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Variations in Magma Supply Rate at Kilauea Volcano, Hawaii 

JOHN J. DVORAK AND DANIEL DZURISIN 

Cascades Volcano Observatory, U.S. Geological Survey, Vancouver, Washington 

When an eruption of Kilauea lasts more than 4 months, so that a well-defined conduit has time to 
develop, magma moves freely through the volcano from a deep source to the eruptive site at a constant 
rate of 0.09 km3/yr. At other times, the magma supply rate to Kilauea, estimated from geodetic 
measurements of surface displacements, may be different. For example, after a large withdrawal of 
magma from the summit reservoir, such as during a rift zone eruption, the magma supply rate is high 
initially but then lessens and exponentially decays as the reservoir refills. Different episodes of refilling 
may have different average rates of magma supply. During four year-long episodes in the 1960s, the 
annual rate of refilling varied from 0.02 to 0.18 km3/yr, bracketing the sustained eruptive rate of 0.09 
km3/yr. For decade-long or longer periods, our estimate of magma supply rate is based on long-term 
changes in eruptive rate. We use eruptive rate because after a few dozen eruptions the volume of 
magma that passes through the summit reservoir is much larger than the net change of volume of 
magma stored within Kilauea. The low eruptive rate of 0.009 km 3/yr between 1840 and 1950, compared 
to an average eruptive rate of 0.05 km3/yr since 1950, suggests that the magma supply rate was lower 
between 1840 and 1950 than it has been since 1950. An obvious difference in activity before and since 
1950 was the frequency of rift zone eruptions: eight rift zone eruptions occurred between 1840 and 
1950, but more than 20 rift zone eruptions have occurred since 1950. The frequency of rift zone 
eruptions influences magma supply rate by suddenly lowering pressure of the summit magma 
reservoir, which feeds magma to rift zone eruptions. A temporary drop of reservoir pressure means a 
larger-than-normal pressure difference between the reservoir and a deeper source, so magma is forced 
to move upward into Kilauea at a faster rate. 

INTRODUCTION 

The rate at which magma is supplied to a volcano from a 
deep source is an important factor in controlling how the 
volcano behaves, that is, level of seismicity, rates of ground 
movement and gas emission, and eruptive activity. Determi- 
nation of a magma supply rate requires knowing (1) the 
volumes of a long unbroken series of eruptions and (2) the 
changes in the volume of magma stored beneath the surface. 
Once the magma supply rate is established and, more 
importantly, once variations in the rate are noted, we can 
understand better how magma is partitioned to different 
parts of the volcano and different levels of the crust and what 
factors control the rate at which magma moves. 

We chose Kilauea Volcano, Hawaii, for a determination of 
magma supply rate because Kilauea has had many recent 
eruptions, which produced nearly 2 km 3 of lava in the last 40 
years, and because we can track changes in the volume of 
magma stored beneath the surface by noting changes in the 
patterns and rates of surface displacements. Also, Kilauea 
was chosen because we know the major pathways through 
which magma moves within the volcano [Eaton and Murata, 
1960], so we know where to look for a change in volume of 
stored magma. Key to this idea is the concept of a summit 
magma reservoir. 

THE MAGMATIC SYSTEM 

The Hawaiian hot spot feeds magma to Kilauea, a basaltic 
shield volcano that constitutes the southeastern section of 

the island of Hawaii (Figure 1). The exact nature of a hot 
spot has been debated; however, most scientists agree that 
magma forms beneath Hawaii by partial melting when ma- 
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terial in the upper mantle is subjected to lower pressure, 
perhaps by upwelling of mantle material in a narrow thermal 
plume [Morgan, 1971]. Magma accumulates at the base of 
the lithosphere, which for Hawaii is at a depth of 40 km 
[Watts, 1978]. From here, magma rises directly beneath the 
summit of Kilauea, presumably, by buoyancy; magma has a 
lower density than the surrounding rocks and rises until it 
reaches a level of neutral buoyancy a few kilometers beneath 
the surface of the volcano [Ryan, 1987a]. 

The zone of magma accumulation at the level of neutral 
buoyancy, termed the summit magma reservoir, is centered 
beneath the south summit area and is composed of a plexus 
of magma bodies [Fiske and Kinoshita, 1969]. Four lines of 
evidence suggest that all magma supplied to Kilauea first 
enters the summit reservoir and then is partitioned upward 
to feed a summit eruption or laterally into one of two rift 
zones, where the magma may erupt later. 

The first line of evidence is the close coincidence between 

the starting times of a rift zone eruption and subsidence of 
the summit area. For example, from February 1983 to June 
1984 during a series of 19 eruptive episodes, most lasting 
about a day, several hours or less passed between the 
beginning of vigorous eruptive activity along the east rift 
zone and the beginning of summit subsidence [Wolfe et al., 
1987]. Moreover, as shown later in this paper, the average 
volume of summit subsidence for the 19 eruptive episodes 
between 1983 and 1984 was equal to the average volume of 
lava erupted during these episodes. Variations about the 
average value, which were as large as a factor of 2, could 
have been the result of temporary storage of magma between 
the summit reservoir and the eruptive vent. For rift zone 
eruptions from 1960 to 1982 that lasted less than a few 
months, the volume of lava erupted was equal to or less than 
the volume of the associated summit subsidence, so that 
some magma removed from the summit reservoir remained 
in the rift zone. The converse, however, was true only 
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Fig. 1. (a) Maps of the Hawaiian Islands, the island of Hawaii, 
and a detail of Kilauea Volcano. The structure of Kilauea is 

dominated by a summit caldera and two rift zones radial to the 
caldera. Historic eruptions lasting longer than 4 months have 
occurred at Mauna Iki, Halemaumau, Mauna UIu, and Pu'u O'o- 
Kupaianaha. (b) Magma rising through the upper mantle and ocean 
crust accumulates in a reservoir 2 to 6 km beneath the summit area 

of Kilauea. The pattern and amount of surface displacements and 
variations in the composition of lava erupted in the summit area and 
along the rift zones suggest that all magma that enters Kilauea first 
passes through the summit reservoir and then may pass upward and 
Feed a summit eruption or may move laterally into one of the rift 
zones. Uwekahuna is the site of daily tilt measurements. 

during a sustained eruption, that is, an eruption that lasted 
longer than a few months. In that case, though lava erupts 
constantly either in the summit area [Kinoshita et at., 1969] 
or along a rift zone [Swanson et at., 1979], small, if any, 
ground displacements occur in the summit area, indicating 
only a slight change in volume of magma stored in the 
summit reservoir. Magma withdrawn from the summit res- 

ervoir during a sustained eruption is replaced immediately 
by magma from a source beneath the volcano. 

Our second line of evidence is based on the coincidence in 

time between a pause during a sustained eruption along the 
east rift zone and the sudden occurrence of ground move- 
ment and shallow earthquakes. Between June 1986 and 
February 1990, lava erupted continuously from the Kupai- 
anaha lava shield. From February to August 1990, however, 
the eruption paused nine times; each pause lasted from 2 to 
4 days [Okubo et al., 1990]. At the beginning of each pause, 
a sharp change in ground tilt was recorded in the summit 
area and a shallow earthquake swarm occurred between the 
summit area and the eruptive vent. These events indicate a 
temporary halt of the flow of magma from the summit 
reservoir to the eruptive vent, which caused an immediate 
increase in pressure along the summit side of the conduit and 
shallow intrusion of magma near the summit area. Appar- 
ently, all magma erupted from the Kupaianaha shield flowed 
through a conduit linking the summit reservoir and the 
shield. 

Compositional variations of lava erupted in the summit 
area and along the rift zones are a third indicator that all 
magma supplied to Kilauea first passes through the summit 
reservoir. Each summit eruption produces lava of a distinct 
chemical composition, which identifies a magma batch that 
may represent a partial-melting event in the mantle [Wright 
and Fiske, 1971]. In contrast, the compositional variations 
during a long sequence of rift zone eruptions from 1955 to 
1975 can be explained by mixing of magma from different 
summit batches and cooling of magma stored beneath a rift 
zone [Wright and Tilling, 1980]. Lava erupted from a rift 
zone is usually differentiated beyond olivine control; that is, 
its composition cannot be explained by simple addition or 
subtraction of olivine but requires clinopyroxene or plagio- 
clase as well. Only after a rift zone eruption has lasted more 
than a month are summit-type, olivine-controlled lavas 
erupted from a rift zone, after summit-type magmas have 
had time to move into and flush out the rift zone. For 

example, lava erupted during the early part of the 1955 east 
rift zone eruption was derived from magma isolated and 
cooled within the rift zone [Wright and Fiske, 1971]. Lava 
erupted during the later part of the 1955 eruption was a 
mixture of lava compositions erupted in the summit area in 
1952 and 1961. As another example, the composition of lava 
erupted during the first three eruptive episodes of a sustained 
rift zone eruption beginning in January 1983 was differenti- 
ated beyond olivine control, indicating that the lava had 
cooled in isolated pockets at shallow levels in the rift zone 
[Garcia and Wolfe, 1988]. Beginning with the fourth eruptive 
episode, the composition had a component typical of summit 
lava, evidence that summit-type magma had reached the 
eruption site. The compositional change of lava erupted 
during the 1955 and 1983 rift zone eruptions can be explained 
if magma from the summit reservoir moved into other 
reservoirs along the rift zones and magma from a deep 
source immediately rose to refill the summit reservoir. 

Our final evidence is the pattern of CO2 gas emission at 
Kilauea. A CO2-rich gas plume is emitted from the summit 
area, while comparatively little CO2 is emitted during rift 
zone eruptions [Gerlach and Graeber, 1985]. Because CO2 
exsolves from Hawaiian magmas at depths of 40 km or less 
[Harris, 1981], the CO2 emitted in the summit area must 
originate from magma that has risen recently from the 
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mantle. The lack of a CO2-rich plume along the rift zones 
suggests that all magma stored and erupted from a rift zone 
has already passed through the summit reservoir, where the 
CO2 was lost. 

To summarize, the pattern and amount of ground move- 
ment in the summit area, the compositional variation of lava 
erupted in the summit area and along the riff zones, and the 
concentration of CO2 emission in the summit area indicate 
that all magma supplied to Kilauea passes through the 
summit magma reservoir. There is no evidence that the 
magma supplied to Kilauea has bypassed the summit reser- 
voir and been fed directly to a rift zone. This simplifies our 
task of determining magma supply rate because we have to 
determine only (1) the volume of lava erupted and (2) the 
volume of magma that enters or leaves the summit reservoir. 

Determination of the volume of lava erupted is straight- 
forward, requiring careful mapping of the extent of lava 
flows and adequate determinations of the thickness of these 
flows. A correction, however, has to be applied for vesicu- 
lation of lava in order to relate erupted volume to equivalent 
volume of magma stored under pressure beneath the surface. 
We applied a uniform correction by reducing all erupted 
volumes by 20%, which is a midrange value of porosity 
measured for Hawaiian basalt [Ryan, 1987b]. 

Determination of the volume of magma that enters or 
leaves the summit reservoir depends on how volume 
changes at the surface relate to magma volume at depth. We 
relied on two different observations to decide this question: 
(1) results of experiments that measured the amount of 
surface uplift that occurred when a known volume of solid 
material was injected into the crust and (2) empirical rela- 
tions between the volume of lava erupted at Kilauea and the 
corresponding amount of tilt and elevation changes in the 
summit area. 

The first observation is taken from a series of underground 
fracturing experiments in which a sand-water mixture was 
injected at the bottom of a hole drilled into shale. At one 
hole, 219 m 3 of the mixture was injected over a depth range 
of 268 to 345 m [Evans, 1982]. The resultant tilt changes on 
the surface corresponded to an uplift of 197 to 265 m 3 
[Davis, 1983], which is within 20% of the injected volume. At 
another hole, seven repeated injections of a total volume of 
2470 m 3 over a depth range of 265 to 290 m produced about 
3000 m 3 of uplift [de Laguna et al., 1968], which is again 
within 20% of the injected volume. At the second hole the 
pattern of uplift could be reproduced by a dilated point 
source at a depth of 270 m, within the depth range where the 
injection occurred. The largest differences between injected 
and uplift volumes are comparable to the correction we 
make for vesiculation of lava. 

The second observation is based on correlations between 

erupted volume and summit tilt and elevation changes [Dzur- 
isin et al., 1984]. Dvorak and Okamura [1985] showed that 
surface volume changes •SVs determined by the results of 
leveling surveys are correlated with the magnitude of summit 
tilt changes •ir measured by the Uwekahuna water tube 
tiltmeter located on the northwest rim of Kilauea caldera, so 
that 

•SVs = (0.45 x 10 6 m3//xrad) /it (1) 

A similar relation can be established between magnitude of 
tilt change at Uwekahuna and the volume erupted 15Vm 
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Fig. 2. Correlation between magnitude of tilt change at Uwe- 
kahuna water tube tiltmeter and erupted volumes during the growth 
of Mauna Ulu from May 1969 to December 1969 [Swanson et al., 
1979] and Pu'u O'o from February 1983 to January 1986 [Wolfe et 
al., 1987; Hawaiian Volcano Observatory, unpublished data, 1986]. 

during a series of eruptive episodes in 1969 and from 1983 to 
1986 (Figure 2). 

•V m -- (k x 10 6 m3//xrad) /iv (2) 

The value of k in Figure 2 ranges from 0.2 to 0.8, because the 
subsidence center may be slightly different for each eruptive 
episode and because, at least in 1969, some magma was 
stored along the rift zone between the summit reservoir and 
the eruptive site [Swanson et al., 1976]. The average value of 
k is 0.5, yielding 

•V m --(0.5 x 10 6 m3//xrad) /iv (3) 

so that for the same tilt change as at Uwekahuna, 15Vm is 
essentially equal to/5Vs. For the remainder of this paper we 
use •SVs = •V m. 

TEMPORAL VARIATIONS 

The study of Kilauea has intensified with time, beginning 
as descriptions of eruptive activity in the 1820s and progress- 
ing to the operation of better and more reliable instruments 
designed to measure seismic activity and ground movement, 
beginning in the 1950s. Therefore our determination of 
magma supply rate and possible variations in the rate is best 
for the last 30 years. For this reason we discuss variations in 
the supply rate for different time scales based on different 
techniques and assumptions. 

Short-Term Variations: Days to Months 

Repeated geodetic surveys show that the largest vertical 
movements caused by the summit magma reservoir occur in 
the south summit area, about 2 km southeast of the large pit 
crater Halemaumau [Fiske and Kinoshita, 1969]. Because 
these surveys were conducted at irregular intervals varying 
from weeks to months, they are not a good indicator of 
short-term variations in supply rate. Instead, we use daily tilt 
measurements in the summit area to identify such possible 
variations and use results of geodetic surveys to scale the tilt 
measurements to volume changes at the surface. In view of 
the discussion at the end of the previous section, we assume 
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Fig. 3. (a) Daily tilt values measured at Uwekahuna projected 
along a N60øW direction, a direction radial to the most active center 
of uplift and subsidence overlying the summit magma reservoir. An 
increasing tilt value corresponds to uplift over the reservoir, which 
indicates magma filling of the reservoir. The timing of eruptions is 
indicated at the top by S for summit eruptions and R for east rift 
eruptions. An intense, shallow earthquake swarm occurred beneath 
the summit area on October 24-27, 1960. The dashed curves 
illustrate exponential decays. (b) Tilt rate determined by computing 
weekly tilt values. The tilt rate (&r) is converted to a rate of volume 
change in the summit reservoir by using e_quation (4). The dashed 
line indicates an eruptive rate of 0.09 km3/yr determined for five 
sustained eruptions. 

that the volume change at the surface is equal to the change 
in volume of magma stored in the summit reservoir. 

Since July 1956, daily tilt measurements have been made 
using a 3-m-long water tube instrument at Uwekahuna vault 
(Figure lb), about 3 km from the point of largest vertical 
movement. During a rift zone eruption, the summit area 
subsides as magma moves rapidly from the summit reservoir 
into a rift zone. The tilt record from Uwekahuna shows that 

the subsidence rate usually follows an exponential decay, 
which is attributed to a gradual decrease of pressure of the 
summit reservoir [Dvorak and Okamura, 1987]. (As an 
analogue, 25 years of gas extraction from the Lacq field in 
France show a correlation between the amount of ground 
subsidence and reduced pressure of the gas field [Maury et 
al., 1992].) At the end of a subsidence, the summit area rises 
rapidly at first and then at a decreasing rate, often following 
an exponential decay [Decker, 1987], an indicator that 
magma refills the summit reservoir at a variable rate. A 
lateral or vertical shift of the subsidence center cannot 

account for the decreasing tilt rate during subsidence 
[Dvorak and Okamura, 1987]. 

An example of variable refilling of the summit reservoir is 
illustrated by the events that followed the 1960 summit 
subsidence and east rift zone eruption. Subsidence began on 
January 17, 4 days after an eruption began on the lower east 
rift zone at Kapoho (Figure l a). The subsidence continued 
through the summer, by which time 200 million cubic meters 
of magma had been withdrawn from the summit reservoir 
[Dvorak, 1992]. During October 4-20, 1960, a few thousand 
earthquakes and an occasional harmonic tremor occurred 
deep beneath the summit area [Richter et al., 1964], a 

possible indicator that new magma was rising beneath 
Kilauea. The Uwekahuna tilt record indicated that rapid 
uplift of the summit area began on October 24, when 
earthquake activity and harmonic tremor had shifted to a 
shallower level. The intense seismic activity stopped on 
October 27, though the summit area continued to rise. 

For the next 10 months, the summit area rose at a 
decreasing rate, approximated by an exponential decay with 
a decay constant of 6 months (Figure 3a). After the Septem- 
ber 1961 rift zone eruption and summit subsidence, the 
summit area again rose at a decreasing rate, also approxi- 
mated by an exponential decay with a decay constant of 6 
months. 

The exponential decay in the rate of uplift can be ex- 
plained if the flow rate of magma into the summit reservoir is 
proportional to the pressure difference between the summit 
reservoir and a deeper source [Dvorak and Okamura, 1987]. 
If the deeper source is the mantle source region of basaltic 
magma, at depths of 50 km or more [Yoder, 1976], the 
pressure difference could be transmitted by an open conduit 
that serves as the pathway for magma to rise from a mantle 
source region to Kilauea [Eaton and Murata, 1960]; how- 
ever, the existence of such a long conduit is questioned 
[Wilson et al., 1992; Tilling and Dvorak, 1993]. The pressure 
difference might be transmitted through a system of inter- 
acting, magma-filled cracks [Takada, 1989] similar to the 
crack system proposed by Hill [ 1977] to lie beneath the east 
rift zone of Kilauea. The upward movement of a magma- 
filled crack at a high level in the vertical pathway may cause 
other, nearby cracks to adjust, thereby transmitting pressure 
differences along the pathway. Alternatively, the deeper 
source may lie at the base of the crust and, in older Hawaiian 
volcanoes, correspond to a possible deep sill complex [Watts 
et al., 1985]. Magma storage at the base of the crust was 
invoked by Clague [ 1987] to explain the chemical evolution 
of alkalic Hawaiian lavas. 

For short periods, the Uwekahuna tilt record is used to 
estimate the rate of volume change of magma in the summit 
reservoir &Vm using the relationship 

•V m -- (k x 10 6 m3//zrad) (&r) (4) 
where (&r) is a weekly average tilt value measured at 
Uwekahuna, so that small daily variations are not included. 
Using k = 0.45, applicable only to Uwekahuna [Dvorak and 
Okamura, 1985], we estimate that after the January 1960 and 
September 1961 rift zone eruptions, magma entered the 
summit reservoir at peak rates of 0.2 and 0.08 km3/yr, 
respectively (Figure 3b). Both rates decreased during sub- 
sequent months. 

Brief summit eruptions in February and March 1961 did 
not affect the refilling of the summit reservoir (Figure 3a). A 
third summit eruption in July 1961, however, was followed 
by a short-term increase in the tilt rate at Uwekahuna, which 
lasted until the next rift zone eruption in September 1961. 
The temporary increase in tilt rate may be another indicator 
of a short-term change in magma supply rate. Other tempo- 
rary increases in tilt rate, lasting only a few months, pre- 
ceded rift zone eruptions in January 1960 and December 
1962. 

Intermediate-Term Variations: Years to Decades 

As noted by Swanson [1972], the most straightforward 
way to estimate a magma supply rate is to measure extrusive 
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TABLE 1. Magma Supply Rates for Sustained Eruptions of Kilauea Volcano, 1919-1984 

Summit 

Erupted Storage Total Supply 
Beginning Duration, Volume ,a Change ,b Volume ,c Rate, d 

Date days Eruptive Vent 10 6 m 3 10 6 m 3 10 6 m 3 km3/yr Source 

Dec. 15, 1919 221 Mauna Iki 36 + ?e 36+ 0.06+ Macdonald et al. [1983] 
June 27, 1952 136 Halemaumau 38 0 38 0.10 Macdonald [1955] 
Nov. 5, 1967 251 Halemaumau 64 0 64 0.09 Kinoshita et al. [ 1969] 
May 24, 1969 875 Mauna Ulu 150 25 175 0.07 Swanson et al. [1979] 
Feb. 3, 1972 457 Mauna Ulu 100 0 100 0.08 Tilling et al. [1987] f 
Jan. 3, 1983 550 Pu'u 'O'o 200 -40 160 0.11 Wolfe et al. [1987] g 

a As reported by source given at right reduced by 20% to account for vesicularity of lava flows. 
bCalculated by fitting an elastic model to results of tilt or leveling surveys in the summit area. 
C Sum of erupted volume and summit storage change. 
dTotal volume divided by duration of the eruption. 
eThe summit volume change for this event is poorly constrained. Daily tilt records from Whitney Vault, near the north rim of Kilauea 

caldera, suggest that the summit reservoir inflated slightly during the eruption. 
fThe second Mauna Ulu eruption lasted from February 3, 1972, to July 22, 1974. Intrusive and minor eruptive activity elsewhere along 

the upper East Rift Zone after May 5, 1973, complicates the calculation of summit storage changes, so we considered only the period from 
February 2, 1972, to May 4, 1973. 

gThe eruption was ongoing at the time of writing (February 1992), although information in the table pertains to just the first 1.5 years of 
eruptive activity, from January 3, 1983, to June 8, 1984. 

rate during a sustained eruption, when surface displace- 
ments and, presumably, net changes in the volume of magma 
stored in the summit reservoir are small. Following Swan- 
son's example, in Table 1 we list the characteristics of the six 
sustained eruptions since December 1919. Three of these 
eruptions were discussed by Swanson [1972]. We added the 
Mauna Iki eruption (1919-1920), the latter part of the Mauna 
Ulu eruption (1972-1974), and the first 18 months of the Pu'u 
O'o-Kupaianaha eruption (1983-1984). The magma supply 
rates during these sustained eruptions ranged from 0.06 to 
0.11 km3/yr, with a mean of 0.09 km3/yr. The variation could 
be the result of uncertainties in estimating the volume and 
the average vesicularity of lava flows and of uncertainties in 
the surface displacement relationship, which was used to 
estimate the small changes in stored volumes. Therefore we 
conclude that magma was supplied to the summit reservoir 
at a constant rate of 0.09 (-+0.03) km3/yr during these 
sustained eruptions. 

Because these sustained eruptions occurred on different 
parts of the volcano, that is, in the summit area and along 
both rift zones, Swanson [1972] suggested that the constant 
rate of about 0.09 km3/yr represented the magma supply rate 
from the mantle. In support of this, Swanson noted that "the 
chemical compositions of lava erupted throughout the 
1967-68 and Mauna Ulu eruptions show very little varia- 
tion," which was a further indicator that these eruptions 
were supplied by magma from a deep, homogeneous source. 
As another example, after the initial eruption of differenti- 
ated lava at the beginning of a sustained eruption in early 
1983, the composition of lava erupted during the subsequent 
9 years along the middle east rift zone was uniform and 
undifferentiated [Heliker and Wright, 1991], suggesting that 
magma was supplied from a deep, homogeneous source. The 
homogeneous source that feeds sustained eruptions must be 
somewhere below the base of the volcano and deeper than 
several kilometers. Otherwise, the removal of 0.7 km 3 of 
magma from 1983 to 1989 [Heliker and Wright, 1991] would 
have been detected in the pattern of surface displacements. 
Because magma probably takes advantage of its buoyancy to 
rise through a network of cracks in the lithosphere, a 

possible level at which the rise of magma may be interrupted 
is at the base of the ocean crust, the Mohorovicic disconti- 
nuity, which lies about 13 km below the summit of Kilauea 
[Hill and Zucca, 1987]. The buoyant rise of magma would 
slow after magma rose above the Mohorovicic discontinuity, 
because the density contrast is less between magma and 
ocean crust than between magma and mantle material, so 
magma might accumulate at the base of the crust. This 
accumulation may be the homogeneous source of magma 
that feeds sustained eruptions, so some of the variation in 
magma supply rate over a few decades or less may reflect a 
variation in the rate at which magma is supplied to Kilauea 
from the base of the ocean crust. Late in the active lifetime 

of a Hawaiian volcano, magma may remain at the crust- 
mantle boundary and form the deep sill complex that may 
have been recognized beneath Oahu [Watts et al., 1985]. 

We estimate intermediate-term variations in magma sup- 
ply rate from the surface volume changes determined from a 
set of point source models derived from an unbroken suc- 
cession of tilt or leveling surveys conducted in the summit 
area. The use of these surveys is an improvement over the 
use of daily tilt measurements made at only one site, which 
we used to determine short-term variations and which Dzur- 

isin et al. [1984] used to determine supply rates from 1956 to 
1983. The surveys define the shape of uplift or subsidence 
and take into account shifts in the center of uplift or 
subsidence. Dozens of leveling surveys have shown that the 
deformed surface is bell-shaped [e.g., Fiske and Kinoshita, 
1969]. Because we are interested in the surface volume 
change, the exact choice of the analytical form of the 
deformed surface is unimportant as long as it adequately 
reproduces the measured displacements. A two-dimensional 
Gaussian curve or a two-dimensional, three-degree or higher 
polynomial of finite extent would work as well as our use of 
the analytic expressions of surface displacements that arise 
from a point source embedded in an elastic half-space. This 
is because the surface volume change is invariant, equivalent 
to the value of the Gaussian surface integral. An advantage 
of the point source model is that the model has a physical 
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Fig. 4. Comparison of measured (curve) and computed (sym- 
bols) Uwekahuna tilt changes. The computed changes are from 
successive point source solutions determined from tilt surveys (solid 
squares) and leveling surveys (open circles). A positive tilt change 
indicates inflation of the summit reservoir. 

basis; the source may represent the position of a pressurized 
magma body. 

Tilt surveys were made using a long-base, water tube 
instrument [Eaton, 1959] every few months from August 
1959 to January 1972 [Okarnura, 1987]. A point source 
solution was determined for each successive pair of surveys 
using a least squares iterative method [Dvorak et al., 1983]. 
For each pair of successive surveys, we estimated the 
three-dimensional position of a pressure center and the 
volume of surface uplift or subsidence. Likewise, point 
source solutions were determined for each successive pair of 
leveling surveys conducted every few months from March 
1965 to January 1990. For the leveling surveys, it was also 
necessary to compute the amount of vertical movement of 
the reference benchmark located about 2 km north of Uwe- 

kahuna. In all, 120 point source solutions were computed. 
We gauge the usefulness of our set of point source 

solutions to determine magma supply rate by comparing 
measured tilt changes at Uwekahuna and computed tilt 
changes based on the solutions. Between 1960 and 1973, the 
computed changes reproduce most of the measured tilt 
changes (Figure 4). No large excursions in the daily tilt 
record of Uwekahuna are evident which might have been 
caused by a sudden subsidence and rapid refilling of the 
summit reservoir. This means that our set of point source 
solutions probably accounts for most of the magma that 
caused the summit reservoir to swell or contract. Based on 

the point source solutions, surface volume changes from 
1960 to 1975 are shown in Figure 5. Note the close corre- 
spondence of volume changes determined from tilt and 
leveling surveys during the overlap period between 1965 and 
1972, which illustrates the consistency of the tilt and leveling 
data sets. 

Four episodes of prolonged refilling of the summit reser- 
voir after a rift zone eruption are identified in Figure 5: July 
1960 to July 1961, January 1962 to March 1963, January 1964 

to January 1965, and March 1966 to September 1967. The 
average rates of refilling varied from 0.02 to 0.18 km3/yr, 
values which bracket the average magma supply rate of 0.09 
km3/yr determined for sustained eruptions (Table 1). The 
highest average rate of refilling occurred in 1960-1961, when 
the least amount of magma was in the summit reservoir and 
the pressure of the summit reservoir was probably lowest. 

After 1969 we added the cumulative erupted volume of a 
sustained eruption to the volumes determined from leveling 
surveys to account for magma that passed through the 
summit reservoir without causing a net change in volume of 
stored magma. The resultant curve (Figure 5) suggests that 
annual magma supply rates varied by almost a factor of 10 
over a period of a few years. The rate during the sustained 
eruption from 1969 to 1974 was intermediate to the four 
annual refilling rates determined between 1960 and 1967. For 
the four periods of prolonged uplift, we examined the 
possibility that the different annual rates may have been 
caused by a difference in location of magma that refilled the 
summit reservoir. That possibility is discounted because the 
uplift centers for the four time intervals were mostly cen- 
tered beneath the southern part of the summit caldera and 
were at the same depth, 3 to 4 km beneath the surface, at the 
level of neutral buoyancy (Figure 6). 

An accounting of volume changes from the complete set of 
point source solutions indicates that the volume of magma in 
the summit reservoir has varied at most 0.4 km 3 since 1959 
(Figure 7a). The largest amount of magma was stored in the 
mid-1970s. The most voluminous withdrawal of magma 
began on November 29, 1975, when the 7.2-magnitude 
Kalapana earthquake beneath the south flank of Kilauea 
caused a sudden disruption of the summit reservoir and 
withdrawal of 0.25 km 3 of magma. Besides summit subsid- 
ence, other components of displacements were also caused 
by this earthquake, most notably meters of seaward dis- 
placement and downward movement of the south flank 
[Lipman et al., 1985]. In computing a point source model for 
leveling data related to the Kalapana earthquake, the point 
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Fig. 5. Relative change in volume of uplift or subsidence of the 
summit area determined from successive tilt (solid squares) or 
leveling (open circles) surveys. Note the close correspondence in 
volume changes during the overlap of tilt and leveling results from 
1965 to 1972. Volume of erupted lava during the growth of Mauna 
Ulu, beginning May 24, 1969, was added to volume changes mea- 
sured by leveling surveys. Average rates (shaded bars) indicate 
volume increases, which varied from 0.02 km3/yr for 1964 to 0.18 
km3/yr for November 1960 to September 1961. 
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source model acts as a filter, extracting only the axisymmet- 
ric component of elevation changes in the summit area 
during that earthquake. According to Figure 7a, the summit 
reservoir now contains the least amount of magma since the 
timing of the earliest surveys we used, which were tilt 
surveys in 1959. We qualify the last statement because we do 
not know the full effect of the 1975 Kalapana earthquake on 
the summit reservoir. For several years after the earthquake, 
the summit area continued to undergo north-south exten- 
sion, with little cumulative east-west extension or vertical 
movement. Does this mean that magma continued to accu- 
mulate in the summit reservoir but that its addition was 
compensated for by north-south extension, or was the 
magma supply severely reduced and was the continued 
north-south extension part of a larger relaxation pattern of 
the volcano in response to the 7.2-magnitude earthquake? 
One characteristic of the magmatic system did change after 
the earthquake: the major-element chemistry of lava erupted 
before 1975 is distinct for each eruption [Wright and Fiske, 
1971; Wright and Tilling, 1980], whereas lava erupted after 
1975 is not chemically distinct (T. L. Wright, personal 
communication, 1990). 

According to Figure 7a, since February 1983, when a long 
series of repetitive eruptive episodes began along the middle 
east riff zone, which formed Pu'u O'o and Kupaianaha, 0.15 
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Fig. 6. Locations of point source solutions used to determine 
the change in volume of magma in the summit reservoir from July 
1960 to September 1967 (shown in Figure 5). The time intervals 
shown here are slightly longer than those mentioned in the text and 
shown in Figure 5, which were for prolonged periods of uplift. In 
this figure the time intervals include a large subsidence at the end of 
the first three intervals. Each solution has been projected onto a 
vertical east-west plane. Uplift centers are shown as small solid 
dots; subsidence centers are shown as large open circles. The level 
of neutral buoyancy (3 to 4 km beneath the surface for a basaltic 
shield volcano [Ryan, 1987a]) is indicated by a thick shaded line, 
which is the level at which most of the uplift centers and all of the 
subsidence centers were located. 
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Fig. 7. (a) Relative change in volume of magma in the summit 
reservoir, assuming that volume changes at tile surface are equal to 
changes in magma volume. (b) Cumulative volume of magma either 
erupted in the summit area or supplied to a rift zone. The volume 
and timing of rift zone supply were determined by summing all 
summit subsidences larger than 5 grad measured at Uwekahuna and 
coincident with a shallow earthquake swarm along a rift zone. 
Equation (3) was used to convert tilt changes to volume changes. (c) 
Open squares, cumulative erupted volume [Macdonald et al., 1983; 
Wolfe et al., 1987]; solid square, cumulative volume of magma 
supplied to the rift zones, determined by adding the curves shown in 
Figures 7a and 7b. The dashed curves are linear extrapolations of 
eruptive rates based on the average rate between February 1983 and 
June 1984 [Wolfe et al., 1987]. 
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Fig. 8. Cumulative erupted lava for Kilauea beginning in 1840 
[Macdonald et al., 1983; Wolfe et al., 1987]. The occurrence of rift 
zone eruptions is indicated at the top. The longer dashed curve 
identifies slow filling of the summit caldera from 1840 to 1918. The 
shorter dashed curve is an extrapolation of the constant eruptive 
rate from February 1983 to June 1984 reported by Wolfe et al. 
[1987]. 

km 3 of magma has been withdrawn from the summit reser- 
voir. This has contributed about 20% of the volume erupted 
since 1983 at Pu'u O'o and Kupaianaha. The remaining 80% 
must be magma contributed from a much deeper source, 
perhaps the presumed accumulation of magma at the base of 
the ocean crust, because removal of magma from the deeper 
source has not been recorded by measurements of surface 
displacements in the summit area. 

The cumulative amount of magma removed from the 
summit reservoir was determined by adding the volume of all 
summit subsidences that caused more than 5 grad of tilt 
change at Uwekahuna, using (4) to determine the amount of 
magma withdrawn, and that were coincident with shallow 
earthquake swarms along one of the riff zones (Figure 7b). 
The 5-/xrad threshold was chosen because it is twice the 
accuracy of the Uwekahuna tilt record. The timing of 
earthquake swarms along a rift zone was taken from a list 
given by Klein et al. [1987]. We also added the volume of all 
summit eruptions, which total 0.1 km 3 between 1959 and 
1990, and the volume of lava erupted from the east rift zone 
during sustained eruptions from 1970 to 1972 [Swanson et 
al., 1979]. The dashed line in Figure 7b is an extrapolation of 
the average eruptive rate during another sustained eruption 
between February 1983 and June 1984 [Wolfe et al., 1987]. 
That eruption is still in progress as of November 1993. 

By adding the volume changes in the summit reservoir 
(Figure 7a) and the cumulative volume removed from the 
summit reservoir (Figure 7b), we determine the total magma 
supply to Kilauea (Figure 7c). Since 1959 the average supply 
rate has been 0.06 km3/yr. The highest annual rate was 0.18 
km 3/yr, which occurred during refilling of the reservoir after 
the 1960 subsidence (Figure 5). The supply rate of 0.11 
km3/yr during the sustained eruption from 1983 to 1984 was 
almost a factor of 2 larger than the 30-year average. 

Several years of apparently low supply rate followed the 
1975 Kalapana earthquake, a period when the south flank of 
Kilauea adjusted to the effects of the earthquake [Dvorak et 
al., 1993]. Gravity measurements made in the summit area 
between 1975 and 1977 suggest that magma may have refilled 
the summit reservoir at an annual rate of 0.07 to 0.15 km3/yr, 
even though surface displacements were small [Dzurisin et 
al., 1980], though a rapid change in the level of the perched 
groundwater table beneath the summit area might also have 
caused the gravity changes without simultaneous surface 
displacements. Also, between 1975 and 1981, the Uwe- 
kahuna tilt record indicated that some magma moved aseis- 
mically into the east rift zone [Dzurisin et al., 1984]. Because 

the long-term effects of the 1975 earthquake cannot be easily 
separated from magma movements, our estimates of magma 
supply rate between 1976 and 1981 are poor. The rate was 
probably not as low as indicated in Figure 7c, though it may 
not have been as high as the 30-year average. 

Since 1960 the cumulative volume of magma supplied to 
Kilauea has been 1.8 km 3, which is slightly more than the 1.5 
km 3 of lava erupted (Figure 7c). These volumes are a factor 
of 4 more than the largest variation in the volume of magma 
stored in the summit reservoir (Figure 7a). Furthermore, the 
curves of total supply and erupted volume are similar: when 
the total supply is high, the eruptive rate is high. Over a long 
enough period, that is, a period that covers at least a few 
dozen eruptions, eruptive rate is a constant proportion of 
magma supply rate. We will use this conclusion in the next 
section to suggest a 150-year variation in supply rate. 

Long-Term Variations: Centuries and Longer 

The eruptive pattern of Kilauea changed in the early 
1950s. During the preceding 110 years, most volcanic activ- 
ity occurred in the summit area, usually at a lava lake in the 
pit crater Halemaumau which occasionally overflowed and 
covered the caldera floor with many thin lava flows. This 
activity slowly filled the summit caldera, interrupted only 
eight times between 1840 and 1950 by activity along the rift 
zones. 

The first precise measurements of the dimensions of the 
caldera were made by the Wilkes expedition in December 
1840, 6 months after a major east rift zone eruption and a 
large subsidence of the caldera floor. The expedition, which 
measured the bottom of the caldera floor to be 300 m below 

the north rim, noted that the floor had an inner depression 
that contained Halemaumau. Lava flows eventually filled the 
inner depression and continued to lessen the depth of the 
caldera so that by 1912, when a detailed topographic map 
was completed by the Topographic Branch of the Geological 
Survey under the direction of C. H. Birdseye, the caldera 
floor was 100 m below the north rim. (A detailed description 
of the filling of the caldera is given by Hitchcock [1911].) By 
comparing the measurements and maps prepared by the 
Wilkes expedition and the Geological Survey, we estimate 
that 0.6 km 3 of lava filled the caldera between December 
1840 and 1912. The filling, however, was interrupted by a 
few sudden collapses of the caldera floor. According to 
Finch [1940], between December 1840 and 1915 the cumu- 
lative volume of collapse was 0.3 km 3. Adding this to the 
0.6-km 3 net filling of the caldera, 0.9 km 3 was erupted in the 
caldera between 1840 and 1912 (Figure 8). Adding the 0.08 
km 3 erupted from Kilauea between 1912 and 1950 [Macdon- 
ald et al., 1983], the average eruptive rate from 1840 to 1950 
was 0.009 km3/yr, only one fifth the average eruptive rate of 
0.05 km3/yr since 1950. 

We suggest that the lower eruptive rate for the 110 years 
before 1950 (Figure 8) represents a lower magma supply rate. 
In part, we base this on the conclusion reached at the end of 
the previous section: over a time period that includes a 
dozen or so eruptions, eruptive rate is a proportional mea- 
sure of magma supply rate. After a decade or more of 
frequent eruptive activity, the cumulative erupted volume is 
much larger than the volume change of magma stored in the 
summit reservoir. Furthermore, if the magma supply rate 
was at the higher rate of 0.05 km3/yr between 1840 and 1950, 
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about 4.5 km 3 of magma must have been stored somewhere 
in Kilauea. Where is this volume stored? If it is in the summit 

reservoir, the increased volume of magma between 1840 and 
1950 would be twice the volume of the summit caldera. If it 

is stored in the rift zones, a mass of dikes that extends the 
entire 100-km-length of the east rift zone, rises from the 5-km 
average base of the volcano to the surface, and widens the 
entire rift zone by 10 m must have been intruded since 1840. 
The only event that could conceivably affect this large a 
portion of Kilauea was the April 2, 1868, earthquake, de- 
scribed by Brigham [1909] and Wyss [1988], though we doubt 
that this earthquake produced such a large gash in Kilauea. 
Furthermore, if the effects of the 1868 earthquake are 
invoked to account for an additional 4.5 km 3 of magma 
storage, what is the explanation for the higher eruptive rate 
since 19507 The possibility that 4.5 km 3 of lava was erupted 
under the sea between 1840 and 1950 can be discounted, 
because though voluminous submarine lava flows have been 
discovered along the submarine part of the east rift zone, the 
age and volume of these flows could not account for an 
additional 4.5 km 3 of lava erupted since 1840 [Holcomb et 
al., 1988]. Thus since 1840, ground movement has been 
insufficient to accommodate 4.5 km3 of magma, and no lava 
deposit either above or below sea level of sufficient volume 
to account for a steady magma supply rate was erupted. 

An increase in magma supply rate seems to occur during a 
period of frequent though brief rift zone eruptions. This is 
most evident in comparing activity between 1840 and 1950, 
when only eight rift zone eruptions occurred, and since 1950, 
when 20 or more rift eruptions have occurred. The control- 
ling factor that accounts for increased magma supply during 
a series of frequent rift zone eruptions is a temporary low 
pressure of the summit reservoir that results after sudden 
withdrawal of a large volume of magma. A deeper magma 
source responds by supplying magma at a faster rate until 
pressure of the summit reservoir rises and the supply rate 
lowers. This was illustrated in our discussion of short-term 

variations of magma supply rate. After several rift zone 
eruptions, the subsequent rapid refillings of the summit 
reservoir raise the long-term average rate of magma supply. 

During a sustained eruption, such as the eruptions listed in 
Table 1, magma supply rate is high and is independent of 
where a sustained eruption occurs, whether in the summit 
area or along either rift zone. Hence during a sustained 
eruption, pressure of the summit reservoir does not control 
either supply rate or eruptive rate. This is in contrast to what 
occurs at the onset of an eruption, when eruptive rates are 
the highest but last no more than a few weeks. The tempo- 
rary high eruptive rates are controlled by pressure differ- 
ences between shallow reservoirs and by the nature of the 
conduits that connect the reservoirs. Later, if a sustained 
eruption develops, the nearly constant supply rate means 
that the rate is controlled by conditions deeper in the crust, 
a conclusion used by Swanson [1972] to suggest that magma 
supply rate during a sustained eruption represented supply 
rate from the mantle. 

The sustained eruptions that formed Mauna Ulu and Pu'u 
O'o occurred after a few years of repeated injection of 
magma into the east rift zone. The repeated injections may 
have been necessary to heat the magma pathway beneath the 
east rift zone and so prevent quick solidification of a new 
dike and ease magma flow in a manner described by Hardee 
[ 1987]. Such an evolution of the conduit was recorded during 

the first several months of eruption at Pu'u O'o, when, 
during each successive eruptive episode, magma flowed at a 
higher rate between the summit reservoir and the eruptive 
vent [Dvorak and Okamura, 1985]. A similar evolution of the 
conduit and ease of magma movement through the conduit 
probably occurs after several years of brief rift zone erup- 
tions. In our view, the series of rift zone intrusions and 
eruptions that began in December 1950 and lasted 20 years 
was the necessary preparatory activity that led to the sus- 
tained rift zone eruptions that formed Mauna Ulu and Pu'u 
O'o. 

SPATIAL VARIATIONS 

The east rift zone is much larger and better developed than 
the southwest rift zone [Duffield et al., 1982], suggesting that 
much more magma has gone into and built up the east rift 
zone during the recent geologic past. A consideration of the 
daily Uwekahuna tilt measurements showed that an asym- 
metric partitioning of magma to the rift zones also prevailed 
from 1956 to 1983 [Dzurisin et al., 1984]. We update these 
earlier calculations in the next subsection. Using volcanic 
tremor and earthquake rates, we suggest that the magma 
supply rate varies as magma moves up through vertical 
pathways that connect a mantle source region and Kilauea, 
with larger variations occurring nearer the surface. 

Partitioning of Magma Within Kilauea 

Because tilt or leveling surveys have been conducted 
several times a year since 1959, we have a detailed record of 
volume changes of the summit reservoir. This record com- 
bined with an equally detailed record of erupted volumes 
makes it possible to determine how magma is partitioned to 
different parts of Kilauea. For example, how much of the 
total magma supply to Kilauea is erupted? How has magma 
been partitioned to the two rift zones, and what percentage 
of the magma supply to the rift zones was erupted? 

We again use the list of earthquake swarms along the rift 
zones [Klein et al., 1987] to determine which rift zone was 
supplied magma during each summit subsidence. Since 1955 
the east rift zone has been supplied almost 10 times as much 
magma as the southwest rift zone (Figure 9). This is consis- 
tent with the much greater length and volume of the east rift 
zone. 

Another way to view magma partitioning is to keep an 
account of the increase or decrease of magma in the summit 
reservoir and the volume of magma that moves into either 
rift zone and where it is erupted. In this accounting we 
consider three major zones of magma storage: the summit 
reservoir and the reservoirs beneath both rift zones (Figure 
10a). From the summit reservoir, magma moves either to 
the surface, and a summit eruption ensues, or into a rift 
zone. From each rift zone reservoir, magma may also move 
to the surface to supply a rift zone eruption. We have 
subdivided east rift zone eruptions into three segments: (1) 
upper, which is from the summit area to the end of the large 
bend in the east rift zone, just east of Mauna Ulu (Figure 
l a); (2) middle, from the end of the large bend to Heihei- 
ahulu, where an offset occurs in the trend of the east rift zone 
and where a blockage has prevented magma from moving 
farther east since 1960 [Dzurisin et al., 1984]; and (3) lower, 
which is the segment beyond Heiheiahulu. The magma 
supply is computed by knowing the net volume change of the 
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Fig. 9. Partitioning of magma into two rift zones. Thin curves 
are cumulative erupted volumes; thick curves are cumulative 
magma volumes 15Vrn determined from the amount of summit tilt iSr 
measured at Uwekahuna, using 8Vm = (0.5 x 10 6 m3//xrad) iSr 
(equation (3)). 

summit reservoir and the volume either erupted in the 
summit or moved into the riff zones. 

In S-year increments, Figure 10b shows the magma vol- 
ume changes for each component described above. We 
partitioned all magma withdrawn from the summit reservoir 
during the M = 7.2 earthquake in November 1975 to the east 
riff zone reservoir. We assume that no net magma storage 
occurred within the east riff zone during the growth of 
Mauna Ulu or during the sustained east rift zone eruption 
since February 1983. The 700 million cubic meters of magma 
erupted along the middle east riff zone from 1985 to 1989 is 
determined by an extrapolation of the steady eruptive rate 
between February 1983 and June 1984 [Wolfe e! al., 1987]. 

The dominance of magma moving into the east riff zone 
versus the southwest rift zone is clearly indicated in Figure 
10b for each S-year interval. The proportion of magma that 
remained stored in the riff zones without immediately being 
erupted has varied widely. The largest proportions occurred 
during two events, the large subsidences in 1960 and 1975. 
Overall, after 30 years, 38% of the total magma supply 
remains stored beneath the east rift zone, while nearly twice 
as much has been erupted from the east riff zone, mostly 
during the past decade (Figure 10c). In comparison, 9% of 
the total supply is stored beneath the southwest riff zone, 
while only 1% has been erupted from that riff zone. As 
remarked earlier, the summit reservoir has had a net loss of 
magma since 1960, so that the magma volume in the summit 
reservoir is now the lowest since 1960. 

To gauge how typical the last 30 years of eruptive activity 
has been compared to the previous 150 years, we compare 
the percent of total erupted volume on five different sections 
of Kilauea. The patterns for the last 30 years and the last 150 
years are shown at the top and bottom, respectively, of 
Figure 11. The relative eruptive rates along the southwest 
riff zone and the lower east rift zone are similar for the last 

30 years and the last 150 years. Eruptive activity during the 
last 30 years has been dominated by the Pu'u O'o- 
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Fig. 10. Partitioning of magma within Kilauea. (a) Three stor- 
age reservoirs and the pathways through which magma moves 
within the volcano; (b) in 5-year increments, the net filling or 
emptying of each reservoir and the amount of magma that moved 
into or out of each reservoir; (c) volume change and rate of 
movement in terms of the supply from a deep source from 1960 to 
1989. 
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(average eruptive rate: 0.048 km3/yr) 
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Fig. 11. Partitioning of lava to different areas of Kilauea, show- 
ing erupted volumes as percentages of total erupted volumes. (top) 
Values for the 30-year period for which we have good estimates of 
magma movement within Kilauea. The percentages of erupted lava 
vary slightly from percentages of magma that moved into different 
regions of the volcano (Figure 10c). The percentages at the top of 
each arrow are the percentages of lava erupted from each area. 
(bottom) Values for the 150-year period since 1840. 

Kupaianaha eruption, which began in 1983. The slow filling 
of the caldera during the second half of the 19th century 
balances the percentage of magma erupted, so that during 
the last 150 years equal percentages have been erupted when 
we combine the summit area and the upper and middle east 
rift zones. The relative importance of sustained summit 
eruptions to the overall growth of Kilauea is underplayed in 
Figure 11. As noted by Holcomb [1987], "more than 50 
percent of Kilauea is still covered by lava flows from 
long-sustained eruptions at the summit." Though the rela- 
tive activity between the two rift zones during the last 30 
years may be typical of relative activity during longer 
periods, activity during the last 30 years has been atypical of 
historical activity or activity of the last several hundred 
years, which was mostly sustained summit eruptions. 

Magma Movement From Mantle to Volcano: Volcanic 
Tremor and Earthquake Rates 

Surface displacements record only shallow magma move- 
ments within Kilauea. A possible indicator of deeper move- 
ments might be rates of volcanic tremor or earthquakes, 
which occur as deep as the 40-km base of the lithosphere, 
where magma accumulates before rising through the brittle 
portion of the upper mantle and crust. 

Aki and Koyanagi [1981] and Chouet et al. [1987] pro- 
posed models of volcanic tremor in which volume flow rate 
of magma is proportional to reduced displacement of the 

tremor signal, in essence an integration of the tremor signal 
that takes into account the distance to the source. Their 

specific models gave a magma supply rate derived from 
volcanic tremor that is 1/10 the rates determined for sus- 

tained eruptions and from geodetic measurements. This 
difference suggests that 90% of the magma supplied to 
Kilauea moves aseismically through the upper mantle and 
ocean crust. If we assume that the supply rate derived from 
volcanic tremor is a constant fraction of the total rate, then 
we can use volcanic tremor as a measure of variable supply 
rate. 

During the two sustained eruptions that formed Mauna 
Ulu from 1969 to 1974, both the annual rate of deep volcanic 
tremor and the annual magma supply rate were above a 
20-year average (see Figure 10 in a paper by Dzurisin et al. 
[1984] and Figure 7c of this paper). A more detailed plot of 
deep volcanic tremor shows short-term increases in tremor 
in 1972 and 1984, each lasting a few months and occurring 
within a few years after the start of sustained eruptions [see 
Koyanagi et al., 1987, Figure 45.31]. Koyanagi et al. sug- 
gested that these short-term increases in tremor were related 
to an increase in magma supply rate caused "by a hydrauli- 
cally linked system in which a decrease in pressure at 
shallow depths is propagated to the deeper source and 
increases the buoyancy of the rising magma." 

When the duration of volcanic tremor is divided into 

intermediate (5-15 km) and deep (30-60 km) categories, 
intermediate-depth tremor is more sporadic and variable 
than deep tremor [Shaw and Chouet, 1991]. This difference 
suggests that magma supply rate varies more at intermediate 
depths. 

This idea is also supported by the amount of variation of 
earthquake rates along the vertical pathway that leads 
magma from the mantle source region to Kilauea (Figure 12). 
Within 13 km of the surface, that is, within the ocean crust 
and the volcano, earthquakes occur often in swarms, which 
are associated with sudden movements of magma either 
erupted in the summit area or intruded into a rift zone. (The 
recent large increase in earthquake rate in the 5- to 13-km 
interval is the result of an improvement in 1986 in the ability 
to time the onset of long-period earthquakes (W. Tanigawa, 
private communication, 1992).) Swarms are most numerous 
at the shallowest depths, within 5 km of the surface. Below 
20 km, earthquake swarms are absent, suggesting that the 
magma supply rate is constant. The major variation in 
earthquake rate is an inflection at the time of the M = 7.2 
Kalapana earthquake in 1975, which suggests that this large 
earthquake was able to affect the subcrustal part of the 
magma system beneath Kilauea. 

DISCUSSION 

Our determination of magma supply rate of Kilauea relates 
favorably to earlier determinations. We agree with the claim 
of Swanson [1972] that the rate is nearly the same for 
sustained eruptions. This rate probably represents the rate 
that magma rises from the upper mantle directly to Kilauea 
during a sustained eruption. Also we agree with the state- 
ments of Dzurisin et al. [1984], who used only the daily tilt 
record of Uwekahuna and were limited to measurements 

made before 1983, the start of the sustained eruption that 
formed Pu'u O'o-Kupaianaha. Dzurisin et al. state that 
between 1956 and 1983, 65% of the magma supplied to 
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Fig. 12. Cumulative earthquake counts for five depth intervals 
beneath the summit area of Kilauea. The areas and depth intervals 
as well as the minimum earthquake magnitude used to make these 
counts are identified at the top. The two deepest intervals enclose a 
larger area to account for the broadening of earthquake epicenters at 
depths greater than 20 km. These earthquake counts show the 
largest variation at the shallowest depths, often reminiscent of a 
series of step functions, with each step function associated with a 
distinct episode of magma movement with the summit reservoir. 
Below 20 km, which is within the mantle, earthquake rates show 
little variation, suggesting that the magma supply rate is constant. 

Kilauea remained intruded. Our calculations differ, claiming 
that for the same period, 45% remained intruded. During the 
next decade, however, all of the magma supply plus some 
stored magma was erupted, so that between 1956 and 1990, 
only 20% remained intruded. 

Resolution of the cause-and-effect relation between in- 

creased magma supply and frequency of rift zone eruptions 
is fundamental to understanding what controls the rate at 
which magma rises beneath Kilauea. As noted in the text and 
illustrated in Figure 3, the supply rate is temporarily high 
after a large summit subsidence, so that a series of such 
subsidences will lead to a higher average supply rate. This 
leads us to suggest that it is the occurrence of frequent rift 
eruptions that results in a higher supply rate. The bugbear is 
that after 18 years of dormancy, magma began to rise again 
into the summit reservoir during the spring of 1950 [Finch 
and Macdonald, 1953] and that this renewal of magma 
supply has persisted for more than 40 years, a period of 
frequent rift zone intrusions and eruptions. Though we do 
not know what controlled the magma and caused it to once 
again rise into Kilauea in 1950, we do propose that the 
magma supply rate was increased by later rift activity. 

The increasing occurrence of earthquake swarms at higher 
levels in the magma conduit that feeds Kilauea (Figure 12) 
suggests that upward magma movement through the litho- 
sphere is a transition from steady state at depths greater than 
20 km to erratic pulses at shallower levels. Distinct intru- 
sions and eruptions are phenomena mainly of the upper part 
of the magmatic system. In the lower half of the lithosphere, 
magma accumulates at steady rates for a decade or longer. 
The question is still open, however, as to how the 1975 
Kalapana earthquake influenced the deeper level of the 
magmatic system and how the earthquake changed the 
chemical pattern of subsequent eruptions. 

During the lifetime of a Hawaiian volcano, the geologic 
record suggests that the magma supply rate is greatly re- 
duced near the end of eruptive activity and growth of a 
volcano, during the late-stage eruption of alkalic basalt that 
forms a cap over older Hawaiian volcanoes [Macdonald et 
al., 1983]. Presumably, the rate is lower as distance between 
a volcano and the center of the Hawaiian hot spot increases. 
As a corollary, the magma supply rate to the volcano may 
also be low during the early submarine stage of a Hawaiian 
volcano, such as the current growth stage of Loihi. Move- 
ment of magma through the lithosphere and to the surface is 
most efficient when the Pacific plate positions the growing 
volcano over the center of the hot spot. 

A reduced magma supply rate during late-stage activity of 
a Hawaiian volcano is also supported by a comparison of 
seismic profiles across Oahu and Hawaii. Watts et al. [1985] 
suggested that Oahu is underlain by a 4-km-thick, 200-km- 
wide body at the base of the crust, which they interpret as a 
sill complex, though the existence of such a body has been 
questioned by Lindwall [1988]. By knowing the cross- 
sectional area of the proposed sill and the speed at which the 
Pacific plate carries Oahu and the other Hawaiian islands to 
the northwest, Ribe and Smooke [1987] calculated that 
magma must have been supplied to this subcrustal body at an 
average rate of 0.05 km3/yr, which is comparable to the 
historical rates shown in Figures 5 and 7c. If a similar 
subcrustal body underlies Kilauea or adjacent Mauna Loa 
and is the immediate source of magma for the shallow 
summit reservoir, the body must be small and in an early 
stage of development [Hill and Zucca, 1987]. Hence only a 
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small part of the magma supplied to these two vigorously 
growing volcanoes has yet been diverted to growth of a 
subcrustal body. Eventually, most of the magma that rises 
from the mantle beneath Kilauea and Mauna Loa passes 
across the mantle-crust density boundary; no large body of 
magma has yet formed and differentiated at the base of the 
crust to form alkalic Hawaiian lavas by the process proposed 
by Clague [1987]. 

One final consideration is a comparison of the rate of 
magma supply to Kilauea and the volume-flow rate associ- 
ated with a possible upwelling plume beneath Hawaii. Ha- 
waiian volcanism probably results from partial melting of 
mantle material in an upwelling thermal plume. Evidence 
presented in this paper suggests that the maximum historical 
rate at which magma has been supplied to Kilauea is of the 
order of 0.1 km3/yr. This is a hundred times less than the 
volume-flow rate of 10 km3/yr needed to sustain the broad 
Hawaiian swell [Richards et al., 1988], which extends sev- 
eral hundred kilometers around the island of Hawaii. In 

comparison, the volume of material erupted at Kilauea is 
only a thimbleful of the volume of material upwelling be- 
neath the volcano. 

SUMMARY 

During the last 30 years, the magma supply rate to Kilauea 
has varied over time scales of days to years from 0.02 to 0.18 
km3/yr, averaging 0.06 km3/yr. These variations are con- 
trolled in part by the pressure of the summit reservoir. A 
sudden withdrawal of magma from the summit reservoir, 
such as during a rift zone eruption, causes a temporary spurt 
of magma from a deeper source, possibly located at the base 
of the ocean crust. An increase in frequency of rift zone 
eruptions means a higher average rate of magma supply. The 
supply rate is also high when an eruption lasts more than 4 
months, so that a well-developed conduit has time to form 
between a deeper magma source and the eruptive site. 
During such a sustained eruption, the magma supply rate is 
about 0.09 km3/yr. 
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