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Introduction
Five large volcanoes (Figure 1) tower above the floor of the Pacific Ocean 
to form the island of Hawaii. The youngest, most active and perhaps small-
est, Kilauea Volcano rides the flank of Mauna Loa, the largest volcano on 
the planet. Kilauea Caldera, approximately 5 km by 3 km, sits on the rounded, 
shield-shaped, 1200 m summit of the volcano. At the southwest end of the caldera 
is a pit crater, Halemaumau, about 500 metres across. The East Rift Zone, marked 
by fissures and pit craters, stretches away to the east some 50 kilometres to the 
sea. A second rift zone, The Southwest Rift Zone, runs down the other side of 
the volcano to the ocean some 30 kilometres away. The Southwest Rift Zone 
has not been as active as The East Rift Zone during historic times. Beneath the 
volcano, starting perhaps as deep as 50 km and acting on a complicated path 
to the surface, physical-chemical processes produce a variety of magmas with 
different compositions and mineralogy. These processes culminate in the erup-
tion of lava at the surface of the volcano.

On November 5, 1967 lava began erupting at the bottom of Halemaumau. 
Eruptions continued for 251 days at the summit of the volcano until July 13, 
1968. 39 days later, between August 22 and August 26, 1968, lavas erupted 
from vents along the East Rift Zone starting at Hiiaka Crater. An estimated 
volume of 84 million cubic metres of lava erupted at the summit (Kinoshita 
et al., 1969). By contrast, only 13.5 thousand cubic metres of lava erupted 
from the vents on the east Rift zone (Jackson et al., 1975).The Halamau-
mau summit eruptions produced approximately 6200 times more lava than 
was erupted from the East Rift Zone vents. Figure 2 shows the dates of the 
eruptions and the sample numbers of the specimens collected. This paper 
contains our interpretations of the nature and intensity of the physical-chemi-
cal processes that occurred under the volcano before eruptions produced the 
lava flows. The lava flows produced by the 1968 eruptions are a petrologists 
dream come true. They have chemical and mineralogical characteristics con-
sistent with a simple model of fractional crystallization of a single magma 
batch during the journey of the magma from source region to the surface. 
These characteristics are consistent with the lava flows being derived from a 
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magma that formed during one melting event or from magmas that were thor-
oughly mixed before differentiating and erupting.

Kinoshita, et al. (1969) and Jackson, et al. (1975) wrote narratives of the 
eruptions. Jackson, et al. (1975) and Wright (1971) list the analyses of the 
lava flows. Nicholls and Stout (1988) list the glass and mineral analyses.

Models and Modeling: Inferring Process from Eruption 
Products
Volcanoes capture most people’s imagination because of their spectacular and 
sometimes disastrous eruptions and because eruption products often display 
hot, incandescent colors. Petrologists, on the other hand, want to learn how 
they came to erupt in such spectacular fashions and at the high temperatures 
that produce the colors. The processes that lead to eruptions take place out of 
sight and sometimes even beyond indirect observation beneath the surface of 
planets. Models and modeling provide one avenue for inferring what has hap-
pened before magmas reach the surface.

A valid scientific model has predictable, testable consequences (Greenwood, 
1989). Quantitative petrologic models often require numerical values for ad-
justable parameters in the models before they can be used to infer processes 
that formed the rocks. The values assigned to the parameters come from the 
data. If the models have so many adjustable parameters that all the data are 
required for their definition, then there is nothing left to test the model. If 
only part of the data are required to assign values to the adjustable param-
eters, then the remainder can be compared to values calculated from the 
model. The calculated values are the predictable consequences of the model 
and the comparisons test the consequences. The best models have the fewest 
adjustable parameters and produce the most calculated values, which can 
then be compared with data and observation. The data used to fix the adjust-
able parameters become part of the model whereas the remaining data are 
independent of the model. Although the models used by petrologists are not 
commonly statistical models, statistics has an important role in evaluating the 
probability that the data are consistent with the consequences of the model.

The figures in this paper display data and observed features from the rocks 
along with values and consequences predicted by the models. To separate the 
models and the data required to define the models from the independent data 
that test the model, different colors will be used on the figures. Consequences 
of the model and the data used to define the model will be shown in red. Data 
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independent of the model will be displayed in black, white, and shades of 
gray.

Petrography
Petrographic observations form an important part of the data sets that 
describe volcanic suites. Rock descriptions often suggest processes that 
contributed to the magmatic histories of rock suites. Phenocrysts in volcanic 
rocks, for example,  record crystallization events prior to eruption and zoning 
patterns record crystallization and contamination events. The largely non-
quantitative petrographic observations often indicate processes that need to 
be included in a viable model.

The rock types of the 1968 Kilauea eruptions range from primitive picrite 
[10-30% olivine phenocrysts, Jackson, et, al. (1975)] through olivine basalt 
(see the section of the Part 3, How to Name Volcanic Rocks, of the e-text for 
tan explanation of rock names). A pattern exists between rock type and the 
time and place of eruption. The more differentiated olivine basalts erupted 
first in the summit caldera of Kilauea, from the pit crater Halemaumau 
(Figure 2). The picrites erupted later along the East Rift Zone near Hiiaka 
crater. The 1967-68 eruptions at Halemaumau produced glassy and nearly 
aphyric basalts composed of microphenocrysts of olivine, plagioclase (~700 
µm across), and augite (~300 µm across) in a groundmass of glass, plagio-
clase, augite, olivine, and oxides. The largest olivine in the basalts is only one 
third the diameter of the largest olivine phenocryst in the picrites from the 
east rift vents. Glomerocrysts of plagioclase and olivine in the basalts have a 
subophitic texture. In addition to the nearly holocrystalline basalts, some of 
the Halemaumau lava flows also occur as glassy rocks (HM02, HMl5) with 
microphenocrysts of plagioclase, olivine, augite, and oxides in a glass matrix. 
The picrites that erupted along the East Rift Zone contain large olivine crys-
tals (~2000 µm across) in a matrix of glass and less abundant smaller crystals 
of plagioclase, augite, and opaque oxides. Glass is so predominant in the East 
Rift picrites that they could be called picritic vitrophyres; picritic because of 
their chemistry and olivine content and vitrophyre for their porphyritic and 
glassy nature.

Examples
HI03 is a picritic vitrophyre (Figure 3). It consists of large olivine pheno-
crysts (~2000 µm across) in a groundmass of brown glass. The olivines are 
euhedral and lack any indication of reaction with the melt such as embay-
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ments or corroded edges. Subordinate phenocryst phases include augite and 
plagioclase. The phenocrysts of olivine contain inclusions of glass. The glass 
inclusions themselves contain opaque chromite and rare augite. The micro-
lites (smaller crystals) in the glass between the phenocrysts are plagioclase, 
clinopyroxene, and opaque oxides.

HM04 is an olivine basalt (Figure 4). This specific rock is holocrystalline 
with minor amounts of microphenocrysts of plagioclase, augite, olivine, 
and opaque oxides. The groundmass consists of the same phases. The rock 
contains very few phenocrysts and is called aphyric for that reason. Figure 4 
displays an intergranular texture dominated by augite.

HM15 is another olivine basalt (Figure 5). This rock is also a vitrophyre with 
microphenocrysts of plagioclase, olivine, and augite in a matrix of glass. 
Intergrowths of phenocrysts (glomerocrysts) of olivine and plagioclase in the 
basalts display a subophitic texture. No oxides are visible in the field of view 
shown on Figure 5. Other sections, however, contain opaque chromite and 
Fe-Ti oxides [Nicholls and Stout, (1988), Table 4].

The textures and mineralogy of the rocks provide essential information for 
constraining models and hypotheses explaining the origin of the lava flows. 
For example, olivine, augite, plagioclase, and Fe-Ti oxides in some combina-
tion would be the first mineral assemblages to consider in models using crys-
tal fractionation or crystal accumulation (sorting) as the processes causing the 
chemical diversity between the rock types. The presence of intergrowths of 
olivine and plagioclase in phenocryst assemblages suggests the two minerals 
crystallized simultaneously, which raises the question: Under what condi-
tions of pressure, temperature, and melt composition could they crystallize 
together?

Lava Flow Analyses, 1968 Eruptions of Kilauea
Rock analyses furnish some of the most important data for inferring process-
es and testing models describing the formation of volcanic rocks. Table 1 lists 
the analyses of the rocks and glasses of the 1968 lava flows.

Although it is easy to distinguish summit samples (Halemaumau Crater, HM) 
from East Rift samples (Hiiaka Crater, HI) by glancing through Table 1, dif-
ferences within the groups are less easy to detect. Consequently, analytical 
data are frequently manipulated and transformed to better illustrate differenc-
es and similarities. The differences between analyses of rocks from the east 
rift eruptions and the summit eruptions are most noticable in SiO2 concentra-
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tions (47%-49% in the East Rift rocks, more than 50% in the summit rocks) 
and in the MgO concentrations (11%-15% in the East Rift rocks, ~7.5% in 
the summit rocks).

Yoder and Tilley (1962) used the presence of normative ne, hy, or Q to char-
acterize basaltic rocks as members of the tholeiite basalt suite or the alkali 
olivine basalt suite. Rocks with normative ne belong to the alkali olivine ba-
salt suite whereas rocks with normative hy or Q belong to the tholeiite basalt 
suite in their classification. A Thompson space can be devised to amplify Yo-
der and Tilley’s (1962) ideas. Yoder and Tilley (1962) noted that the chemical 
tetrahedron, Di-Fo-Ne-Q, could be used to display the presence or absence of 
the normative minerals ne, hy, or Q in a rock analysis. There are several ways 
to project normative values into the tetrahedron, however, and the projected 
positions are not always consistent with other criteria for assigning basaltic 
rocks to a particular suite. We present here a Thompson space method for 
projecting basaltic compositions into Yoder and Tilley’s (1962) tetrahedron. 
The projected positions of the analyses for the 1968 eruptive products are 
consistent with their designations as members of the tholeiite basalt suite. 
Whether the scheme can be used with other rocks from elsewhere remains to 
be seen.

As usual with a new Thompson space, the problem is to transform the Di 
plus An components into another space that spans a different set of mineral 
formulae, in this case, Fo-Ne-Di-Q. The limits on the size of the new space 
will be dictated by the amounts of the exchange components pl, mc, and tk. 
The size may also be limited by the An additive component because An rep-
resents the amount of feldspar in the space. Transformations that are relevant 
to converting the Di plus An Thompson components into Fo, Ne, and Q are: 

2 Di + mc + tk = Fo + An 

An + pl = Ne + 2 Q 

An = Di + Q + tk 

Di + mc = Fo + Q

The projections of the rock compositions into the new space should have 
zero An and a minimum value for Di. One way to achieve this state for the 
products of the 1968 eruptions is to apply the transformations in the order 
listed above. For each transformation, carry it to its maximum extent until 
at least one of the components on the left-hand side of the transformation is 
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zero. When applied to the 1968 analyses, the final Thompson space projec-
tions contain zero An, pl and mc. Graphical expressions of the projections on 
to the Fo-Ne-Q base of the tetrahedron are shown on Figure 6. A satisfying 
feature of the diagram is the location of the projections on the tholeiite side 
of the thermal divide, the Fo-Ab join, which is consistent with designating 
the rocks as members of the tholeiite basalt suite. The projected points also 
fall on a near linear trend away from the Fo apex of the tetrahedron, which 
is consistent with the hypothesis that the rocks arose from a single magma 
batch whose evolution was controlled to a large extent by sorting of olivine. 
The rocks from vents along the East Rift Zone plot closer to the Fo apex than 
rocks formed from the summit eruptions. The more primitive rocks from the 
vents along the east rift zone are strung-out along the projected trend whereas 
the projections for the summit rocks are clustered, perhaps an indication of 
olivine control for the primitive magmas and cotectic crystallization in the 
summit magmas.

Thompson space diagrams (Figure 7, Figure 8, and Figure 9) illustrate the 
range in chemical composition of the 1968 eruption products. The Thompson 
space diagrams for the picrites have a wider region where an assemblage of 
olivine, augite, and plagioclase, without a melt, can represent the composi-
tions than do the diagrams for the basalts. The regions where the amount 
of melt falls to zero (completely crystallized) are colored yellow on Figure 
7, Figure 8, and Figure 9. The mc limit on the maximum extent of the oli-
vine-producing reaction causes the change in widths of the Me = 0 regions 
between Figure 7 and Figure 8. This feature of the Thompson space diagrams 
indicates that the amount of potential olivine in the melts decreases from 
picrites to basalts. This feature can be generated by fractionating olivine in 
the early stages of the magmatic history of the system. The picrites would 
be formed by the eruption of more primitive magmas whereas the basalts 
formed from magmas that resulted from the early fractionation of olivine 
in the picrite magmas. The Thompson Spaces for the olivine tholeiite basalt 
(Figure 8) and the tholeiite basalt (Figure 9) are nearly the same, suggesting 
that there is little difference between the two rock types. The use of differ-
ent names expedites communications, such as this one, when discussing the 
nature and origin of the rocks rather than indicating a fundamental difference 
between rock types.

Partial Melting of Pyrolite and the 1968 Lava Flows
The maximum amount of partial melting that a given source composition 
can undergo to produce a melt with the composition of a lava flow can be 
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calculated with the algebraic equivalent of an addition-subtraction diagram 
[See Bowen, (1928) and Part 2, Mass Balance Constraints, of the e-text for 
descriptions of addition-subtraction diagrams]. A commonly cited model 
composition for a mantle source is pyrolite (Green and Ringwood, 1967). 
The model composition was constructed by combining three parts perido-
tite (harzburgite) with one part Hawaiian tholeiite basalt. Consequently, the 
maximum amount of melts with the compositions of the 1968 lava flows that 
can be extracted should be near 25%. The maximum percentages of partial 
melting of pyrolite that would produce melts that match the compositions of 
the 1968 lava flows are listed in Table 2. The oxide that becomes zero at the 
composition of maximum melt is also listed. P2O5 reaches zero first for most 
of the model melts. K2O is also zero, within round off error, along with P2O5 
in three compositions: HM02, HM12, and HM15.

The compositions of the residuals can be recast as olivine-clinopyroxene-
orthopyroxenespinel assemblages with Thompson space calculations. Start-
ing with a diopside + forsterite set of additive components, spinel can be 
added through the transformation:

Mg2SiO4 + Al2Mg-1Si-1 = MgAl2O4

and orthopyroxene can be generated through the reaction:

CaMgSi2O6 + MgCa-1 = Mg2Si2O6

The maximum amount of the two new additive components occurs when all 
the tk and mc are converted to spinel and orthopyroxene. These calculated 
values are listed in Table 2. Clinopyroxene in xenoliths from the mantle 
contain small amounts of the two exchange components, so the calculated 
amounts of the two phases, spinel and orthopyroxene, are maximum values. 
Calculated values for olivine, clinopyroxene, and orthopyroxene in the hypo-
thetical residua, normalized to 100, are plotted on Figure 10.

Philpotts (1990, p. 458-459) describes mantle-derived xenoliths found in 
basaltic lava flows. In general, members of the alkali olivine basalt suite are 
more likely to carry xenoliths than members of the tholeiite suite. The rock 
types found as xenoliths in basaltic lava flows range from dunites to ortho-
pyroxenites to clinopyroxenites. The most common xenoliths are dunites and 
lherzolites. Figure 10 shows the xenolith rock types from western Canada 
(Littlejohn and Greenwood, 1974; Trupia and Nicholls, 1996). The distribu-
tion of rock types among the western Canadian xenoliths are similar to distri-
butions elsewhere, although orthopyroxene-rich xenoliths are less rare in the 
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Western United States (Wilshire et al., 1988).

The maximum amounts of partial melting that pyrolite can sustain and still 
produce the picrites is larger than the maximum amounts of partial melting 
needed to produce the basalts. The range of maximum amounts of partial 
melting needed to produce the picrites is 25% to 30%. The range needed 
for the basalts is 21% to 24% (Table 2). This is a general pattern for melts 
generated in the Earth. Greater amounts of partial melting are required to 
produce basic melts than intermediate and acid melts from the a given source 
composition. Perhaps the most surprising feature of the melting model is the 
small range in the maximum partial melting values. 21% to 30% is a small 
difference even though the differences in lava flow compositions is reason-
ably large. MgO, for example ranges between 15% and 5.5%, an extreme 
range for basaltic rocks on Earth. The question is: Is this range real or simply 
a function of the composition of the source region composition (pyrolite) 
that we picked as a model? If the source composition was changed could a 
marked difference in partial melting values result? Another possibility is that 
the most basic picrites (HI02 and HI03) were generated by partial melting 
and the other melts were generated by internal processes in magma cham-
bers on the journey to the surface. In fact, the most basic picrites could be 
the products of internal processes acting on even more basic melts from the 
source region in the mantle. The amount of partial melting required to pro-
duce these “super-primitive” (and more basic) magmas would be greater than 
the 30% required for the maximum melting of pyrolite to produce the picrites 
we see at the surface.

Another consequence of the partial melt model derives from the oxide that 
goes to zero in the melt. If P2O5 is reduced to zero, the residual left behind 
must contain some K2O. Only the compositions that have both P2O5 and K2O 
reduced to zero will have residuals that do not contain one of the incompat-
ible oxides. The question is, What minerals could be expected in the Earth’s 
mantle that would provide a home for these elements?

Pearce Element Ratios and the Origin of the 1968 Lava 
Flows
One consequence of a fractionation hypothesis is that ratios of elements that 
do not enter the crystallizing solids should have constant values in all the 
analyses of rocks that formed from a single magma batch. Insignificant 
amounts of K, P, and Ti enter the solids that crystallize early in basaltic melts. 
Olivine, plagioclase, clinopyroxene, and, occasionally, orthopyroxene 
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saturate early in the crystallization history of basaltic melts. K, P, and Ti are 
effectively excluded from these solids. The ratios, P/K and Ti/K, are plotted 
on Figure 11. The data do scatter over a small region of the diagram. Varia-
tions in the mineral abundances of a rock body will lead to variations in its 
chemistry. The other source of chemical variations arises from the variations 
associated with the chemical analysis. Like most measurements, chemical 
analyses of duplicate samples do not always return the exact same values. 
This variation is commonly called analytical error or analytical uncertainty. 
The question is: Are the data more scattered than expected from analytical 
uncertainty? To answer the question, compare the variance in the data with 
the square of the analytical uncertainty. If the variance in the data is smaller 
or approximately the same size as the expected square of analytical uncer-
tainty, then we conclude that the scatter is attributable to analytical uncer-
tainty and not to petrological processes. In general, variations significantly 
greater than analytical uncertainty require a petrological explanation whereas 
variations smaller than or approximately equal to variations expected from 
analytical uncertainty do not. The comparisons can be made quantitative by 
using statistics to evaluate the degree of similarity. Click here to open a 
discussion of statistical methods for evaluating petrologic hypotheses.

Figure 11 displays a comparison of variation in the data with analytical un-
certainty. There, the numbers labeled as standard deviations are the standard 
deviations in the data (square roots of the variances). The numbers labeled  X 

are the expected analytical uncertainties assigned to the mean of the data. The 
model predicts that the measured values of the selected ratios should be con-
stant. The mean is the best estimate of what the constant value should be. The 
mean (red square) and the data points themselves (red circles) are part of the 
model because the values of the data points are used to calculate the statistics. The 
expected analytical uncertainty for an analysis that would have the mean value, 
however, is not part of the model. It is a part of the data independent of the 
model and can be used to test the model. The expected analytical uncertainties 
plot as the edges of the white rectangle on Figure 11. The data points (model) 
lie within the white rectangle as expected if the model correctly describes the 
lava flows as the product of one magma batch. Consequently, the evidence is 
consistent with the model. A statistical evaluation of this qualitative argument is 
given in the colored box (Special Topic 1).

The next stage of model building tests whether relative movement of melt 
and phenocrysts can explain the chemical diversity in the rock suite. If the 
phenocrysts crystallize and then leave the magma, the process is called crys-
tal fractionation. Because the solids (crystals) have compositions different 
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than the melt, 
their crystalliza-
tion causes the 
melt to change 
composition. If 
the crystals are 
then segregated 
from the melt by 
settling to the 
bottom of the 
magma chamber, 
say, or by the 
melt leaving the 
solids behind 
as it moves to 
a new chamber 
in the magmatic 
system, then a 
new magma is 
formed with a 
composition dif-
ferent from the 
old one (See Part 
2, Mass Balance Constraints on Volcanic Processes, of the e-text).

The solids may accumulate in a part of the magma chamber. If the solids then 
dissolve locally in the melt or if a sample of this local region contains the 
accumulated phenocrysts, then the rock analysis will be different from that of 
the original melt. A magma has to have a melt phase but it may also contain 
crystals, etc. Consequently, an analysis of a sample from a lava flow will be 
the analysis of a magma but it need not be the analysis of a melt. Accumula-
tion of crystals is also a source of chemical diversity in volcanic rock suites. 
A general term that covers both crystal fractionation and crystal accumulation 
is crystal sorting, sometimes shortened to sorting.

Olivine dominates the phenocryst assemblages in the picrites from vents 
along the East Rift Zone whereas olivine, plagioclase, and augite occur in 
the basalts from the summit crater of Halemaumau. Figure 12 is designed to 
test whether the chemical diversity in the rocks from the 1968 eruption can 
be explained by sorting of olivine, plagioclase, and augite in some combina-
tion. If the data define a trend with a slope of one on Figure 12, then sorting 

Special Topic 1. Bayes Factors and 
Conserved Element Ratios 

Mean S. Dev. AU = sX BFact P½
Ti/K 2.972 0.0594 0.1353 0.00058 0.00058
P/K 0.346 0.0188 0.0472 0.00004 0.00004

S. Dev. is the standard deviation calculated from the 
values of the element ratios. AU or sX is the expected 
analytical uncertainty that would attach to values of the 
means of the ratios. BFact is the Bayes factor and P½ is 
the posterior probability that the analytical uncertainty 
is equal to the standard deviation of the data if the prior 
probability is ½. Igneous processes cannot make the 
chemical variation smaller than we can measure. Yet, 
there is only 4 chances in 100,000 that AU and S Dev 
are equal for the P/K ratio. The Ti/K has a probability of 
58 in 100,000 that the two values are equal. Either the 
analyst had an extremely good day when analyzing the 
1968 lava flows and produced near perfect results or the 
analytical uncertainties are actually smaller than reported.
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of the phenocryst 
assemblage 
can explain the 
variation in the 
data. To make the 
model specific, 
the composition 
of HI03 will be 
taken as the com-
position of a melt 
in the system 
that produced the 
lava flows from 
the 1968 erup-
tions. The data 
points fall very 
close to a line 
with a slope of 
one through the 
point represent-
ing HI03 except, 
possibly, HM02 
and HM04. These 
two data points 
fall off the line by a short but significant distance. An Fe-oxide, such as chro-
mite, magnetite-ulvospinel, or hematite-ilmenite solid solution, in the sorted 
assemblage could cause the data points to lie off the model line (Figure 12). 
Petrographic data (Nicholls and Stout, 1988) place chromite in the micro-
phenocryst assemblage of the picrites and as a groundmass phase in HM04 
and HM02. Another phase that could displace a data point from the line is 
orthopyroxene. Orthopyroxene is absent from the 1968 lava flows, however, 
and the first inclination is to ignore the possibility of orthopyroxene sorting. 
This problem is discussed further below. A statistical discussion of whether 
the data points for HM04 and HM02 fall off the line on Figure 12 is present 
in the colored box (Special Topic 2).

Sorting of olivine can explain the Fe plus Mg and Si variations in the picrites 
and the olivine tholeiite (HM04) (Figure 13). The data points for the other 
basalt samples fall off the model line and clinopyroxene ± plagioclase is 
required in the sorted assemblage to account for the chemical differences. 

Special Topic 2. Bayes Factors for a 
Pearce Element Ratio Diagram That 

Tests for Clinopyroxene-Plagioclase-
Olivine Sorting

Sample BFact P½
HM02 0.5675 0.3620
HM04 0.1067 0.0964

The table shows the probability that the Pearce Element 
Ratio for the sample falls on the trend line through HI03 
on Figure 11. BFact is the Bayes Factor, P½ is the poste-
rior probability if the prior probability is ½. Because the 
Bayes factors are less than one, the probabilities are that 
the points do not fall on the line. However, for sample 
HM02, the evidence is only worth a mere mention ac-
cording to Jeffreys’ (1961) criteria. For sample HM04, 
Jeffreys (1961) would call the evidence substantial. One 
concludes that olivine, plagioclase, and augite cannot, 
by themselves, account for the chemical variation and 
another phase would have to be included in the fraction-
ating assemblage.
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Figure 14 and Figure 15 show that both clinopyroxene and plagioclase must 
be part of the sorted assemblage that caused the chemical variations in the 
basalts, including the olivine basalt, HM04.

Did Orthopyroxene Crystallize in the Magmas of the 
1968 Eruptions?
Orthopyroxene plays a unique role in the petrology of the tholeiitic rocks 
such as the 1968 lava flows from Kilauea Volcano. The magnesian end 
member of the orthopyroxene solid solutions, enstatite (Mg2Si2O6), melts 
incongruently at low pressures to forsterite (Mg2SiO4) plus a melt that has a 
higher SiO2 concentration than enstatite. The ferrous end member, ferrosilite 
(Fe2Si2O6) is less stable than ferrous olivine, fayalite (Fe2SiO4), plus SiO2 
polymorph. The end member reactions:

 Mg2SiO4 + SiO2 = Mg2Si2O6 (1)

 Fe2Si2O6 = Fe2 SiO4 + SiO2 (2)

run in opposite directions at low pressure. Forsterite reacts with SiO2 in the 
melt to form orthopyroxene. Bowen (1928) used this relationship as the first 
step of the discontinuous reaction series. Reaction (2) is written so that the 
products are more stable than the reactants. In other words, ferrosilite will 
break down to fayalite plus SiO2 polymorph. Because of these relationships, 
at low pressures we expect olivine to cease crystallizing during the later stag-
es of the crystallization history of basaltic rocks and Fe-rich olivine, rather 
than orthopyroxene, to crystallize in felsic rocks. In addition to characterizing 
tholeiitic rocks, the stability of orthopyroxene constrains estimates of depths 
of magmatic processes in tholeiitic rocks. At high pressures, orthopyroxene 
is the liquidus phase in many melts that have olivine as the liquidus phase at 
low pressures. Melts unaffected by the crystallization of orthopyroxene likely 
formed at pressures lower than the point where orthopyroxene is the liquidus 
phase. Consequently, it is important to determine whether orthopyroxene 
crystallized at some stage in the magmatic history of rock suites.

Figure 16 tests whether orthopyroxene is needed to explain the chemical 
variations in the 1968 lava flows. If orthopyroxene fractionated from melts 
that formed the 1968 rocks, then the data points representing those melts 
should fall significantly off the trend through HI03.The data points that devi-
ate most from the line belong to HM02 and HM04. HM04 is significantly 
off the line and HM02 may be. The colored box contains a discussion of the 
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problem that in-
cludes estimates 
of the probabili-
ties that orthopy-
roxene is required 
to explain the 
chemical proper-
ties of HM02 and 
HM04 (Special 
Topic 3).

Modeling 
Crystal 
Fraction-
ation with 
XlFrac
The amounts of 
plagioclase and 
clinopyroxene 
needed to derive 
HM04 from 
precursor magma 
can be estimated 
with the XlFrac 
program (See 
Part 2 on Mass 
Balance Con-
straints). HI14 contains analyzed microphenocrysts of plagioclase and augite 
(Nicholls and Stout, 1988). Table 3 shows the results of two models for the 
fractionation of HI14 to form HM04. In the first model, plagioclase, augite, 
and olivine are fractionated. In the second, only olivine is fractionated. Both 
models have fit the data extremely well. The amounts of plagioclase and au-
gite required by the first model, 3.60% and 2.14% respectively of the original 
mass of HI14 are less than the olivine percentage, 13.79, which we know 
is required for a viable fractionation model (Figure 13). The percentages of 
olivine, plagioclase, and augite in the fractionated material of the model are: 
70.61, 18.45, and 10.94. Jackson, et al. (1975, Table 3, p. 20) report 42.1, 2.5, 
and 31.9 volume percent of olivine, plagioclase, and augite in the phenocryst 
assemblage of HI14. Converting the volume percentages to proportions by 

Special Topic 3. Bayes Factors and 
Orthopyroxene Crystallization

Sample BFact P½
HI02 1.42 0.59
HI14 1.43 0.59
HI12 2.00 0.67
HM04 0.11 0.10
HM12 1.61 0.62
HM67 1.54 0.61
HM02 0.56 0.36
HM15 1.78 0.64

The table shows the probability that the Pearce Element 
Ratio for the sample falls on the trend line through HI03 
on Figure 15. BFact is the Bayes Factor, P½ is the pos-
terior probability if the prior probability is ½. Bayes fac-
tors less than one (HM04 and HM02) lead to increased 
posterior probabilites that the points do not fall on the 
line. For sample HM02, the evidence is only worth a 
mere mention according to Jeffreys’ (1961) criteria. For 
sample HM04, Jeffreys (1961) would call the evidence 
substantial, on the border of strong. One concludes that 
orthopyroxene is possibly needed to account for the 
chemical variations and that some orthopyroxene likely 
fractionated from HM04 and maybe from HM02.
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weight gives 
olivine, 55.3%; 
plagioclase, 
2.7%; and augite, 
42.0%. The 
proportions of the 
phenocrysts in the 
rock do not match 
the proportions 
needed by the 
model. If there 
were differential 
fractionation of 
the phenocrysts 
the discrep-
ancy could be 
explained away. 
However, this is 
speculation rather 
than science. The 
model com-
position of the 
olivine, Fo82, is 
within the range 
of phenocryst compositions, Fo87.6-Fo78.3, found in the HI14 (Nicholls and 
Stout, 1988). The olivine composition calculated with the XlFrac model is 
consistent with the observed olivine composition, suggesting that the model 
is viable.

A model with olivine as the only fractionating phase also has a close math-
ematical fit (Table 3, 2nd model). The calculated olivine composition in the 
2nd model, Fo85.6, falls within the observed range of olivine compositions. 
Consequently, the mass balance procedures (XlFrac) do not provide evidence 
that one model is better than the other. Consequently, we cannot say whether 
plagioclase and clinopyroxene joined olivine in a fractionation process that 
led from picrite to olivine tholeiite.

Pearce element analysis of the 1968 data indicates that the picrites (HI02, 
HI03, HI14, and HI12) and the olivine tholeiite (HM04) are related by oliv-
ine sorting. The XlFrac program described in Part 2 on Mass Balance can be 
used to find estimates of olivine that must be fractionated from HI03 to get 

Special Topic 4. Bayes Factors and 
Residual Values from XlFrac

Model R2 sR2 BFact P½
3-phase 0.0213 0.0034 0.476 0.322
1-phase 0.0208 0.0311 0.500 0.333

The 3-phase model describes fractionation of olivine, 
plagioclase, and augite from HI14 to produce HM04. 
The 1-phase model fractionates only olivine (See Table 
3). R2 is the mean of the squared residuals, sR2 is the 
standard deviation of the squared residuals, B is the 
Bayes factor, and P½ is the posterior probability if the 
prior probability is ½. Although there is a small prob-
ability, approximately 1-in-3, that the means of the 
squared residuals are not zero, the probabilities, using 
Jeffrey’s (1961) criteria are too small to be worth more 
than mere mention. What is noteworthy is the similari-
ties in the Bayes factors and consequent probabilities. 
Neither model offers any evidence that one is better than 
the other. Statistics does not help us to decide whether or 
not plagioclase and augite were part of the fractionating 
assemblage.
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HI14, followed by fractionation from HI14 to HI12, and HI12 to HM04. The 
average composition of the olivine in the fractionated assemblages can also 
be estimated with the least-squares procedure. If the compositions of the end 
members of the olivine solid solution series, forsterite (Mg2SiO4) and fayalite 
(Fe2SiO4), are entered as fractionated compositions, then the calculated 
amounts of the two end members can be added to give the amount of olivine 
that needs to be fractionated at each step. The calculated amounts of forsterite 
and fayalite can also be converted to olivine compositions (Mole % Fo) and 
compared to the compositions found in the rock (Nicholls and Stout, 1988). 
The comparison is a test of the fractionation model. The calculated and 
observed olivine compositions are listed in Table 4. Like most minerals, ol-
ivines usually zone on crystallization in volcanic rocks. Because the numeri-
cal procedure models the fractionation process in a step-wise fashion, the 
calculated values of the olivine should approximate the average composition 
of the fractionated olivine. Random cuts through a sample may not intersect 
the centers of crystals. Consequently, estimates of the average composition of 
a mineral solution in a rock may be imprecise and there is not an easy way to 
determine the degree of imprecision. One feature that can be used is whether 
the calculated value of the olivine composition falls within the observed 
zoning range. The data for the 1968 lava flows meet this condition and are, 
therefore, consistent with the fractionation hypothesis. Further discussion of 
whether olivine or olivine plus augite and plagioclase is the better model is 
given in the colored box (Special Topic 4).

Thermodynamic Modeling
Mass balance analysis produces results consistent with the hypothesis of a 
single magma batch fractionating to produce the lava flows of the 1968 erup-
tions at Kilauea. The lava flows share related chemical characteristics that 
lead to the questions: Where did the transitions from one magma to another 
take place? What were the temperatures of the transitions and what were the 
compositions of the phases at the transitions? The compositions of the phases 
calculated with the thermodynamic model, when compared to the composi-
tions of the phases in the rocks, test the validity of the thermodynamic 
models.

The absence of orthopyroxene in the 1968 lava flows constrains the pressures 
to crustal values. Figure 17 displays the saturation curves for olivine and 
orthopyroxene in a melt with the composition of HI03. At equilibrium, two 
phases can simultaneously saturate a melt of fixed composition only at one 
set of P-T coordinates. This fact follows from Duhem’s theorem (See Part 4, 
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Thermodynamic Modeling, of the e-text). Duhem’s theorem states that if 
the composition of a thermodynamic system is known, then the degrees of 
freedom is 2. In other words, only two parameters need to be fixed in order to 
calculate all the other parameters. To make the problem concrete and specific, 
suppose the two solids can be treated as binary solutions, for example olivine 
and orthopyroxene. At equilibrium between melt and solids, the following 
relationships hold:
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Where the chemical potentials in the melt (m) are written for the compo-
nents selected by Ghiorso and Sack (1994) [Mg2SiO4, Fe2SiO4, SiO2] and the 
chemical components for the solids, olivine and orthopyroxene, are written 
for Thompson space components. P T X Xfm

Ol
fm
Opx, , , , and the yi are the variables 

in the set of equations. The yi are known quantities so that there are four un-
knowns to be calculated with four equations. Although the equations are non-
linear and have to be solved by numerical methods, they can be solved. The 
calculated olivine-othopyroxene saturation points are plotted on Figure 17.

The compositions of the olivines predicted by the model are close to the 
compositions of the olivine compositions found in the cores of the pheno-
crysts and microphenocrysts. The correspondence between the calculated and 
observed olivine compositions is not strong evidence that the model is valid. 
Olivine compositions do not vary significantly with pressure.

At pressures less than, but near, the pressure of the P-T coordinates where the 
olivine and orthopyroxene saturation curves cross (Figure 17), orthopyroxene 
will be the second phase to fractionate at constant pressure. At lower pres-
sures, plagioclase joins olivine as the second phase on the fractionation path. 
Calculating fractionation paths at several pressures constrains the fraction-
ation path that reaches the P-T coordinates where a melt composition is in 
equilibrium with all three phases, olivine, plagioclase, and orthopyroxene. 
Figure 17 shows the P-T coordinates where orthopyroxene and plagioclase 
simultaneously join olivine on the fractionation path. The points cluster in P-
T space near the coordinates where the summit magmas would saturate with 
orthopyroxene. The pressure where this occurs, near 0.35 GPa (Figure 17) 

(3)
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further constrains the pressures at which the 1968 magmas fractionated. The 
pressures where the 1968 magmas fractionated must be less than 0.35 GPa if 
orthopyroxene, which is not present in the lava flows, did not crystallize.

The pressures at which the models are calculated can be adjusted so that 
the calculated compositions of the plagioclase match the compositions of 
the cores of microphenocrysts in the lava flows. The pressures were calcu-
lated by linearly interpolating pressures on a plot of calculated plagioclase 
composition versus pressure of plagioclase saturation on a fractionation path. 
The data needed to make the interpolation for HI14 are listed in Table 6. The 
analyzed microphenocryst has a core composition of An70 [Table 7 (Also see 
Nicholls and Stout, 1988)]. A fractionation model for an initial melt with 
the composition of HI14 predicts plagioclase compositions of An70.38 and 
An69.24 at pressures of 0.2 GPa and 0.3 GPa, respectively (Figure 18). The 
interpolated pressure for a plagioclase composition of An70 is 0.24 GPa. The 
predicted pressures for plagioclase saturation in the magmas that produced 
the other lava flows with plagioclase microphenocrysts are listed in Table 7. 
The values range from 0.17 GPa to 0.35 GPa. These pressures correspond 
to depths of approximately 6.3 km and 13.0 km if the country rocks have an 
average density of 2750 kg/m3. The predicted temperatures that correspond to 
the pressures are listed in Table 7 also.

Olivine compositions and the Pearce element ratios at the saturation point 
of plagioclase on the fractionation curves have not been used to adjust the 
model. In theory they can be used to test the model. Olivine compositions are 
insensitive to pressure changes. For example, the calculated olivine composi-
tions in melts produced by fractionation of olivine from HI03 have values 
of 0.7993 and 0.8013 XFo at pressures of 0.4 and 0.1 GPa, the pressures 
of plagioclase saturation on isobaric fractionation paths. The difference in 
calculated olivine compositions, 0.02 XFo, is less than the analytical preci-
sion of olivine analyses, 0.03 XFo, (Nicholls and Stout, 1988). Consequently, 
analytical values for compositions of the olivine microphenocrysts cannot 
distinguish the different pressures.

Glass Inclusions and Primitive Melts
The picrites of the 1968 eruptions have phenocrysts of olivine that carry glass 
inclusions. In addition, most of the inclusions contain crystals of chromite 
and some contain augite as well. The compositions of the glass in the inclu-
sions produce Pearce element ratios that are systematically different from 
the ratios for the rocks that contain the olivines and their inclusions. Figure 
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19 shows the differences on a plot of (Fe + Mg)/K versus Si/K. The smaller 
(Fe + Mg)/K values for the glasses compared to the (Fe + Mg)/K values for 
the rocks can be explained by crystallization of olivine, oxides (chromite), 
and augite from the melt trapped in the inclusion. Olivine crystallizes on 
the walls of the melt inclusion and augite and chromite form crystals in the 
inclusions. The values of Si/K for the melt (glass) inclusions that are larger 
than the analogous values for the rocks require crystallization of an oxide 
from a melt that has an Si/K value greater than the ratio for the rock (solid 
red line, Figure 19). If only an oxide crystallized from the melt trapped in the 
inclusion and if the melt trapped in the inclusion fell on the same liquid line 
of descent as the melt that formed the rock (dashed red line, Figure 19) then 
the melt trapped in the inclusion had to have (Fe + Mg)/K and Si/K ratios 
larger than the ratios for the HI02 andHI03 picrites. The minimum values for 
these ratios in the more primitive melt are given by the intersection of the 
solid and dashed red lines. If olivine also crystallized, along with chromite, 
from the trapped melt by coating the inclusion walls, then the original melt 
would have had even larger ratios because the reverse of olivine fractionation 
imparts a component with a slope of two to the fractionation path of the melt 
inside the inclusion. The liquid line of descent for a particular melt can be 
calculated for a crystal fractionation model if conditions are such that the 
melt is saturated with only one phase (See Part 4, Thermodynamic Modeling, 
of the e-text). If one point on the fractionation curve is known then because 
through any point in compositional space, only one isobaric fractionation 
curve exists, compositions can be calculated both up and down temperature. 
The red, dashed line was determined with this procedure. The fractionating 
melt at the intersection would contain approximately 18% MgO.

The primary melts that supplied the 1968 eruption contained at least 18% 
MgO and perhaps more. Wright (1971) postulated that primary melts that 
feed Kilauea contain 20% to 25% MgO; a value somewhat greater than the 
value derived here from the chemistry of the melt inclusions. A more primi-
tive melt (22% MgO) derived from HI03 by following the fractionation 
path up temperature can be extracted from a pyrolite source by 37% partial 
melting. Wright (1971) and Jackson and Wright (1970) estimated that picrite 
melts form beneath Hawaii by 50% partial melting. These numbers constrain 
estimates of the size of the melting regions beneath Hawaii. Suppose 100 gm 
of pyrolite partially melts to produce a primitive magma that contains 22% 
MgO and later fractionated to form the 1968 lava flows. At 37.6% partial 
melting, 376 gm of primitive magma would form from 1000 gm of mantle. If 
pyrolite has a density of 3300 kg/m3, the volume of mantle affected would be 
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303 cm3. The 376 gm of primitive melt would be approximately equivalent 
to 3.341 moles. This primitive magma would then fractionate olivine until 
plagioclase saturation, at which point the melt would contain approximately 
7.35% MgO. Most of the modern Kilauea tholeiite basalts contain 7% to 
7.5% MgO. The fractionation stage, which is the ratio in moles of the current 
melt to the original melt, is 0.7289 at the stage of plagioclase saturation. The 
3.341 moles could generate 2.43 moles of tholeiite basalt with 7.35% MgO. 
The 3.341 moles would have a volume of approximately 86.8 cm3. Conse-
quently, the ratio of melting region to the differentiated basalt that appears at 
the surface is approximately 3.5. In other words, the volume of basalt at the 
surface comes from a volume of mantle that is 3.5 times larger.

Summary and Conclusions
The magmas that formed the 1968 lava flows at Kilauea Volcano had a long 
and complex history before they erupted. Other magma sets perhaps have 
had more complicated histories but even a set like the one that formed the 
1968 flows involved more than melting and ascent. The 1968 lava flows 
likely originated as a single melting event in the mantle beneath Hawaii; at 
least there is no evidence for multiple melting events in the chemistry and 
petrology of the flows. If there were multiple melting events in the history of 
the 1968 magmas, the multiple magmas thoroughly mixed before ascending 
toward the surface. The conserved element ratios, P/K and Ti/K, show no 
sign of chemical variation beyond what can be attributed to analytical uncer-
tainty (Figure 11). Likewise, the intercepts on the Pearce element diagram 
show that the lava flows come from magmas that can be related by sorting of 
olivine, plagioclase, and augite with, perhaps minor amounts of orthopyrox-
ene and oxides (Figure 12). It is likely that magmas precursor to the magmas 
that formed the 1968 lava flows originated at greater depths, possibly in 
the mantle, and had MgO contents in excess of 18%. The liquidus phase is 
olivine at lower pressures and orthopyroxene at higher pressures. The rocks 
themselves lack orthopyroxene and only a few have chemical characteristics 
indicative an early orthopyroxene crystallization event. The magmas that 
produced the lava flows we see at the surface were likely generated at depths 
shallower that orthopyroxene saturation.

The best estimates of depths and temperatures where the magmas that formed 
the 1968 lava flows attained their final compositions before eruption are plot-
ted on Figure 20. Most of the P-T esitmates derive from interpolating plagio-
clase compositions on isobaric fractionation paths to match the compositions 
of phenocryst and microphenocryst cores. The accuracy of the P-T estimates 



Magmatic Histories: The 1968-1969 Eruptions of 
Kilauea Volcano

�1

depends on the accuracy of the thermodynamic data and whether the ana-
lyzed plagioclase crystals represent the first to crystallize on a fractionation 
path that is close to isobaric.

Three of the picrites from the East Rift Zone lack obvious intratelluric 
plagioclase, HI02, HI03, and HI12. For these samples, the depths at which 
they could form by fractionation are constrained to be less than the depths 
at which orthopyroxene would be the liquidus phase. They could have been 
produced by fractionation at shallower depths. HM12 has compositions for 
the phenocryst cores that fix an interpolated isobaric fractionation path above 
the point of olivine-orthopyroxene saturation. The difference, however, 0.37 
versus 0.35 GPa is less than the error that would result from matching a 
slightly more calcic plagioclase composition (See Table 6). Consequently, the 
two constraints, plagioclase composition and olivine-orthopyroxene co-satu-
ration, provide the same limit.

HM04 and HM02 could have crystallized and fractionated orthopyroxene at 
greater depths than the depths indicated by matching plagioclase composi-
tions on isobaric fractionation paths. For the lava flow for which the evidence 
is substantial, HM04, the thermodynamic model indicates a depth of 11-12 
km, the depth at which the models suggest HM02 and HM12 formed. The 
estimates of depths where HI14 and HM15 were formed are slightly shal-
lower. The most primitive picrites, HI02, HI03, and HI12 could have formed 
several km deeper.

The summit lava flows that came from the greatest depths (HM02 and 
HM12) erupted early (February and May) whereas the summit flows that 
came from shallower depths erupted later (HM04 and HM15) in July. HI14, 
the most differentiated picrite erupted last and farthest from the summit. It 
also appears to have reached the composition it had on eruption at a shal-
lower depth than the other picrites. The other picrites that could have come 
from greater depths and have more primitive compositions erupted a few 
days before HI14.
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Figure 1. Map of the Island of Hawaii. Five large volcanoes, Kohala, 
Haualalai, Mauna Kea, Maunal Loa, and Kilauea form the island. The 
oldest is Kohala and the youngest is Kilauea.
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Figure 2. Map of the summit area of Kilauea Volcano. Sample numbers 
and dates the samples were erupted are shown on the map.
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Figure 3. Photomicrographs of picritic vitrophyre, HI03. Top: Plane 
polarized light. Bottom: Crossed polars. The phenocrysts are olivine 
with glass inclusions. Some of the glass inclusions contain chromite 
and augite. The microphenocrysts are plagioclase, olivine, and augite. 
The brown glass groundmass has a basaltic composition (See Table 1, 
HI03G).
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Figure 4. Photomicrographs of olivine basalt, HM04. Top: Plane 
polarized light. Bottom: Crossed polars. The rock is equigranular; 
nearly all the crystals are in the groundmass with few phenocrysts 
(aphyric). The minerals in the rocks are olivine, plagioclase, augite, 
and opaque minerals (Fe-Ti oxides).
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Figure 5. Photomicrograph of olivine basalt, HM15. Top: Plane 
polarized light. Bottom: Crossed polars. The rock is dominated by 
plagioclase and augite with some olivine. Fe-Ti oxides had not started 
to crystallize when the sample was collected. The groundmass glass
has an icelandite composition (See Table 1, HM15G).
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Figure 6.Thompson space version of the base of the Di-Fo-Ne-Q 
tetrahedron (Yoder and Tilley, 1962). The 1968 rock analyses (Table 1) 
are projected on to the diagram with Thompson space transformations 
(see text).
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Figure 9. Thompson Space diagram for a melt with the composition 
of a olivine basalt. The Thompson Spaces for the two olivine basalts 
are nearly identical.
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Figure 10. Recalculated residual compositions from modeled partial 
melting of pyrolite to produce the compositions of the lava flows of 
the 1968 eruptions of Kilauea Volcano, Hawaii (small red circles). 
The pyrolite composition plots at the large red circle. The small 
gray circles represent the modes of xenoliths from western Canada 
(Littlejohn and Greenwood, 1974).
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Figure 11. Graph of P/K versus Ti/K for the 1968 lava flows from 
Kilauea Volcano, Hawaii. The standard deviation for the data (S. 
Dev) is considerably smaller than the analytical uncertainty (sx), a 
feature consistent with the 1968 lava flows forming from a single 
magma batch.
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Figure 12. Pearce element ratio diagram designed to test whether the 
chemical variations can be described by sorting of olivine, plagioclase, 
and clinopyroxene. If the hypothesis is correct, the data should lie on 
a line with a slope of one.
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Figure 13. Pearce element ratio diagram of (Fe + Mg)/K versus Si/
K. The model line has a slope of 2. If the data are related by the 
fractionation or accumulation of olivine, they should fall on a trend 
with a slope of 2. The picrites and one basalt (HM04) have ratios 
consistent with the model. The rest of the basalts from Halemaumau 
can be related to the picrites only if other phases, clinopyroxene, 
plagioclase, or Fe-Ti oxides are part of the processes also.
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Figure 14. Pearce element diagram testing whether clinopyroxene is 
part of the sorting that caused the chemical diversity in the 1968 lava 
flows.
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Figure 15. Pearce element diagram designed to test whether plagioclase 
was part of the sorted assemblage that produced the chemical diversity 
in the 1968 lava flows.
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Figure 16. Pearce element diagram designed to test whether 
orthopyroxene was part of the sorted assemblage that produced the 
chemical diversity in the 1968 lava flows. Only HM02 and HM04 fall 
more than the one-sigma value for the analytical uncertainty from the 
trend line.
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Figure 17: Depth limits on magmatic process established by the 
absence of orthopyroxene in the mineral assemblages of the 1968 
Kilauea lava flows. The saturation curves for the picrite HI03 are 
shown as red curves, dashed where metastable. The red crosses mark 
the PT coordinates of olivine + orthopyroxene saturation in the lava 
flows. The shaded, semi-transparent circles mark the P-T coordinates 
where melt compositions derived by fractionation of olivine would 
simultaneously saturate with plagioclase and orthopyroxene. The 
calculated and most magnesian olivine compositions analyzed in the 
lava flows (Nicholls and Stout, 1988) are shown in red and black,  
respectively. Values are mole percent Fo.
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Figure 18: Calculated pressures and temperatures of plagioclase 
saturation in melts fractionating olivine under isobaric conditions. 
The initial melt has the composition of HI14. The pressure and 
temperature point where plagioclase with the composition of the 
cores of the microphenocrysts in HI14 would crystallize from the 
fractionating melt is marked with a black circle.
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Figure 19. Pearce element ratio diagram of (Fe + Mg)/K versus Si/K. 
The model line has a slope of 2. If the data are related by the fractionation 
or accumulation of olivine, they should fall on a trend with a slope of 
2. The glass analyses of inclusions in olivine phenocrysts have lower 
(Fe + Mg)/K than the rocks. One way t generate these values is to 
crystallize olivine on the walls of the inclusion. However, to generate 
the values of Si/K in the inclusions that are higher than the values 
for the rocks requires crystallization of an oxide from a melt with an 
initally high Si/K value (red line).
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Figure 20. Cross section through Kilauea showing conduits and magma 
chambers defined by seismic focii (Ryan, et al., 1981). The relative 
positions of Mauna Loa and Mauna Kea are shown in the background 
(Philpotts, 1990). Plotted on the seismic images are the depths and 
temperatures estimated from the thermodynamic modeling.
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Table 1: Lava Flow and Averaged Electron Microprobe Glass 
Analyses.

HI03 HI03 HI03 HI02 HI02 HI02
Oxide R G I R G I
SiO2 48.06 50.31 50.89 47.84 50.13 50.16
TiO2 2.05 3.17 2.39 2.01 2.84 2.16
Al2O3 11.32 12.92 13.97 11.00 13.24 13.55
Fe2O3 1.06 1.02
FeO 10.92 11.62 9.97 10.98 11.52 10.72
MnO 0.18 0.18
MgO 15.09 6.05 6.23 15.44 7.03 7.07
CaO 9.08 10.80 11.89 8.97 11.25 11.4
Na2O 1.81 2.54 2.45 1.81 2.49 2.42
K2O 0.41 0.61 0.50 0.41 0.52 0.49
P2O5 0.20 0.30 0.27 0.32* 0.26 0.26
Total 100.18 98.32 98.56 99.89 99.28 98.23
Rock analyses from Wright, 1971 and Wright, et al., 1975. R = rock, G = 
glass, I = glass inclusions in olivine phenocrysts. Mn not analyzed in glasses. 
All Fe reported as FeO in glasses. Rock analyses from Wright, 1971 and 
Wright, et al., 1975. Glass analyses from Nicholls and Stout, 1988. * This 
value for P2O5 is inconsistent with the microprobe analyses of the glasses 
and minerals because it is larger than the concentration measured in any of 
the phases in the rock.
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Table 1, cont.: Lava Flow and Glass Analyses
HI14 HI14 HI12 HI12 HI12 HM04

Oxide R G R G I R
SiO2 48.90 50.97 49.31 50.21 50.89 50.48
TiO2 2.29 3.39 2.37 2.81 2.57 2.69
Al2O3 12.06 13.31 12.49 13.29 13.70 13.52
Fe2O3 1.73 1.08 1.49
FeO 9.99 12.37 10.48 10.75 10.53 9.95
MnO 0.17 0.17 0.17
MgO 12.27 5.80 11.04 7.27 5.98 7.41
CaO 9.86 10.56 10.21 11.13 11.40 11.08
Na2O 1.99 2.70 2.12 2.39 2.52 2.31
K2O 0.45 0.60 0.47 0.52 0.51 0.52
P2O5 0.23 0.32 0.24 0.26 0.30 0.28
Total 99.94 100.02 99.98 98.63 98.40 99.90
Rock analyses from Wright, 1971 and Wright, et al., 1975. R = rock, G = 
glass, I = glass inclusions in olivine phenocrysts. Mn not analyzed in glasses. 
All Fe reported as FeO in glasses. Rock analyses from Wright, 1971 and 
Wright, et al., 1975. Glass analyses from Nicholls and Stout, 1988
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Table 1, cont.: Lava Flow and Glass Analyses
HM12 HM67 HM02 HM15 HM15

Oxide R R R R G
SiO2 50.24 50.24 50.18 50.25 50.35
TiO2 2.62 2.65 2.57 2.62 3.72
Al2O3 13.7 13.56 13.63 13.61 12.56
Fe2O3 1.61 1.36 1.66 1.49
FeO 9.77 9.95 9.72 9.86 13.28
MnO 0.17 0.17 0.17 0.17
MgO 7.58 7.59 7.63 7.63 5.63
CaO 11.17 11.06 11.02 11.14 9.92
Na2O 2.29 2.31 2.25 2.32 2.65
K2O 0.53 0.54 0.54 0.55 0.70
P2O5 0.25 0.26 0.25 0.26 0.36
Total 99.93 99.69 99.62 99.9 99.17
Rock analyses from Wright, 1971 and Wright, et al., 1975. R = rock, G 
= glass, I = glass inclusions in olivine phenocrysts. Mn not analyzed in 
glasses. All Fe reported as FeO in glasses. Rock analyses from Wright, 1971 
and Wright, et al., 1975. Glass analyses from Nicholls and Stout, 1988.
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Table 2: Maximum percent partial melting of pyrolite to produce  
the lava flow compositions.
SNo HI02 HI03 HI14 HI12 HM04 HM02 HM12 HM67 HM15
% 26.13 30.14 26.13 25.07 21.46 23.96 24.04 23.07 23.11
0 
Oxd

P2O5 P2O5 P2O5 P2O5 P2O5 P2O5
K2O

P2O5
K2O

P2O5 P2O5
K2O

CPX 0.83 0.39 0.55 0.54 0.72 0.43 0.38 0.52 0.50
OLV 18.07 19.63 19.30 19.28 19.01 19.99 20.00 19.60 19.57
OPX 3.44 3.07 3.04 3.07 2.97 2.77 2.82 2.89 2.93
SPN 0.53 0.17 0.31 0.31 0.44 0.21 0.19 0.29 0.53

Table 3: Results: Differentiating from 1968 HI14 To 1968 HM04
Amount as Amount as Amount as Amount as
Wt Pct of Wt Pct of Wt Pct of Wt Pct of

Phase Init Magma All Phases Added Phs Subt Phs
Fo -10.49 53.72 0.00 53.72
Fa -3.30 16.89 0.00 16.89
PL14 -3.60 18.45 0.00 18.45
CP14 -2.14 10.94 0.00 10.94
Sum of Squares of Residuals =  0.017
Sum of Squares of Residuals/(M - N) =  0.004

Amount as Amount as Amount as Amount as
Wt Pct of Wt Pct of Wt Pct of Wt Pct of

Phase Init Magma All Phases Added Phs Subt Phs
Fo -10.09 80.77 0.00 80.77
Fa -2.40 19.23 0.00 19.23
Sum of Squares of Residuals =  0.167
Sum of Squares of Residuals/(M - N) =  0.028
Init = initial, Phs = phases. (M - N) is the number of oxides (M) minus the 
number of phases in the fractionation model (N). The sum of the squares 
of the residuals is the sum of the squares of the differences between the 
observed and calculated differences in oxide percentages between the initial 
and derivative magmas See Part 2 of the e-text, Mass Balance Constraints.



Magmatic Histories: The 1968-1969 Eruptions of 
Kilauea Volcano

27

Table 4: Results of testing crystal fractionation in the picrites 
and olivine tholeiite from the 1968 eruptions.
Transition Obs % Fo Calc % Fo Wt % Olivine S/(M - N)
HI02 ⇒ HI03 86.2 - 82.1 82.8 1.43 0.004

HI03 ⇒ HI14 87.0 - 81.2 84.0 8.45 0.018

HI14 ⇒ HI12 87.6 - 78.3 84.2 3.59 0.001

HI12 ⇒ HM04 87.4 - 80.4 86.2 9.23 0.024
Olivine compositions in Mole % Fo. Range in observed compositions from 
Nicholls and Stout, 1988. S/(M - N) is the sum of the squares of the residuals 
be-tween the observed and calculated differences in oxide percentages 
between the initial and derivative magmas divided by the number of oxides 
(M) minus the number of phases (N) in the fractionation model. See Part 2 
of the e-text, Mass Balance Constraints.

Table 5: Olivine + Orthopyroxene Saturation Conditions: 1968 
Lava Flows
Sample P(GPa) T°C  XFo XEn 
HI02 0.7462 1427 0.8906 0.9214
HI03 0.7198 1417 0.8886 0.9198
HI14 0.5172 1336 0.8749 0.9084
HI12 0.5339 1313 0.8565 0.8953
HM04 0.3477 1195 0.8039 0.8561
HM02 0.3777 1203 0.8130 0.8627
HM12 0.3644 1199 0.8107 0.8609
HM67 0.3761 1205 0.8079 0.8592
HM15 0.3877 1204 0.8106 0.8611



Magmatic Histories: The 1968-1969 Eruptions of 
Kilauea Volcano

28

Table 6: Calculated plagioclase compositions that first 
join olivine on fractionation paths for melts that originate 
with HI14
P (GPa) XAn (Calculated)
0.1 0.7159
0.2 0.7038
0.3 0.6924

Table 7: Interpolated pressures where plagioclase with 
the compositions of the microphenocrysts cores would 
join olivine on fractionation curves
Sample P (GPa) XAn (Cores) T°C
HI14 0.24 0.7000 1188
HM04 0.17 0.6973 1176
HM02 0.34 0.6925 1186
HM12 0.35* 0.6812 1194
HM15 0.27 0.6942 1184
The interpolation procedure predicts a pressure of 0.37 GPa. 
However, at 0.37 GPa, orthopyroxene, not plagioclase is the 2nd 
phase on the fractionation path. At 0.35 GPa, the predicted pla-
gioclase composition is .An68.47.
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