone activity could be produced however, as solidification of magma within the 
summit feeder dike apparently increased the fracture toughness above the chamber relative to 
that on either side. The summit pressure following the 1961 flank eruption rose to a high enough 
level to initiate activity before the previous eruption pathway had totally solidified; this allowed 
the rift zone path to be reused and led to repeated activity on the ERZ, including two very 
extended eruptions which resulted from the establishment of an effective vertical pathway as 
well as a persistant lateral dike. 
It is clear that the interplay between the timescale of dike solidification, fixed by the thickness 

of an emplaced dike, and the timescale for pressure build-up and initiation of a new episode of 
magma migration, fixed by the injection rate of magma from deeper mantle sources, is critical 
in determining the patterns of summit and flank activity. Systematic differences in planetary 
gravity, which influences dike width independently of magma pressure (11), may significantly 
alter such patterns between the Earth and Mars. 
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