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Origin of differentiated lavas at Kilauea Volcano, Hawaii: 
Implications from the 1955 eruption 

Ritchie A Ho and Michael O Garcia 

Hawaii Institute of Geophysics, University of Hawaii, Honolulu, HI 96822, USA 

Abstract. Kilauea's 1955 eruption was the first 
major eruption (longer than 2 days) on its east rift 
zone in 115 years. It lasted 88 days during which 
108 X 106 m 3 of lava was erupted along a discon- 
tinuous, 15-km-long system of fissures. A wide 
compositional range of lavas was erupted includ- 
ing the most differentiated lavas (5.0 wt% MgO) 
from a historic Kilauea eruption. Lavas from the 
first half of the eruption are strongly differen- 
tiated (5.0-5.7 wt% MgO); later lavas are weakly 
to moderately differentiated (6.2-6.7 wt% MgO). 
Previous studies using only major-element com- 
positions invoked either crystal fractionation 
(Macdonald and Eaton 1964) or magma mixing 
(Wright and Fiske 1971) as models to explain the 
wide compositional variation in the lavas. To fur- 
ther evaluate these models detailed petrographic, 
mineralogical, and whole-rock, major, and trace 
element XRF analyses were made of the 1955 lav- 
as. Plagioclase and clinopyroxene in the early and 
late lavas show no petrographic evidence for 
magma mixing. Olivines from both the early and 
late lavas show minor resorption, which is typical 
of tholeiitic lavas with low MgO contents. Core- 
to-rim microprobe analyses across olivine, augite, 
and plagioclase mineral grains give no evidence 
of disequilibrium features related to mixing. In- 
stead, plots of An/Ab vs distance from the core 
(D) and %Fo vs (D)  4"5 generated essentially linear 
trends indicative of simple crystal fractionation. 
Least-squares, mass-balance calculations for ma- 
jor- and trace-element data using observed mi- 
neral compositions yield excellent results for crys- 
tal fractionation (sum of residuals squared < 0.01 
for major elements, and < 5% for trace elements); 
magma mixing produced less satisfactory results 
especially for Cr. Furthermore, trace-element 
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plots of Zr vs Sr, Cr, and A1203 generate curved 
trends indicative of crystal fractionation proc- 
esses. There is no evidence that mixing occurred 
in the 1955 lavas. Instead, the data are best ex- 
plained by crystal fractionation involving a reser- 
voir that extends at least 15 km along Kilauea's 
east rift zone. A dike was intruded into the rift 
zone from the summit reservoir eight days after 
the eruption started. Instead of causing magma 
mixing, the dike probably acted as a hydraulic 
plunger forcing more of the stored magma to be 
erupted. 

Introduction 

Temporally and spatially controlled samples from 
volcanic eruptions provide an opportunity to 
evaluate petrologic processes in an active volca- 
no. Such samples are especially important when 
collected from volcanoes whose plumbing system 
is well characterized. Kilauea Volcano is one of 
the most active and thoroughly studied volcanoes 
in the world (e.g., Klein 1982; Dzurisin et al. 
1984). Previous studies (e.g., Ryan et al. 1981) 
have shown that mantle-derived magma is sup- 
plied to Kilauea Volcano through a primary con- 
duit that feeds a summit reservoir 2-6 km deep. 
Two rift zones, extending southwest and northeast 
from the summit, are fed from this reservoir. Be- 
tween July 1956 and April 1983 approximately 
7.2 x 10 6 m 3 of magma/month was intruded into 
the volcano (Dzurisin et al. 1984). Roughly 35% of 
this magma was extruded; the rest is stored in the 
volcano (55% in the east rift zone, 10% in the 
southwest rift zone; Dzurisin et al. 1984). Such in- 
formation makes Kilauea an ideal candidate for 
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petrologic studies to define the nature of petro- 
logic processes within a volcanic system. 

The U.S. Geological Survey, which operates 
an observatory to monitor Kilauea Volcano, has 
maintained a long-term program to monitor the 
major-element chemistry of eruption products 
(e.g., Wright 1971; Wright and Tilling 1980). 
These data have been used to infer the presence 
of distinct batches of magma erupted over a pe- 
riod of months to years and to evaluate crustal- 
level processes within the magmatic system (e. g., 
Wright 1971 ; Wright and Fiske 1971 ; Wright et al. 
1975; Wright and Tilling 1980). These studies 
have shown that (1) the composition of magma 
supplied to Kilauea's summit reservoir is variable, 

and (2) magma mixing is a dominant process 
within the rift zones. These interpretations are 
based primarily on major-element chemistry and 
computer modeling. 

The purpose of this study is to test the mixing 
model for one of Kilauea's best documented cases 
for magma mixing, the 1955 east rift zone erup- 
tion. Detailed petrographic, mineral chemistry, 
and trace-element data, together with computer 
modeling results, are presented for lavas from Ki- 
lauea's 1955 eruption to evaluate the magma-mix- 
ing model proposed by Wright and Fiske (1971). 
Our results show that there is no petrographic or 
geochemical evidence of mixing in this suite of 
lavas. Instead, the data strongly support a crystal 
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Fig. 1. Map showing the vents (in black) and lavas (stippled) of the 1955 eruption of Kilauea, Pre-1955 lava coastline shown by 
dashed line. Contour interval is 500 ft. Insert map shows location of 1955 eruption on the island of Hawaii. Lavas from the five 
volcanoes comprising the island are separated by dashed lines, Contour interval is 2000 ft. Maps are modified from Macdonald 
and Eaton (1964, plate 1) 
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fractionation model to explain the compositional 
variation of the 1955 lavas. The observed varia- 
tion for the 1955 eruption is similar to the intra- 
episode variations for the 1983 to present erup- 
tions of Kilauea, which also are interpreted as 
variations controlled by crystal fractionation (Gar- 
cia and Wolfe 1988). 

T h e  1 9 5 5  e r u p t i o n  and p r e v i o u s  w o r k  

The 1955 eruption was the first major eruption 
(>2  days) on Kilauea's east rift zone in 115 years. 
The eruption occurred over an 88-day period dur- 
ing which 108 x 106 m 3 of lava was erupted cover- 
ing 16 km 2. Macdonald and Eaton (1964) stubdi- 
vided the eruption into four phases. The first two 
phases (28 February to 7 March) involved a dis- 
continuous, 5.6-km-long system of fissures that 
opened progressively down rift (except vents M, 
N, and Q; Fig. 1). Eruptive activity stopped for 
six days between phases 2 and 3. The summit of 
Kilauea began to subside at the beginning of this 
hiatus. Phase 3 activity (12 March to 7 April) be- 
gan 8 km uprift (vent R) from the previous vents 
and formed a 7-km-long system of discontinuous 
fissures (Fig. 1). Volcanic activity ceased for 16 
days and resumed weakly on 24 April, the start of 
phase 4. Phase 4 eruptive activity occurred at only 
two central vents, T and Z (Fig. 1). This activity 
ended abruptly on 26 May. 

The 1955 lavas have a wide compositional 
range (for Kilauea) and include the most differen- 
tiated lavas (5.0 wt% MgO) from a historic Ki- 
lauea eruption (Table 1; Wright and Fiske 1971). 
The lavas erupted from 28 February to 20 March 
are all strongly differentiated (<  5.7% MgO) and 
came from vents spanning the entire fissure sys- 
tem (i.e., vents U to P). An abrupt change in the 
composition of the lavas occurred between 20 and 
25 March of phase 3 (Fig. 2). From 25 March to 
the end of the eruption (26 May) weakly to mod- 
erately differentiated lavas (6.2-6.7 wt% MgO) 
were erupted from vents near the uprift end of the 
fissure system. 

The compositional break in the lavas does not 
correspond with the breaks in the eruptive activity 
or with the time at which the summit started to 
deflate and inject magma into the east rift zone (7 
March). Thus, there is no apparent volcanological 
explanation for the change in composition during 
phase 3. 

Macdonald and Eaton (1964) noted a progres- 
sive decrease in the degree of differentiation of 
the 1955 lavas until late March and little differ- 
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Fig. 2. The compositional variation with time for lavas from 
the t955 eruption. Open circles represent the early lavas and 
asterisks the late lavas. Dashed line denotes the break in com- 
position between the early evolved and the late, less evolved 
lavas. The break occurred between 20 and 25 March 
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ence afterward. They related this change to crystal 
fractionation in a shallow magma chamber. 
Wright and Fiske (1971) reexamined the 1955 lav- 
as, adding additional samples to test the Macdon- 
ald and Eaton (1964) model. They found there 
was no systematic decrease in degree of differen- 
tiation during the course of the eruption, but reaf- 
firmed late March as the point at which the lavas 
became and stayed less differentiated (Fig. 2). 
Wright and Fiske (1971) proposed that only the  
strongly differentiated lavas were products of 
crystal fractionation. They suggested that the less 
differentiated lavas were hybrids created by mix- 
ing the differentiated magma with a new magma 
injected from the summit reservoir of Kilauea. 
Their computer modeling combined summit-de- 
rived magma (+ olivine) with differentiated 
magma (average of 1955 lavas erupted prior to 25 
March; 1955E) and yielded satisfactory solutions 
(i. e., low residuals). However, they cautioned that 
the low residuals for magma mixing from the 
computer modeling did not prove that mixing 
took place, but "it does tend to strengthen the 
credibility of this hypothesis ...". However, they 
neglected to evaluate a crystal fractionation 
model using the late lavas (1955L) as a possible 
parent. This study evaluates both a mixing model 
and a fractionation model based on new petrogra- 
phy, mineral chemistry, and trace-element data 
for the lavas from the 1955 eruption. 

Anderson and Wright (1972) studied the com- 
position of minerals (especially the Fe-Ti oxides) 
and their glass inclusions in the early 1955 lavas 
(1955E). They found reversely zoned rims on 
magnetite phenocrysts (but not on silicate miner- 
als), which they attributed to magma mixing (de- 
spite the major-element evidence presented in 
Wright and Fiske (1971) that magma mixing could 
not explain the major-element variation among 
the 1955E lavas). We have reexamined this con- 
flicting evidence and propose a model to recon- 
cile the data from the two studies. 

Samples 

Macdonald and Eaton (1964) reported major-ele- 
ment analyses for ten samples of lava collected 
during the 1955 eruption. Wright and Fiske (1971) 
supplemented this suite with ten additional sam- 
ples collected in 1967. Unfortunately, three of the 
Wright and Fiske samples have incorrect dates, 
and one sample is labelled with the wrong vent 
location in Wright and Fiske (1971). A corrected 

version of the dates of eruption and vents for the 
1955 lavas is given in Table 1. 

To further characterize the 1955 lavas, we 
have utilized splits of Macdonald's samples from 
the University of Hawaii collection and Wright's 
samples from the Smithsonian Institution. The 
Kilauea summit lavas are splits of the undifferen- 
tiated summit lavas used in the hybrid modeling 
by Wright and Fiske (1971). We have used the 
splits for new petrographic, mineral-chemistry 
and trace-element analyses. The major-element 
data reported in Table 1 are the original high- 
quality wet-chemical analyses from Macdonald 
and Eaton (1964) and Wright and Fiske (1971). 

Petrography 

The 1955 lavas contain common to abundant phe- 
nocrysts of plagioclase and augite and minor 
(traces to 2.1 vol%) hypersthene, magnetite, and 
ilmenite phenocrysts (Wright and Fiske 1971), 
which is unusual for Kilauea Volcano (see Mac- 
donald 1949 for summary). This is undoubtedly 
due to the evolved composition of the 1955 lavas 
compared to typical Kilauea lavas. 

The early 1955 lavas are porphyritic (3-14 
vol% phenocrysts; Wright and Fiske 1971, Table 
1). The early lavas typically contain large euhe- 
dral phenocrysts of hypersthene, augite, and plag- 
ioclase and microphenocrysts of olivine, ilmenite, 
and magnetite. Rare ferropseudobrookite micro- 
phenocrysts were reported by Anderson and 
Wright (1972). Plagioclase (1-8 vol%) and augite 
(0.5-3 vol%) are the two most abundant mineral 
phases present. Rare, large olivine phenocrysts 
(up to 4 mm) are present in the early lavas. Wright 
and Fiske (1971) noted large olivines only in late 
lavas and used that criterion for distinguishing the 
late from the early lavas. 

The late, more magnesian lavas are also por- 
phyritic (5-9 vol% phenocrysts). Olivine pheno- 
crysts are more common in these lavas; hypers- 
thene phenocrysts and ilmenite and magnetite mi- 
crophenocrysts are absent (Wright and Fiske 
1971). These modal differences distinguish the 
late 1955 lavas from the early lavas. However, like 
the early lavas, augite (2-4 vol%) and plagioclase 
(2-4 vol%) are the dominant mineral phases pres- 
ent. 

The 1955L lavas do not show any obvious tex- 
tural or modal characteristics of magma mixing. 
The mineral assemblage is normal for the bulk 
composition, and there are no xenocrysts of the 
distinctive minerals (hypersthene, magnetite, il- 
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Table 1. Whole-rock, major-element analyses for lavas from the 1955 Kilauea east rift zone eruption and three recent summit 
eruptions. Data are by wet-chemical techniques. Data for samples 1-10 are from Macdonald and Eaton (1964); the other 1955 
samples are from Wright and Fiske (1971); the summit lavas are from Wright (1971). Dates for 1955 samples are month-day. 
Samples that  had incorrect dates of eruption or vent location are indicated with an asterisk 

1955 Early lavas 

Sample no. 1 67-53 2 67-33 67-41a 67-41b 67-60a 67-60b 67-34* 3 4 5 67-50* 
Date 2-28 3-1 3-3 3-4 3-6 3-6 3-12 3-12 3-13 3-14 3-14 3-20 3-20 
Vent A A E P E E Q Q R S S U U 

SiO2 51.24 51.19 50.99 50.92 51.28 51.00 51.41 50.83 51.13 50.91 50.94 51.06 51.39 
TiO2 3.74 3.78 3.57 3.61 3.47 3.49 3.67 3.36 3.85 3.60 3.70 3.65 3.60 
A1203 13.60 13.52 13.73 13.80 13.80 13.85 13.61 14.02 13.58 13.72 13.79 13.72 13.64 
F%O3 1.87 1.74 3.39 1.85 1.87 2.26 2.09 1.90 1.94 2.65 2.16 2.44 1.78 
FeO 11.19 11.32 9.36 10.71 10.44 10.21 10.55 10.44 11.03 9.87 10.25 10.34 10.77 
MnO 0.18 0.19 0.18 0.19 0.18 0.18 0.18 0.18 0.18 0.18 0.18 0.18 0.18 
MgO 5.12 5.04 5.42 5.46 5.50 5.54 5.17 5.68 5.02 5.64 5.57 5.44 5.24 
CaO 9.03 8.93 9.38 9.45 9.40 9.53 9.02 9.71 8.92 9.58 9.57 9.46 9.07 
NazO 2.81 2.88 2.75 2.80 2.82 2.74 2.81 2.77 2.92 2.68 2.70 2.62 2.83 
K20 0.83 0.81 0.80 0.75 0.74 0.77 0.81 0.74 0.84 0.74 0.76 0.76 0.79 
P205 0.41 0.44 0.39 0.40 0.40 0.40 0.45 0.38 0.46 0.40 0.40 0.39 0.43 

Total 100.02 99.84 99.96 99.94 99.90 99.97 99.77 100.03 99.87 99.97 100.02 100.06 99.72 

1955 Late lavas Summit lavas 

Sample no. 6* 7 8 9 67-46 67-51" 67-48 10 67-44 TLW67-42 Feb. 24 HM-68-2 
Date 3-25 3-26 3-28 3-28 4-7 4-26 5-17 5-25 5-26 1954 1961 1968 
Vent T T Y Y Y T Z Z Z Summit Summit Summit 

SiOz 50.55 50.37 50.61 50.58 50.44 50.49 50.56 50.53 50.48 50.09 50.22 50.18 
TiO2 3.31 3.09 3.12 3.22 3.12 3.13 3.16 3.23 3.17 2.68 2.76 2.57 
A1203 13.84 14.02 13.80 13.74 13.68 13.87 13.92 13.95 13.86 13.79 13.64 13.63 
Fe~O3 2.98 1.88 2.66 1.97 1.87 2.96 1.78 2.56 2.50 1.80 1.29 1.66 
FeO 9.32 10.07 9.31 9.95 10.13 9.06 10.18 9.40 9.52 9.59 9.63 9.72 
MnO 0.18 0.17 0.17 0.17 0.17 0.18 0.18 0.17 0.18 0.17 0.17 0.17 
MgO 6.19 6.75 6.61 6.57 6.69 6.32 6.33 6.33 6.29 7.31 7.74 7.63 
CaO 10.10 10.39 10.28 10.27 10.13 10.21 10.24 10.28 10.14 11.51 11.34 11.02 
Na20 2.61 2.35 2.49 2.51 2.51 2.51 2.61 2.56 2.48 2.28 2.32 2.25 
K20 0.67 0.62 0.69 0.72 0.62 0.64 0.64 0.64 0.63 0.53 0.55 0.54 
PzO5 0.30 0.32 0.34 0.35 0.33 0.33 0.33 0.28 0.33 0.26 0.27 0.25 

Total 100.05 100.03 100.08 100.05 99.70 99.70 99.93 99.93 99.58 100.01 99.93 99.62 

menite) from the early lavas in the late lavas. 
Neither plagioclase nor augite phenocrysts in late 
lavas show resorption features that would be ex- 
pected if a more magnesian lava was mixed with 
the early differentiated lava. Plagioclase dissolu- 
tion rates are rapid at small degrees of undersatu- 
ration or at very modest degrees of superheating 
(Donaldson 1985); these are conditions expected 
to result from the injection of a hotter, summit- 
derived, mafic magma. However, plagioclase and 
augite minerals in 1955L lavas are euhedral and 
appear to be in equilibrium with the melt. 

Olivine phenocrysts from both the early and 
late lavas show minor resorption, which is a nor- 
mal consequence of differentiation of tholeiite 
magmas (Macdonald 1968). Magnetite and ilme- 

nite microphenocrysts are strongly resorbed in the 
1955E lavas. Anderson and Wright (1972) related 
the resorption to gas loss in the erupting magma 
and magma mixing. 

Mineral chemistry 

Microprobe analyses (see Garcia et al. 1986 for 
summary of methods used) were made of the mi- 
nerals in both the early and late lavas of the 1955 
eruption to determine their compositions and 
zoning trends (Table 2). These data are essential 
for proper computer modeling of the whole-rock 
compositions and for assessing the relative impor- 
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Table 2. Microprobe analyses of phenocryst cores from lavas 
of the 1955 eruption (analyst; R. Ho) 

1955E 1955L 

Olivine 

Sample 2 3 7 7 9 
SiO2 38.65 39.19 39.43 39.93 39.23 
FeO 20.33 18.82 17.44 15.37 17.92 
MgO 40.62 41.53 42.79 44.27 42.72 

Total 99.60 99.54 99.66 99.57 99.87 

Forsterite % 78.1 79.7 81.4 83.7 80.9 

Augite 

Sample 2 3 7 9 9 
SiO2 51.26 51.59 50.91 52.07 52.34 
TiO2 1.28 1.05 1.24 0.91 0.76 
A1203 3.11 2.42 2.95 2.65 2.16 
Cr203 0.39 0.25 0.14 0.33 0.12 
FeO 8.97 7.87 9.30 6.93 7.63 
MgO 17.81 17.07 16.47 17.75 18.20 
CaO 16.74 18.81 18.41 18.67 18.21 
Na20 0.20 0.09 0.10 0.39 0.30 

Total 99.76 99.15 99.52 99.70 99.72 

Enstatite % 51.1 48.8 47.2 50.6 51.2 
Ferrosilite % 14.4 12.6 14.9 11.1 12.0 
Wollastonite % 34.5 38.6 37.9 38.3 36.8 

Plagioclase 

Sample 2 3 7 7 9 
SiO2 50.72 52.52 51.06 51.06 52.08 
A1203 30.80 29.88 31.14 30.48 30.17 
FeO 0.71 0.72 0.64 0.64 0.75 
CaO 14.24 12.95 14.15 14.02 13.40 
Na20 3.09 3.43 2.71 3.10 3.28 
K20 0.09 0.18 0.13 0.07 0.10 

Total 99.65 99.68 99.83 99.37 99.78 

Anorthite % 71.4 66.9 73.7 71.1 68.9 

tance of magma mixing vs crystal fractionation in 
controlling the composition of the 1955 lavas. 

The cores of olivine phenocrysts range from 
Fo76 t o  Fo84 , with the olivines from the early lavas 
containing lower Fo cores (Fo76-F080) than the ol- 
ivines from the late lavas (Fo79-FOs4) .  There is no 
correlation of Fo content of the olivine cores vs 
grain size in the 1955 lavas (Fig. 3). The 1955L ol- 
ivine cores are in equilibrium with their bulk-rock 
compositions (olivine Fe/Mg:  whole-rock Fe2+/ 
Mg=0.27-0.32; equilibrium value=0.30+0.03,  
Roeder and Emslie 1970). The 1955E olivines are 
at or just below the equilibrium range (most are 
0.27-0.25). Previous petrographic studies of Ki- 
lauea lavas indicate that olivine is an early crys- 
tallizing mineral (e.g. Wright 1971). Fractionation 
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for 1955 lavas. Open squares represent late lavas;filled squares 
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of some of this olivine from the magma would 
produce a higher Fe /Mg whole-rock ratio and 
lower olivine:whole-rock Fe /Mg ratios. Thus, the 
low ratios in the 1955E lavas is an expected con- 
sequence of incomplete fractionation (i. e., not all 
of  the early formed crystals are removed). 

The cores of plagioclase phenocrysts range in 
composition from An67 to An85 (Table 2). There is 
no obvious chemical distinction between the plag- 
ioclase from the late (An68-An85) and early (An67- 
An84) lavas. This overlap in composition is proba- 
bly due to the fact that plagioclase is a late crys- 
tallizing phase in the late lavas and an early crys- 
tallizing phase in the early lavas. 

The composition of the augite cores ranges 
from En47 to En53 with no distinction between the 
early and late lavas or grain size. 

Zoning in phenocrysts is an expected conse- 
quence of crystal fractionation (Pearce 1984). Re- 
verse zoning or abrupt changes in composition in 
silicate minerals are indicative of magma mixing. 
Thus, zoning profiles were made for numerous 
grains of each mineral to determine whether they 
recorded either of these processes. Olivine is par- 
ticularly useful for these lavas, because it is an 
early crystallizing phase in Kilauea magmas. An- 
derson and Wright (1972) noted normal zoning in 
silicate minerals from the 1955 lavas, but they 
provided only a few analyses (four of the five ana- 
lyses have poor totals, either <99 or > 100.5 wt%) 
and no silicate-mineral profiles. Profiles of oliv- 
ines from the late 1955 lavas (Fig. 4) show a de- 
crease in forsterite (Fo) content from the core to 
the margin. These profiles are typical for crystal 
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Fig. 4. Profile of an olivine phenocryst from a late 1955 lava 
showing % forsterite vs distance from core (in squares) and 
(distance from core) 4"s (in diamonds). A linear (distance from 
core) 4"5 is indicative of simple crystal fractionation 

fractionation; they are flat near the core and ex- 
ponentially decrease toward the rim (Pearce 
1984). 

To rigorously test the crystal fractionation hy- 
pothesis, plots of  Fo content vs (distance from the 
core) 45 were made. Pearce (1984) has shown that 
crystals grown under equilibrium conditions in a 
melt produce a straight %Fo vs (distance from the 
core) 4'5 profile. Plots of  the late 1955 olivines 
yield straight-line profiles (Fig. 4) indicating nor- 
mal crystal fractionation growth. 

Plagioclase from both the early and late lavas 
shows little or no variation in An from core to 
margin. Pearce (1987) has shown that linear plots 
of An/Ab vs distance from the core are indicative 
of equilibrium crystal fractionation (Fig. 5). 
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Fig. 5. Profile of plagioclase phenocryst from a late 1955 lava 
showing anorthite (An)/albite (Ab) vs distance from the core 
(D). A linear trend is indicative of simple crystal fractionation 
(Pearce 1987) 

The augite phenocrysts from the late lavas 
have normal zoning with a decrease in the ensta- 
tite component toward the rim. 

The relatively uniform and normal chemical 
zonation profiles of all the analyzed silicate mi- 
nerals in the 1955 late and early lavas is indicative 
of simple crystal fractionation. 

Anderson and Wright (1972) presented pro- 
files of magnetite with reversely zoned rims (Ti- 
and Cr-enriched) that they related to magma mix- 
ing. This interpretation is suspect for several rea- 
sons. Normally, Cr and Ti behave oppositely dur- 
ing crystallization (Haggerty 1976). The magnetite 
grains are strongly resorbed, apparently owing to 
gas loss during eruption (Anderson and Wright 
1972). During dissolution of crystals the melt 
around the crystal is enriched in the crystal com- 
ponents (Donaldson and Hamilton 1987). In the 
case of magnetite, dissolution would have en- 
riched the magma in Cr and Ti. During solidifica- 
tion of the lava the magnetites grew in this Ti- and 
Cr-rich boundary layer produced by their resorp- 
tion, causing the magnetite grains to have the "re- 
versely" zoned rims. Thus, magma mixing is not 
required to explain the zoning in the magnetite. 

Rock chemistry 

The 1955 lavas are among the most differentiated 
lavas of Kilauea Volcano and are the most differ- 
entiated of its historic eruptions (see Wright and 
Fiske 1971; Moore 1983). Strongly differentiated 
lava ( <  5.7 wt% MgO) was erupted along the en- 
tire length of the 1955 fissure system. The late, 
less differentiated lava (6.2-6.7 wt% MgO) was 
erupted only from the upper rift vents T, Y, and Z 
(Fig. 1). 

There is no systematic variation in composi- 
tion of the lavas with time (Fig. 2). However, there 
is a significant increase in the MgO and CaO con- 
tents and decrease in TiO2, Na20, K20, and P2Os 
contents between 20 March (early lavas) and 25 
March (late lavas). The late lavas maintain this 
chemical distinction, although the lavas from 
phase 4 have somewhat lower MgO contents than 
the lavas from the end of phase 3 (Fig. 2). 

There is a kink in the CaO vs MgO trend for 
the 1955 lavas (Fig. 6). This is typical in Kilauea 
lavas and marks the transition from olivine con- 
trol to differentiated lavas (Wright 1971). The 
cause of the CaO decrease is dominated by crys- 
tallization of augite since the CaO/A1203 ratio de- 
creases with decreasing MgO (Fig. 6). 

The early lavas show no coherent chemical 
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variation with time or distance along the rift sys- 
tem. Unfortunately, multiple samples were col- 
lected from only a few vents. At one vent (Q) 
there is substantial variation (5.2-5.7 wt% MgO). 
Wright and Fiske (1971, p. 22) emphasized the 
SiO2 variation for these samples, which they attri- 
buted to deposition of cristobalite from a gas 
phase. A reexamination of their data shows that 

Ti, Fe, and P are significantly higher and A1, Mg, 
and Ca are lower in the high-silica sample. This 
variation is probably due to crystal fractionation 
as was proposed by Wright and Fiske (1971) for 
the overall compositional variation of the early 
1955 lavas. Unfortunately, the times of eruption 
for these samples are not known so we cannot de- 
termine the temporal variation at this vent. 

XRF trace-element analyses (see Rhodes 1983 
for summary of methods used) were made on se- 
lected 1955 samples to further characterize these 
important samples and to use them as an indepen- 
dent test of the major-element modeling (Table 3). 
A combination of compatible and incompatible 
trace elements is particularly diagnostic of crystal 
fractionation (curved trends) or mixing (straight 
trends). Although the trace-element data for 1955 
early and late lavas can be depicted with a 
straight line, this is largely due to the small varia- 
tion in abundance of the incompatible elements 
(e. g., Zr-18%).  However, all attempts at relating 
the trace-element data for the mixing end mem- 
bers proposed by Wright and Fiske (1971) for the 
late 1955 lavas by a straight line failed. Instead, 
curved (for Cr vs Zr) and kinked (for Sr and 
A1203 vs Zr) trends result when possible mafic 
mixing components are considered (Fig. 7). The 
inflection or kink in the trends of A1203 and Sr vs 
Zr reflects the importance of plagioclase fraction- 
ation within the 1955 magmas. Both elements 
have high partition coefficients in plagioclase 
(Henderson 1982). 

Computer modeling 

The early and late 1955 lavas were previously 
modeled by Wright and Fiske (1971). They con- 
cluded that the early lavas (1955E) are products 

T a b l e  3. XRF trace-element analyses of the lavas from the 1955 eruption and recent summit eruptions (analyst; J. M. Rhodes, 
University of Massachusetts) 

1955E 1955L Summit 

Sample no. 1 2 5 6 8 TLW67-48 10 TLW67-42 Feb. 24 HM-68-2 
Date 2-28 3-3 3-20 3-25 3-28 5-17 5-25 1954 1961 1968 
Vent A E U T Y Z Z Summit Summit Summit 

Nb 26.0 27.2 25.9 25.0 24.9 23.6 23.7 23.0 23.4 18.3 
Zr 258 268 263 228 229 218 218 176 174 169 
Sr 402 398 394 404 406 399 402 392 372 371 
Zn 141 138 132 128 129 131 121 119 117 127 
Ni 87 72 68 90 92 95 94 118 131 109 
Cr 81 71 58 121 129 133 141 303 394 343 
V 361 361 340 335 339 335 321 322 309 290 
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of crystal fractionation and that the late lavas 
(1955L) are hybrids produced by mixing the early 
lavas with a more mafic, summit-derived magma. 
There are two problems with the previous model- 
ing: (1) the mineral compositions used in the 
modeling were either artificial (e.g., olivine com- 
position was computed from olivine control lines 
for the later part of the 1959 eruption, resulting in 
CaO and A1203 contents > 1.1 wt%) or was taken 
from totally unrelated rocks; and (2) a crystal 

fractionation model was not evaluated for the late 
lavas. We have used actual mineral compositions 
from 1955 lavas to evaluate more precisely both 
crystal fractionation and magma mixing for the 
early and late 1955 lavas using the least-squares 
method of Bryan et al. (1969). 

Wright and Fiske (1971) modeled the 1955 late 
lavas as hybrids produced by the mixing of the 
strongly differentiated 1955 magma and two 
mafic summit magmas (1952+1961). Least- 
squares calculations show that the late lavas can 
also be a product of fractionating olivine, augite, 
and plagioclase from the 1961 summit magma 
with excellent residuals for major elements (Table 
4). Other summit lavas (1954 and 1968) consid- 
ered by Wright and Fiske (1971) yield higher re- 
siduals. 

Trace elements provide an independent evalu- 
ation of the major-element modeling. The major- 
element modeling indicates that crystal fractiona- 
tion is a viable explanation for the origin of the 
1955L lavas, and its residuals are somewhat lower 
than those for mixing models (Table 4). Appro- 
priate partition coefficients were taken from the 
literature (Henderson 1982; Bender et al. 1983; 
Clague et al. 1981 ; Stolz 1985) to determine which 
(if either) model is most appropriate. For the mix- 
ing models, large residuals were obtained for Cr 
(and for most other elements in the 1968 summit 
lava). For the crystal fractionation models both 
the 1954 and 1968 summit lavas yielded a large 
residual for Cr. Again, the 1968 lava was an unsa- 
tisfactory parent (high residuals for many ele- 
ments). Modeling with the 1961 summit lava pro- 
duced excellent trace-element residuals. Thus, the 
trace-element modeling clearly suggests that crys- 
tal fractionation with the 1961 summit lava as a 
parent is the best explanation for the origin of the 
1955L lavas. 

These calculations do not prove that the 1961 
summit lava was a parent for the 1955 lavas. 
However, they demonstrate that a potential par- 
ent for the late lavas does exist and that it is unne- 
cessary to invoke hybridization to explain the 
composition of the 1955L lavas. Wright and Fiske 
(1971) have suggested that portions of a given 
magma batch may appear in an east rift eruption 
before they appear in a summit eruption. Thus, 
the 1961 summit lava might be a parent for the 
1955 lavas. 

Since it is no longer necessary to interpret the 
1955L lavas as hybrids, could they be the parents 
for the 1955E lavas? This is of interest in under- 
standing how Kilauea's plumbing system works 
because Wright and Fiske (1971) proposed that 
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Table  4. Major  (wt%) and  t race (ppm) e lement  res idua ls  f rom mix ing  and crystal  f r ac t iona t ion  ca lcu la t ions  for der iv ing  an average  
1955 late lava and  crystal  f rac t iona t ion  ca lcu la t ions  for de r iv ing  an  average  1955 ear ly  lava. The ear ly  and  late compos i t i ons  used  
in the m o d e l i n g  are averages  of  the samples  ana lyzed  from the ear ly  and  late por t ions  of  the e rup t ion  (Wright  and  Fiske  1971). 
Par t i t ion  coeff ic ients  for t r ace-e lement  mode l ing  are f rom H e n d e r s o n  (1982), Bender  et al. (1983), C lague  et al. (1981), and  Stolz 
(1985) 

Daugh te r  

Mix ing  Crysta l  f r ac t iona t ion  

Parent  1954 1961 1968 1954 1961 1968 1955L 
Majo r -e l emen t  res idua ls  

1955 Late 1955 Ear ly  

SiO2 - 0.00 - 0.06 - 0.04 - 0.17 - 0.03 - 0.06 0.00 
TiO2 - 0.01 - 0.06 0.06 - 0.06 0.07 - 0.21 - 0.02 
A1203 0.13 0.18 0.18 0.15 0.03 0.05 - 0 . 0 0  
FeO - 0.07 0.08 - 0.07 0.36 0.04 0.19 0.01 
M n O  - 0.01 - 0.01 - 0.00 0.03 0.04 0.02 0.02 
MgO 0.14 0.02 - 0.06 0.03 0.02 - 0.02 - 0.01 
CaO - 0.17 - 0.02 0.06 0.25 0.05 0.08 - 0.00 
N a 2 0  0.01 - 0.03 0.01 - 0.07 0.01 - 0.09 0.00 
K 2 0  - -  0.03 - 0.04 - 0.03 0.01 0.02 - 0.01 0.02 
P205 - 0.03 - 0.03 - 0.02 - 0.01 - 0.01 - 0.03 - 0.05 

R 2 0.07 0.05 0.05 0.26 0.01 0.10 0.004 

Trace-e lement  res idua ls  

Zr  0 - 1 - 54 - 1 0  - 7  - 1 9  5 
Nb - 1  - 1 2 2 3 - 2  2 
Sr - 1 - 1 - 26 7 7 14 5 
Y 6 15 16 20 3 - 1 - 2  
Cr  - 9 - 4 85 8 2 - 1 8  - 5  
Ni  - 39 - 73 53 - 74 3 42 2 

0 - 4 - 1 0 9  - 1 2 - 1 9  4 

Mix ing  

% M a f i c  48 45 48 
%1955  E 52 55 52 

% Crys ta l  f r ac t iona t ion  

Ol iv ine  0.6 
Augi te  10.2 

P lag ioc lase  5.9 
Magne t i t e  - -  

% Res idua l  L iqu id  82.9 

1.6 2.1 1.6 
10.6 8.1 7.5 
7.1 5.5 7.2 

- -  - -  0.6 
80.5 84.3 83.2 

the 1955E lavas were crystal fractionation prod- 
ucts of a parent that has only been observed in 
prehistoric lavas on the southwest rift zone of  Ki- 
lauea. This would imply that magmas could be 
stored for hundreds of  years in Kilauea's plumb- 
ing system between eruptions. This is inconsistent 
with recent studies that indicate a maximum of 
100 years between partial melting and eruption 
(Wright 1984). Excellent residuals were obtained 
for both major and trace elements in modeling the 
1955L lavas as parents of  the 1955E lavas (Table 
4). Thus, it is unneccessary to invoke a parent that 
is prehistoric in age (>200  years) and was 

erupted only on Kilauea's other rift zone. Our re- 
sults show that a lava closely related in time and 
space is a suitable parent for the 1955E lavas. 

Implications for the east rift zone plumbing 
system. 

Kilauea's east rift zone is a region of frequent 
magma intrusions. Eaton and Murata (1960) sug- 
gested that the core of  Kilauea's east rift zone 
may remain fluid between some closely spaced 
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eruptions. Theoretical heat-flow calculations have 
shown that if a sufficient number of large volume 
intrusions are injected into the rift zone, part of  it 
will remain fluid (Hardee 1982). The recent high 
frequency of intrusions into the east rift zone 
might have produced a molten core that extends 
30 to 40 km downrift from the summit (Decker 
1987). The late 1955 lavas were erupted 35 to 
40 km from the summit reservoir. However, prior 
to the 1955 eruption there were only two historic 
(i.e., post-1790) eruptions along Kilauea's lower 
east rift zone: (1) in 1840 for 26 days along a fis- 
sure system 2.6 km north of the 1955 fissures with 
a volume of about 200 × 106 m 3, and (2) in 1884 
for one day at a water depth of 20 m (Macdonald 
et al. 1983). This paucity of activity along the east 
rift zone is probably due to the nearly constant 
lava lake activity at Kilauea's summit from 1823 to 
1923. Although we don't know how many intru- 
sions into the rift zone might have occurred with- 
out accompanying eruptions, it seems unlikely 
that the lower east rift zone could have had a 
molten core. The strongly fractionated nature of 
the 1955 lavas further attests to the isolation of 
the magma, probably in pockets along the rift 
zone. Wright and Fiske (197l) also invoked the 
formation of magma pockets to explain composi- 
tional variation of the early 1955 lavas at individ- 
ual vents. 

Seven days after the start of  the 1955 eruption 
(and during a lapse in volcanic activity) the sum- 
mit of  Kilauea subsided abruptly (Macdonald 
and Eaton 1964). Subsidence was accompanied 
by earthquakes both at the summit and at the 
midsection of the rift zone near Kalalua cone, but 
not at the eruption site. The eruption resumed five 
days after the summit subsidence began and con- 
tinued to erupt strongly evolved lava. The petro- 
logic and geochemical evidence show that no 
mixing occurred between the newly intruded sum- 
mit magma and the evolved magma stored in the 
rift zone. Thus, the dike of summit magma that 
was intruded in early March 1955 into the east rift 
zone may have served as a hydraulic plunger to 
further expel stored magma. A similar process 
probably triggered the start of Kilauea's Puu Oo 
eruption in 1983. An intrusion of magma from the 
summit reservoir into the middle portion of the 
east rift zone occurred 20 hours before the start of  
the eruption (Wolfe et al. 1987). Only magma 
stored in the rift zone was erupted in the first five 
months of  the eruption (Garcia and Wolfe 1987). 
Thus, like the 1955 eruption, the intrusion of 
mafic magma from the summit reservoir into the 
east rift zone acted as a hydraulic plunger to 

cause eruption of stored magma without discerni- 
ble magma mixing. 

Conclusions 

The 1955 lavas are compositionally heterogenous. 
The early differentiated lavas are probably prod- 
ucts of crystal fractionation. The late, more mafic 
1955 lavas are suitable parents for the early lavas. 
These late lavas are probably not hybrids as pro- 
posed by Wright and Fiske (1971). Rather, mi- 
neral chemistry and zonation, major- and trace- 
element data, and least-squares modeling favor a 
crystal fractionation origin for the late lavas. The 
1961 summit lavas are suitable parents for these 
late 1955 lavas. 

Kilauea's east rift zone is a zone of weakness 
that is the locus of repeated magma intrusions. It 
may have a molten core during periods of fre- 
quent or continuous injection of magma (e. g., the 
current Puu Oo eruption sequence; Wolfe et al. 
1987). However, this molten core may not be con- 
tinuous. Rather, pockets of  magma may develop 
in the rift zone leading to the formation of 
strongly fractionated magmas. Intrusions from the 
summit reservoir may serve as hydraulic plungers 
to cause eruption of these pockets without caus- 
ing magma mixing. 
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