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CHEMISTRY OF KILAUEA AND MAUNA LOA LAVA
IN SPACE AND TIME

By THomas L. WRIGHT

ABSTRACT

Kilauea and Mauna Loa, Hawaii’s two active shield vol-
canoes, are composed of tholeiitic basalt having MgO con-
tents ranging from more than 20 percent to less than 4 per-
cent. Most eruptive vents are located either within the
central caldera or on two rift zones extending to the east
and southwest from each volecano’s summit. Mauna Loa also
has a few isolated vents on its northwest slope that are ap-
parently unrelated to any rift zone. The chemical variability
of Mauna Loa and Kilauea lava having more than about 6.8
percent MgO is principally explained by addition or removal
of olivine (olivine control), but other minerals are involved
to a lesser degree. The chemical variability of these lavas is
described and interpreted in this paper. Lavas having less
than 6.8 percent MgO are fractionated by separation of
pyroxene, plagioclase, and Fe-Ti oxides in addition to oli-
vine, Fractionated basalt from Kilauea is confined to the
rift zones. The rare fractionated lavas from Mauna Loa are
also confined to the rift zones and are less fractionated
(higher MgO) than those from Kilauea.

The chemistry of nonfractionated lava from single erup-
tions of Kilauea may be explained by olivine control alone,
and this process is consistent with the observation that oli-
vine is the only true phenocryst in unfractionated Kilauea
lavas. The chemistry of nonfractionated lava from single
eruptions of Mauna Loa can be explained by a more complex
mineral control involving olivine, hypersthene, augite, and
plagioclase, all being commonly present as phenocrysts. The
addition or removal of these minerals is inferred to take
place at pressures not exceeding 2 kilobars in shallow
magma reservoirs located beneath the two volcanoes.

The chemistry of Mauna Loa lavas shows no correlation
with either the time of eruption or location of the eruptive
vents. By contrast the lavas erupted at Kilauea summit may
be subdivided into three groups—pre-1750, 18th-19th cen-
tury, and 20th century—on the basis of their chemical com-
position compared at the same MgO content. The younger
lavas are richer in lower melting constituents; for example,
K20, P20s5, and TiO2. The average composition of Mauna Loa
lavas is similar to what one would obtain by extrapolating
the Kilauea chemical variation backwards in time. It is pos-
sible that the oldest unexposed Kilauea lavas would be simi-
lar in composition to Mauna Loa lava. The similarity in the
ratio of K20:P205 both within the lavas of each volcano and
between the two volcanoes suggests that Kilauea and Mauna
Loa originated by partial melting in a mantle of uniform
composition and that no processes other than either melting
or crystal-liquid fractionation are needed to explain the
chemical variations.

The increase in K20 and P20s in the more recent Kilauea
eruptions suggests that the magma which supplies Kilauea
eruptions has been fractionating. The time-related chemical
variation can be expressed by two mineral assemblages: (1)
olivine-orthopyroxene-plagioclase (Aneo-¢5) where the ratio
of orthopyroxene to plagioclase equals 2:1 and (2) olivine-
aluminous orthopyroxene-aluminous and jadeitic clinopyrox-
ene where the ratio of orthopyroxene to clinopyroxene equals
2:1. Both assemblages indicate relatively high pressure frac-
tionation. Neither of the calculated mineral assemblages is
of basalt at high pressure, and it may be that the magmas
entirely consistent with recent studies on the crystallization
have undergone more than one stage of fractionation.

A model is proposed for the origin of Kilauea which em-
bodies the following points:

1. Generation by partial melting of picritic magmas (20-25
percent MgO) at depths of greater than 60 kilometers.

2. High-pressure fractionation of these magmas during rel-
atively slow ascent to a storage region at 20-30 km
depth.

8. Minor fractionation during storage followed by rapid as-
cent into shallow crustal reservoirs at 2—4 km depth.

4. Settling of olivine during storage at 2-4 km and periodic
eruption of the upper parts of these reservoirs, or
rarely, the entire reservoir including settled olivine.

INTRODUCTION

Kilauea and Mauna Loa are two active shield vol-
canoes on the island of Hawaii (fig. 1), which rise
to heights above sea level of 1,260 and 4,200 meters,
respectively. The undergsea part of each volcano is
probably composed of overlapping pillow lavas
separated by a thin layer of hyaloclastic material
from a subaerial section composed of countless thin
flows of rather uniform tholeiitic basalt (Moore and
Fiske, 1969). At least 10,000 years of geologic time
are represented by the section visible above sea
level (Rubin and Berthold, 1961; see also Doell and
Cox, 1965). Each volcano has erupted lava from its
summit and two rift zones. Mauna Loa, in addition,
has a number of isolated vents on its northwest
slope that are apparently unconnected with any rift
zone. The Ninole Hills, on the southeast slope of
Mauna Loa, are made of faulted and eroded lavas
that have been considered by previous workers to be

1
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FIGURE 1.—Index map showing the five volcanoes that make
up the Island of Hawaii. Contour interval, 2,000 feet.
Stippled area, underlain chiefly by lava flows from Mauna
Loa; hatched area, underlain chiefly by lava flows from
Kilauea.

part of the oldest series of exposed lavas erupted
from Mauna Loa.

The general characteristics of Mauna Loa erup-
tions are similar to those of Kilauea, judging from
published descriptions. The frequency of eruption at
each volcano has been similar throughout historic
time, and the volume of magma erupted from
Mauna Loa is approximately equal to that erupted
from Kilauea over the same period.

Stearns and Macdonald (1946, p. 1381-136) have
summarized the ideas of previous observers on the
relative ages of Kilauea and Mauna Loa. Their own
conclusions, based on field observations, are that Ki-
lauea and Mauna Loa are independent volcanoes, that
all lavas exposed in section on the Kilauea shield
were erupted from Kilauea, and that the Kilauea
shield is younger than the bulk of the Mauna Loa
shield.

Petrologic study of Kilauea complements recent
geophysical and ground deformation studies which
have provided information on the structure of Ki-
lauea Volcano and its mechanism of eruptions. (For

example, see Fiske and Koyanagi, 1968; Fiske and
Kinoshita, 1969; Kinoshita and others, 1969.) Pe-
trologic interpretation is aided by the extensive
knowledge of basaltic crystallization gained from
study of the recent lava lakes of Kilauea (Richter
and Moore, 1966; Peck and others, 1966; Wright
and Weiblen, 1968); there is no comparable knowl-
edge for Mauna Loa.

This paper uses chemical analyses, many of
which are previously unpublished, of historic
(1750-present; see tables 1 and 2) and prehistoric
lavas of both volcanoes to characterize the chemical
composition of flows from the summit and rift
zones and to develop the following topics:

1. The chemical variation in both time and space of
Mauna Loa lava and how it contrasts with the
chemical variation in time and space of Ki-
lauea lava.

2. Possible explanations of the chemical differences
between Kilauea lavas of different age.
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DEFINITIONS AND TERMINOLOGY

Petrologic terminology related to basaltic rocks
often carries multiple meanings, so that the follow-
ing explanations of terms which recur frequently
in this report are made to avoid confusion.

THOLEIITE

The term ‘“tholeiite” as used in this report em-
braces both the definitions of  tholeiite
(oversaturated) and olivine tholeiite (undersatur-
ated) used by Yoder and Tilley (1962, p. 353-354).



DEFINITIONS AND TERMINOLOGY

TaBLE 1.—Historic eruptions of Mauna Loa

[This table is repeated with little modification from Stearns and Macdonald (1946, table, p. 79). Additional data for the eruptions of 1949 and 1950

are from Finch and Macdonald (1951, 1953)]

Date of commencement

Approx duration in days i
Location of principal vent(s)

Approx volume

Tables eontaining

of lava 1 analyses in this

Year Month and day Summit Flank (cu m X10~¢) paper
1832 ... ___ June 20 _______ 21 €3] Southwest rift . _ . _________ 69 -
1843 . ____ Jan.9__________ 5 90 Northeast rift_____________ 191 13
1849 . May. ... _..._. 15 — Mokuaweoweo_ - - ________ — -
1851 . Aug. 8_________ 21 69 edO 69 -
1852 ... Feb. 17_________ i 20 Northeast rift___._________ 107 10
1855 . ___ Aug. 11________ . 450 eeedoo . 115 10
1859 ... Jan. 23_________ 1 300 Northwest flank___________ 459 11
1865 __.____ Dec. 30________ 120 — Mokuaweoweo. - ....__._._ . -
1868 .. ____ Mar. 27________ 1 15 Southwest rift_____________ 145 9
1872 . Aug. 10 _______ 60 - Mokuaweoweo. - - ________ - -
1873 .. Jan. 6__________ 2(?) - B« (s - —
1873 .. Apr. 20 ... __ 547 I SR« 1 - .
1875 . __ Jan. 10_________ 30 - S C Y ——— -
1875 . Aug. 11 _______ 7 —— S s £ S - -
1876 . ___ Feb. 13_________ Short - ceedOe S -
1877 . Feb. 14________ 10 1 SR« (o T, o 8
1880 ... May 1. _._______ 6 - ceedo S 8
1880 ... Nov. 1. ____.__ I 280 Northeast rift_____________ 230 10
1887 . __ Jan. 16_________ - 10 Southwest rift_____________ 230 9
1892 ___________ Nov.30._._____ - Mokuaweoweo . ________ - ——
1896 ______ Apr. 21 _______ 16 —— s (M . -
1899 .. ____ July 4 4 19 Northeast rift__________.___ 153 10
1903 . ____ Oct. 6 60 S Mokuawcoweo . - _.._____ - -
1907 _______ Jan.9__________ i 15 Southwest rift_____________ 77 9
1914 _____ Nov. 25 .. _____ 48 . Mokuaweoweo._ .. ____.__ - R
1916 _____ May19. _______ S 14 Southwest rift_________.___ 61 -
1919 ____ Sept. 29________ Short 42 S« (VN 268 9
1926 _______ Apr. 10________ Short 4 e do . 115 9, 13
1933 ___ Dec. 2. __.___ 17 1 Mokuaweoweo_ - ... ____ 77 I
1935 . ___ Nov.21________ 1 42 Northeast rift_____________ 122 10
1940 _______. Apr. 7. ______ 133 1 Mokuaweoweo. .. _____.__ 77 8
1942 . ____ Apr. 26 _______ 2 13 Northeast rift___._________ 77 8, 10
1949____________ Jan, 6__________ 146 . Mokuaweoweo. .. ______ 59 8
1950 . ______ June 1_________ o 22 Southwest rift_____________ 390 9,13

1 Includes only lava above sea level. Estimates of lava erupted undersea are given by Stearns and Macdonald (1946, footnotes to table, p. 79) and by Finch and

Macdonald (1953; 1950 eruption only).

\

TABLE 2.—Historic eruptions of Kilauea

[For eruptions through 1934, this table is repeated with little modification from Stearns and Macdonald (1946, table p. 111). Data for 1866(?), 1879, and 1889 eruptions
are from H. A. Powers (oral commun., 1967; see also Peterson, 1967). Data for eruptions since 1952 are taken from published and unpublished data, Hawaiian Volecano

Observatory]

Date of commencement

Approx duration

Approx volume

in days Location of principal vent(s) of lava 1 Reference to analyses

Year Month and day (cu m X10-%)
1750(?) o . Eastrift__________________ 15 Wright and Fiske, 1971, table 6.
1790(?) oo .. - o doe . 29 Deo.
1790 . _______ Nov. () e Kilauea caldera_ . _ - ______ e This paper, table 4.
1823____________ Feb.—-July__________ Short  Southwest rift_____________ 12 This paper, table 5.
1832 ________ Jan. 14_____________ Short Kilauea caldera_ _ _________ ? This paper, table 4.
1840____________ May30. ___________ 26 Bastrift__________________ 216 Wright and Fiske, 1971, table 6.
1866(?) ... ___ Y e ? Kilauea caldera_ _ _________ . This paper, table 4.
1868 .. ___ Apr. 2 _____________ Short Kilavea Tki_______________ ? Deo.
1868 ... ___ Apr. 2(?) ... _____ Short Southwest rift_____________ 1 This paper, table 5.
1877 .. May4_ _______._____ 1(?) Kilauea caldera_ _ __.______ ? This paper, table 4.
1877 ... May 21(?) ... — Keanakakoi_ ... __________ ? Do.
1879 ... ) ? Kilauea caldera_____._.____ I Deo.
1884 ______. Jan. 22_____________ i cedoo ?
1885 . ______ Mar._____________.__ 80(?) eodoo L ?
1889 % ___ ? ceedOn . —- This paper, table 4.

See.footnotes at end of table.
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TaBLE 2.—H¢storic eruptions of Kilauea—Continued

Date of commencement Approx duration

Approx volume

in days Location of principal vent(s) of lava 1 Reference to analyses
Year Month and day {cu m X10-6)
Mar. 21___ ... 64 Kilauea caldera___________ ?
July 7. ____ 47 e doo .. ? .
____________________________ o Halemaumau lava lake_____ —— This paper, table 4.
Feb. 23 ____________ 14 Kilauea caldera_ . _________ 1 Do.
Feb. 7_____________ 294 26 Do.
Dec.21____________ 221 48 This paper, table 5.
Mar. 18___________. 7 6.5 This paper, table 4.
May 28____________ 2 ? .
Aug. 25 ______.____. 1 1 Wright and Fiske, 1971, table 6.
May 10_ ___________ 17 o
uly 19 _____ 11 1 This paper, table 4.
July 7_ . 13 2
- Feb.20.___.________ 2 1
July 25._.__________ 4 3
Nov.19____________ 19 6.5
Dec. 23 _______ 14 7.5 This paper, table 4.
Sept. 6. ______ 33 7.0
June 27 . ___________ 136 ceedOe 49 This ]gaper, table 4.
May31_ ___________ 4 ceecdOo 6.5 0.
Feb.28____________ 87 Bastrift. . _________ 92 Wright and Fiske, 1971, table 5.
Nov. 14__ . _____.___ 38 Kilavea Tki_ ... ___._____ 39 Murata and Richter, 1966a.
Jan. 13_____________ 37 Bast rift.____ . __________ 119 Do.
Feb., Mar., July...._ 1,22,7 Halemaumau_ _ - .- __. 13.7 Ricggir, Ault, Eaton, and Moore,
1964.
1961 ______ Sept. 22 _._____ 3 Bast rift.____ . ______.__ 2.5 Do.
1962 __________ eC. 7_ oo 3 cemdon .3 Wright and Fiske, 1971, table 6
1963 ___._____ Aug. 21 ___________ 1 ceecdoo oL .8 Do.
1963 . _____ Oct. 5. ___ 1 ceedon L 7.7 Do.
1965_ . _______ Mar. 5 ... 10 ceedOm 17.6 Deo.
1965 ________ Dec.24____________ 1 ceodoo o .8 Do.
1967____________ Nov. 5. 238 Halemaumau- - .- .. ___.___ 81 This paper, table 4.
1968 _____ .. __ Aug.22____________ 4 Bastrift ... ... _______ .01
1968____________ Oct. 7. 15 ceeedOm 7
1969 _______. Feb.22____________ 5 S« I S 17
1969 . __________ May 24 . _______ Continuing SN s 1 S 2>180

! Includes only lava above sea level. Estimates of lava that flowed into the ocean
are given by Stearns and Macdonald (1946, footnotes to table, p. 111).

MINERAL CONTROL LINES

A control line is defined by linear variation of the
chemical analyses of a suite of rocks plotted on an
oxide-oxide plot. If a single-mineral species of lim-
ited compositional range is controlling the chemical
variation, then it is a necessary but not sufficient
condition that the control line extrapolate to the
composition of that mineral plotted on the same ox-
ide-oxide diagram. The sufficient condition for sin-
gle-mineral control is that the control lines on all
possible oxide-oxide plots for a given suite of rocks
extrapolate to the composition of a single mineral.
If the mineral controlling the chemical trends is of
variable composition, then the trends will be curved
rather than linear. If more than one mineral con-
trols the chemical variation, unique control lines
will be defined only if the weight ratios among the
minerals removed or added to produce the chemical
variation are identical for all the lavas defining the

2 As of August 1971.

control lines. In general, this situation does not
exist, so that it is rarely possible to define quantita-
tively a multimineral control. However, the sense in
which deviations occur from lines that define domi-
nantly a single-mineral control may indicate which
additional mineral species is causing the chemical
variation.

OLIVINE-CONTROLLED AND DIFFERENTIATED
BASALT

Olivine control is a specific type of mineral con-
trol (see preceding definition). The best documented
example of olivine control on lava compositions was
described by Murata and Richter (1966a, b) for the
1959 eruption of Kilauea Iki.

Wright and Fiske (1971) were able to character-
ize as olivine-controlled lavas all those erupted at
the summit of Kilauea and, in general, all Kilauea
lavas whose compositions fall within the range of
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observed summit lava compositions, They found,
empirically, that these olivine-controlled lavas all
have 6.8 percent or more MgOQO; associated lavas
having less than 6.8 percent MgO invariably plot
well off the extensions of olivine control lines ex-
trapolated to lower MgO contents. These data sug-
gest that 6.8 percent is the minimum MgO content
of a liquid which can crystallize only olivine for this
suite of rocks; liquids of less than 6.8 percent MgO
must have crystallized silicate phase(s) in addition
to olivine, and thus their compositions cannot fall
on olivine control lines. For lavas erupted from
Mauna Loa, a value of 6.8 percent MgO also sepa-
rates olivine-controlled rocks from those whose com-
positions cannot be explained by simple addition or
removal of olivine. Thus, in this paper, lavas from
both volcanoes having less than 6.8 percent MgO
are defined as differentiated.

While olivine-controlled lavas of Kilauvea and
Mauna Loa all have more than 6.8 percent MgO,
Hawaiian tholeiitic basalts having more than 6.8
percent MgO can result from processes other than
olivine control. Wright and Fiske (1971), for exam-
ple, describe hybrid lavas in which MgO is greater
than 6.8 percent, but such rocks are quite distinct
chemically from olivine-controlled lavas having
comparable MgO contents.

PREVIOUS WORK

The lavas of Kilauea and Mauna Loa have been
recognized as tholeiitic basalts for decades. Cross
(1915) summarized early analyses of Kilauea lavas
in a normative classification, but he did not further
interpret the data. Washington (1923a, b) reported
new analyses and petrographic descriptions of Ki-
lauea and Mauna Loa lavas, from which he classi-
fied the lavas into three types which would now be
called olivine-poor basalt, olivine basalt, and picrite.
He also noted the similarity in compositions of Ki-
lauea and Mauna Loa lavas compared with those of
lavas from other Hawaiian volcanoes. Powers
(1935) dealt briefly with the petrographic character
of Kilauea and Mauna Loa lavas, but Macdonald
(1949a, b) was the first investigator to deseribe sys-
tematically the lavas of both voleanoes. Both Pow-
ers and Macdonald recognized the common presence
of olivine as phenocrysts in contrast to the rarity of
clinopyroxene phenocrysts. Macdonald pointed out

1This empirical observation agrees well with the experimental work of
Tilley and his co-workers. (See Thompson and Tilley, 1969, for a recent
summary.) They show that clinopyroxene appears when the ratio of
(FeO 4 Fe:03) to (MgO -+ FeO -+ Fex03) in the liquid is about 0.625.
Kilauea and Mauna lavas in which MgQ is 6.8 percent have a ratio of
about 0.620.

that hypersthene is common in the lavas of Mauna
Loa but nearly lacking in the lavas of Kilauea, and
he noted that chemical analyses of rocks from the
two volcanoes are very similar, although subtle yet
systematic compositional differences might be sub-
stantiated as new analyses are reported (Macdon-
ald, 1949a, p. 72).

Powers (1955) made an important contribution
to understanding the petrogenesis of lavas from Ki-
lavea and Mauna Loa when he recognized that (1)
the general chemistry of rocks from each volcano
could be explained by differences in olivine content,
and (2) systematic chemical differences, particu-
larly in SiO, and CaO, exist between the historic
lavas of Kilauea and the historic lavas of Mauna
Loa. Powers concluded that chemically distinctive
lavas, both historic and prehistoric, formed from
separate “batches” of magma.

Tilley and Scoon (1961) presented new analyses
of the contemporaneous 1868 eruptions of Kilauea
and Mauna Loa which confirmed Powers’ observa-
tion on the lime-silica differences. They also showed
that, on a Ca0-Si0, diagram, a straight line sepa-
rates hypersthene-bearing basalts (principally from
Mauna Loa) from hypersthene-free basalts (princi-
pally from Kilauea). Other papers by Tilley (1960a,
b; 1961) gave further definition to the
hypersthene-bearing basalts and also treated the
mechanism of magmatic differentiation at Kilauea.

Aramaki and Moore (1969) supported Powers’
(1955) concept of separate batches of magma by
proposing that the Kilauea lavas change composi-
tion with time in a more or less cyclical manner to
explain observed changes in the ratio of K:Na with
time.

Recently, Jamieson (1970) has discussed low-
pressure fractionation of Kilauea and Mauna Loa
lavas from a phase-equilibrium standpoint, and
Murata (1970) has proposed a partial-melting
model for the origin of Kilauea and Mauna Loa
magmas.

METHODS OF STUDY
SAMPLING

Samples were collected from nearly all historic
lava flows from both Kilauea and Mauna Loa for
which chemical analyses were not already available.
Unaltered glassy pumice or spatter clots from
source vents were collected where possible, because
(1) they show most accurately the relations be-
tween preeruptive phenocryst minerals and magma
and (2) the Fe,0;:FeO ratio of such samples is
probably closest to the value which was characteris-
tic of the magma prior to eruption. Samples also
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were collected from many of the freshest and most
readily identified prehistoric vents on both Kilauea
and Mauna Loa and from the walls of Kilauea cald-
era, Makaopuhi Crater (Kilauea), and Moku-
aweoweo caldera (Mauna Loa).

The localities at which I collected samples are lo-
cated on topographic maps (U.S. Geol. Survey
Tl4-min quad. ser.) by latitude and longitude (to
the nearest minute) and elevation (table 23). Most
localities for historic eruptions are shown on the
geologic map of the Island of Hawaii (Stearns and
Macdonald, 1946) and are identified by the date of
the lava flow. More recent geologic maps which in-
clude flows sampled in this study are of the Kilauea
Crater quadrangle (Peterson, 1967), Kau Desert
quadrangle (Walker, 1969), and the Mauna Loa
quadrangle (Macdonald, 1971). Unless otherwise
noted, the samples were taken from mapped source
vents or cones or from roadcuts, Additional infor-
mation is given for other samples. The localities of
samples taken from the walls of pit craters and
calderas, or from the active lava lake in Halemau-
mau, are self-explanatory. Information on samples
not collected by the author is contained in published
references which are given in table 23.

In the course of this study, it was found that a
few lava flows from Mauna Loa either are not iden-
tified or are mismapped on the geologic map of Ha-
waii (Stearns and Macdonald, 1946), the topo-
graphic sheets, or both. Evidence for these errors
wasg initially obtained from study of high-altitude
aerial photographs taken in 1954 and from helicop-
ter and ground traverses of flows. Additional evi-
dence was provided from chemical analyses. In all
such situations, sufficient information is given in
table 23 to enable re-collection at the same locality.

CHEMICAL ANALYSES

Table 23 lists samples of lavas from Kilauea and
Mauna Loa which are cited in this paper and for
which new analyses are given, Table 24 gives refer-
ences to published analyses, some of which are in-
cluded in this paper. All lavas considered in this
study were analyzed in the Denver rock analysis
laboratory of the U.S. Geological Survey under the
direction of L. C. Peck. The estimated precision of
the chemical data, precision being expressed as abso-
lute weight percent oxide, is as follows:

Si0;=+0.04—0.08
ALO; =40.07 —0.09
“FeQ” 1= 40.05-0.07
MgO =40.05
Ca0 =+0.03 —0.08

1 Total iron is calculated as FeO.

Na;0 =+0.02—0.045

K,0 = =£0.015—0.02
TiOy = £0.03 —0.045
MnO =0.005

These precision figures were obtained empirically
by comparing many analyses of single eruptions.
The precision figures obtained in this way are some-
what lower than Peck’s own estimates (L. C. Peck,
1964, p. 54). The conclusions of this paper rest on
the assumption that, if two rocks differ in their
chemical composition by more than twice the ana-
lytical precision in one or more constituents, the
chemical difference must be explained by a petrolog-
ical process or processes and is not a consequence of
errors in the rock analysis.

COMPUTER REDUCTION OF CHEMICAL DATA

Three computer programs have been used in
working with the chemical data.

1. Chemical data are plotted on magnesia variation
diagrams using a computer-directed plotter.
This program is written to plot any number
of chemical oxides against a single oxide des-
ignated as the abscissa. The abscissa and ordi-
nate scales are specified for each plot, as are
the type and size of symbol for each data
point. This program is titled “B844: Chemical
Plot” and is available from the Computer Cen-
ter Division, U.S. Geological Survey, Wash-
ington, D.C. 20242,

2. Differentiation calculations have been made by a
computer program based on least squares and
linear programing methods described by
Wright and Doherty (1970). The operation of
this program is similar to a computer pro-
gram described by Bryan, Finger, and Chayes
(1969) and by Chayes (1968). The program is
available as ‘“C129: Mineral Distribution”
from the Computer Center Division, U.S. Geo-
logical Survey, Washington, D.C. 20242,

3. Mineral control lines for suites of related analy-
ses have been computed using a program enti-
tled “BmDo5R Polynomial Regression,” which
computes linear regressions of the form
y=ax+b. (Dixon, 1968)

OBSERVATIONS

The following sections summarize the petrogra-
phy and chemistry of lavas from Kilauea and
Mauna Loa. The chemical data are plotted on MgO
variation diagrams. For convenience in comparing
different sets of lavas, average control lines have
been computed and are plotted in some diagrams in
place of the actual analyses. The data for the equa-
tion y=ax+b to define these control lines are given
in table 3. Figure 2 summarizes the chemical varia-
bility of Kilauea and Mauna Loa lavas on magnesia
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8 CHEMISTRY OF KILAUEA AND MAUNA LOA LAVA IN SPACE AND TIME

TaBLE 3.—Data for equation y =ax-+b to define mineral conirol lines
for suites of olivine-controlled lavas from Kilauea and Mauna Loa

x
Lava suite (MgO mean Yy a b
and range,
in parentheses)
Kilauea

PHKILCAL: Olivine-con- 9.29 SiO2 —0.31687 +53.327
trolled prehistoric lavas, (6.80-17.06) +.02126
Kilauea caldera and Hilina AlO3 —.3538¢ +416.585
sections. 14 analyses are +.02785
given in table 4. “FeQ" +.08139 +10.260
=+.02986
Ca0 —.26568 +13.044
=+.01639
Na0 —.06463  +2.753
+.00474
K20 —.01185 -+.497
=+.00287
TiO= —.05665 +2.843
+.01244
P:05 ~.00502 +.259
+.00139
PHSWPP: Prehistoric 13.76 Si0: —.30625 +53.227
pahoehoe-picrite, south- (6.81-21.98) +.00752
west rift zone. 11 analyses Al:0s —.35024 +16.635
are given in table 5. =+.00649
“FeO" +.07281 +160.394
+.01239
Ca0O —.27761 +12.993
+.00833
Na:0 —.05402 +2.718
+.00446
K20 —.01543 +.581
+.00204
TiO: —.06280  +2.868
+.00255
P:05 —.00583 +.270
=+.00064
KIL1840: Olivine-controlled 16.38 Si02 —.26643 +452.854
lavas of the 1840 erup- (14.18-17.54) =+.03596
tion, east rift zone, 4 Al:O3 —.34318 +16.359
analyses given by Wright +.00654
and Fiske (1971). “FeO" +.07719  +9.938
=+.05572
Ca0 —.31560 +13.800
+.03702
Na:0 -~ .05091 +2.564
+.00799
K:0 —.00468 +.427
+.00546
TiO: —.05152 +2.851
+.02515
P:0s —.00152 +.210
+.00237
KIL1959: 1959 eruption, 12.36 SiO2 —.26637 -+51.922
Kilauea Iki Crater. 20 (7.23-19.55) =+.00469
analyses are from Murata Al,Os —.32485 +415.945
and Richter (1966a, 4+ .00825
table 1; unpub. data). “FeQ” +.03520 +11.046
+.00297
CaO —.28376 +13.674
+.00975
Na20 —.05948 +2.705
+.00164
K0 —.01458 +.658
=+.00142
TiO: —.07162  +3.263
=+.00282
P205 —.00708 +.324
+.00034
Mauna Loa
HISTML: All olivine-con- 8.75 SiO: —.31233 4-54.260
trolled lava flows of his- (6.85-23.64) +.01025
toric age. 33 analyses are AlO; —.33847 416.527
given in tables 8-13. +.00715
“FeOQ” +.02494 +10.747
+.00581
Ca0 —.26347 +12.400
+.00501
Na:0 —.05872 +2.702
+.00314
K:0 —.00568 409
=+.00180
TiOs —.04465  42.380
=+.00353
P:Os —.00394 +.246
=+.00099

variation diagrams in which mineral compositions
are plotted in addition to control lines for different
suites of lavas. This figure is meant to aid the
reader in following the description and interpreta-
tion of variations in lava chemistry.

Values of the ratio of K.O:P.O; have been com-
puted for all analyses and are entered in the tables
of analytical data. This ratio is important in evaluat-
ing the processes by which the lavas of each voleano
have evolved. (See Anderson and Greenland, 1969,
for a discussion of P,O; as an indicator of fraction-
ation.)

KILAUEA
OLIVINE-CONTROLLED LAVAS
PETROGRAPHY

Chromite-bearing olivine is the only phenocryst
mineral in most Kilauea lavas. Commonly the lavas
contain more than 15 percent modal olivine and are
properly termed picrites or oceanites (Macdonald,
1949a). A few lavas contain more than 30 percent
modal olivine. Lavas with low magnesia content
may contain scarce phenocrysts of plagioclase and
even scarcer phenocrysts of augite in addition to
olivine. Hypersthene is not a phenocryst mineral in
olivine-controlled lavas, but hypersthene pheno-
crysts are found in some differentiated lavas
(Wright and Fiske, 1971), and hypersthene also oc-
curs as a late crystallizing mineral in thick lava
flows and intrusive bodies (Evans and Moore, 1968;
Murata and Richter, 1961).

The three historic flows erupted in 1823, 1868,
and 1919-20 from the southwest rift zone are unu-
sual in having glomeroporphyritic clots of inter-
grown olivine, augite, and plagioclase. This texture
is particularly well developed in the flows of 1823
and 1868. A similar texture also has been observed
in lava from the later part of the 1967-68 eruption
in Halemaumau lava lake (Kinoshita and others,
1969). The 1968 samples in which this texture was
observed are from slow-moving flows that developed
where the lava, which had been stored within the
lake, oozed to the surface through cracks in the pre-
viously solidifed crust. Thus this texture can be at-
tributed to cooling of the melt at shallow depth
(that is, within the lake) prior to eruption to the
surface. By analogy, the glomeroporphyritic clots in
the 1823, 1868, and 1919-20 lavas may also have
been caused by cooling and crystallization while
stored within either the rift zone or shallow summit
magma reservoir prior to eruption on the rift.

The groundmass of Kilauea flows consists of pig-
mented glass, augite, pigeonite, plagioclase, magne-
tite, ilmenite, and apatite. Olivine is often partly re-
sorbed in crystallized flows. Olivine and
clinopyroxene are zoned from magnesian cores to
more iron-rich rims, and plagioclase shows increas-
ing Na,0O:CaO ratios toward the outer parts of the
crystals.
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CHEMISTRY MgO variation diagrams after-mormalization to 100

percent dry weight. “Fe0” is total iron expressed as

Analyses of lavas from Kilauea are given in ta- | the sum of FeO and 0.9 Fe,0;, cdleulated after nor-
bles 4 through 6 and are plotted in figures 3 to 6 on | malization of the analyses. The ¢hemical data are

TaBLE 4.—Chemical analyses of oltvine-controlled lavas from Kilauea summit
[Additional sample data are given in table 23]

Prehistaric
Hilina series Puna series
Sample____________ 57F-18 57F-15 57F-17 57F-66 57F-97 53P-12 53P-32 53P-33 53P-35 53P-30 HIGS-2 8X002-0 8X038-0 8X067-0 8X078-0
48.53 49.40 50.59 50.77 50.98 50.52 50.73 50.94 51.47 51.52 51.04 51.11 49.07 47.97
11.15 12.46 13.20 13.46 13.75 13.82 13.74 14.04 14.53 14.10 14.30 14.67 12.28 10.48
1.15 1.51 1.49 2.07 3.38 3.58 1.83 2.67 1.32 1.70 1.59 1.40 1.16 1.67
10.71 10.25 9.92 9.24 8.04 7.90 9.45 8.20 9.08 9.28 9.41 9.02 9.74 10.04
15.17 10.96 8.38 8.14 7.18 7.13 7.23 7.24 7.12 6.79 6.93 7.35 13.23 17.03
8.94 10.32 10.88 10.76 11.17 11.12 11.22 11.29 11.18 10.92 10.78 11.29 9.75 8.30
1.76 2.05 2.19 2.23 2.34 2.20 2.20 2.23 2.38 2.34 2.40 2.24 1.89 1.67
.33 .38 .39 .38 .43 .44 .46 .40 .39 .42 .46 .33 .30 .31
14 25 .32 07 01 .26 .14 .11 08 08 23 .05 08 14
03 01 04 01 05 .06 .02 .04 01 03 04 3 0 .
1.91 2.21 2.40 2.51 2.52 2.65 2.62 2.46 2.25 2.37 2.43 2.10 2.00 1.98
18 22 23 24 23 .23 .22 .21 23 24 .19 1 18
18 .18 .18 17 17 17 .17 .16 16 17 17 A7 17 17
01 02 02 02 00 01 01 .00 00 02 00 .00 00 01
_____________________________________________ 01 02 .01 .01 01
_____________________________________________ 03 04 .03 04 03
_____________________________________________ 100.01 100.08 99.99 99.93 100.03
Less Oco oo . L Lol Cecileciinccce s mmel el il el s .01 .02 . . .01
Total.________ 100.10 100.19 100.22 100.23 100.07 100.25 100.09 100.04 99.99 100.17 100.00 100.06 99.98 99.91 100.02
KeO:P2Os. . _____ 1.74 1.83 1.73 1.69 1.59 1.87 1.91 2.09 1.90 1.95 1.83 1.92 1.74 1.76 1.82
Date__..______. 1790 1832 1(8?6)6 1868 1877 1879 1884-85 1889 1911 1917 1918 1919 1921
i Caldera Keanakakoi Glass Flow

.............................. 53P-9 53P-1 53P-2  _____ - ———- R R —————

50.52 50.23 50.57 50.57 50.70 50.46 50.41 50.36 49.97 49.67 50.08 50.02 50.02 50.20 50.04

13.35 13.50 14.26 13.88 13.76 13.96 14. 8 14.02 13.69 13.61 13.73 13.87 13.87 14.04 13.68

1.66 3.08 2.18 1.80 5.54 1.84 1.98 2.82 1.38 1.35 1.32 1.23 1.35 1.83 2.29

10.15 8.06 9.11 9.50 6.21 9.20 9.31 8.68 9.63 9.76 9.79 9.86 9.76 9.50 9.05

8.29 8.49 6.61 7.37 7.42 7.38 6.88 7.12 8.33 8.84 7.89 7.7 7.45 7.03 7.61

10.04 10.89 11.19 10.99 10.69 11.29 11.22  11.10 11.23 10.95 11.50 11.42 11.45 11.49 11.38

2.25 2.18 2.41 2.27 2.28 2.26 2.32 2.18 2.21 2.22 2.18 2.23 2.33 2.25 2.24

45 45 50 44 41 48 .52 .50 48 48 56 53 5 57 .57

23 14 01 .07 16 10 07 .13 06 02 00 06 08 01 00

05 .03 02 02 04 03 05 .02 03 03 02 02 02 02 02

2.63 2.44 2.70 2.46 2.42 2.61 2.78 2.64 2.54 2.63 2.60 2.63 2.70 2.74 2.76

25 24 26 25 23 25 26 .25 23 25 26 26 26 27 2

18 17 17 17 17 17 17 .18 17 17 17 17 17 17 .17

01 04 .03 01 01 01 00 .00 00 00 01 02 02 .02 06

01 01 01 01 01 01 o .01 .01 01 00 01 02 .. Lo.C

04 04 04 04 04 04 oL .04 .03 04 ____. 04 04 .. e

100.11  99.99 100.07 100.03 100.09 100.09  _____ 100.05 99.99 100.03  _____ 100. 14 100.07 ... ...

LessO_.____.__ .02 .02 .02 .02 .02 .02 .02 .01 02 L. .02 02 .. o

Total . _____ 100.09 99.97 100.05 100.01 100.07 100.07 100.05 100.03 99.98 100.01 100.11 100.12 100.05 100.14 100.14

Kz0:P205...____ 1.80 1.87 1.92 1.76 1.78 1.92 2.00 2.00 2.08 1.92 2.15 2.04 2.06 2.11 2.11
Date.__________ 1924 1931-32 1952 1954 1959 1961 November 1967-July 1968

February July!
Sample_________ _____ 1931HM 1952HM . ____ TLW67-42 S-1 S-2  Average*! ____._  _____ 1967HM HM68-2 HM68-4 HM68-12 HM68-15

49.71 50.01 50.20 50.09 49.91 50.07 47.90 50.22 50.38 50.24 50.18 50.48 50.24 50.25
13.58 13.83 13.73 13.79 13.00 13.70 10.96 13.64 13.69  13.56 13.63 13.52 13.70 13.61

2.48 1.85 2.65 1.80 2.56 1.39 11.51 1.29 1.38 1.36 1.66 1.49 1.61 1.49

9.03 9.59 8.80 9.59 8.86 10.00 9.63 9.60 9.95 9.72 9.95 9.77 9.86

7.46 7.10 7.20 7.31 8.08 7.23 15.42 7.74 7.52 7.59 7.63 7.41 7.58 7.63

11.58 11.29 11.56 11.51 11.92 11.55 9.33 11.34 11.34 11.06 11.02 11.08 11.17 11.14

2.26 2.25 2.25 2.28 2.13 2.30 1.79 2.32 2.33 2.31 2.25 2.31 2.29 2.32

.53 .53 .57 .53 .55 .60 .44 .55 .54 .54 .54 .52 .53 .55

.12 .09 .00 .08 .09 00 _____ .04 .02 .04 .10 .04 .02 .06

.00 W12 .00 .02 .02 020 L .04 .01 .01 .01 .02 .00 .00

2.78 2.71 2.72 2.68 2.62 2.75 2.16 2.76 2.77 2.65 2.57 2.69 2.62 2.62

25 27 28 26 25 28 .23 .27 27 26 5 28 .25 .26

17 17 17 17 17 17 18 .17 17 17 17 17 17 .17

00 00 01 01 01 00 ... .01 01 01 01 .02 .01 00

02 . .02 .01 .02 02 Lol .02 .02 .01 .01 .01 .01 .02

06 _____ .05 .05 .04 04 .04 .04 .03 .05 .04 .04 .06

Subtotal____100.19 100.03  _____ 100.21 100.18 100.23 100.12 _____ 100.08 100.09 99.79 99.80 100.03 100.01 100.03

Less O_________ .02 03 Lo .02 .02 .02 02 L. .03 .02 .01 .02 .02 .02 .03

Total______ 100.17 100.00 99.81 100.19 100.16 100.21 100.10 100.00 100.05 100.07 99.78 99.78 100.01 99.99 100.00

K:z0:P205. _.___ 2.16 2.12 1.96 2.04 2.04 2.20 2.14 1.91 2.04 2.00 2.08 2.16 1.85 2.12 2.11
1 Average of three analyses (Richter and others, 1964, table 1). 2 Weighted average of the entire eruption converted to 100 percent dry weight.

Data from Murata and Richter (1966a) and Richter and Moore (1966).
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FIGURE 3.—MgO variation diagrams showing lavas erupted at Kilauea summit. Analyses are given
in table 4. Control lines are as shown in figure 2. ®, prehistoric lavas, Hilina Pali; X, prehistoric
lavas, Kilauea caldera; O, 20th century lavas (except 1959), Kilauea caldera. Analyses are plotted
after normalization to 100 percent dry weight.
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FiGURE 4.—MgO variation diagrams showing lavas erupted from the Kilauea southwest rift zone.

Analyses are given in table 5. Control lines are as shown in figure 2. X, prehistoric regional

pahoehoe picrite; @, younger prehistoric lavas; O, 1920 lava.
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FIGURE 5.—MgO variation diagrams showing lavas erupted from the Kilauea east rift zone. Analyses
are given in table 6. Control lines are as shown in figure 2. Analyses of historic eruptions and
young submarine eruptions are given in Wright and Fiske (1971). X, prehistoric- :Makaopuhi lava.
lake chill zone (Moore and Evans, 1967); @, other prehistoric (subaerial) flows.
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FIGURE 6.—MgO variation diagrams showing Kilauea lavas erupted in 18th and 19th centuries, Anal-
yses are gives in tables 4 and 5 and Wright and Fiske, 1971 (1840 east rift ruption). Control
lines are as shown in figure 2. (O, Kilauea caldera 1790-1894; @, 1868 eruption, southwest rift
zone; X, 1823 eruption, southwest rift zone; ®, 1790 and 1840 eruptions, east rift zone.
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TaBLE 5.—Chemical analyses of olivine-conirolled lavas from Kilauea southwest rift zone
[Additional sample data are given in table 23]

Prehistoric
Regional pahoehoe-picrite complex
Sample_____.____ TLW67-138A TLW67-139 TLW67-140 TLW67-128 TLW67-134 TLW67-136B TLW67-3 KD-3 KD-32 KD-56 KD-57 KD-91
46.60 49.48 50.05 51.08 51.08 48.60 47.83 51.15 46.57 49.06 47.88 50.21
11.12 13.38 12,96 13.76 14.28 11.63 10.39 14.11 8.95 12.14 10.67 13.67
2.84 2.41 1.44 1.37 1.51 1.23 1.43 1.91 1.56 1.06 1.09 1.69
9.27 9.18 10.00 9.90 9.49 10.14 10.44 8.86 10.38 10.28 10.74 9.95
16.73 9.11 9.99 7.38 6.80 14.72 17.43 7.20 21.97 13.30 17.20 7.95
8.05 10.01 9.94 10.78 10.91 8.89 8.01 10.88 6.81 9.50 8.13 11.26
1.74 2.07 2.16 2.32 2.39 2.03 1.73 2.39 1.59 1.95 1.79 2.36
40 .40 40 40 47 .34 .32 54 .28 36 .33 45
55 65 12 12 18 .19 11 15 16 12 16 .
03 08 04 05 03 .02 .03 05 03 01 00 00
2.09 2.62 2.33 2.41 2.48 1.90 1.73 2.36 1.52 1.98 1.81 2.48
22 24 21 22 25 .19 .16 21 15 19 18 22
17 18 17 17 17 .17 .17 16 17 16 17 17
01 01 01 01 00 .00 .01 01 01 00 00
01 01 01 01 01 .01 .01 00 01 00 00 01
03 03 02 04 04 .03 .03 03 02 03 03 03
99.86 99.86 99.85 100.02 100.09 100.09 99.83 100.00 100.18 100.14 100.18 100.49
LessO - _-._.._ .01 .01 .01 .02 .02 .01 .01 .01 .01 .01 .01 .01
Total .. __.. 99.85 99.85 99.84 100.00 100.07 100 08 99.82 99.99 100.17 100.13  100.17 100.48
K:0:Ps0s_ . __. 1.82 1.67 1.90 1.82 1.88 1.79 2.00 2.57  1.87  1.8¢  1.83  2.05
Prehistoric—Continued
Regional pahoehoe-picrite complex— Regional
Continued pahoehoe(-) Younger flows
TLW67-120 KD-143 KD-144 TLW67-10 KD-164 KD-172 KD-45 KD-161 TLW67-16 CC-SW TLW67-18 TLW67-28 KD-130
47.32 47.69 50.76 50.64 49.83 50.96 51.12 50.54 50.30 51.11 51.15 50.52 50.90
9.69 10.38 13.81 13.79 12.72 14.04 14.05 14.05 13.51 13.75 13.52 13.41 13.92
1.34 1.08 1.33 1.38 1.57 1.46 1.23 1.65 11.06 1.25 2.23 1.15 1.24
10.67 10.98 10.08 9.72 9.72 9.61 9.90 9.61 1.46 9.92 9.18 10.22 9.79
19.68 17.56 7.64 7.79 11.04 7.70 7.32 7.47 7.28 7.62 7.65 9.10 7.72
7.66 8.15 10.75 11.10 10.14 10.92 10.85 10.85 10.75 10.63 10.17 10.23 10.87
1.72 1.62 2.27 2.24 1.87 2.26 2.29 2.34 2.36 2.28 2.22 2.24 2.32
.27 .26 .42 .46 .42 .39 .40 .34 .40 .41 .36 .36 .41
.06 .16 .24 .07 .18 .00 .07 .32 .07 .13 .47 .14 .00
.00 .03 .02 .02 .01 .00 .01 .01 .02 .06 .26 .05 .04
1.70 1.73 2.40 2.43 2.21 2.30 2.42 2.48 2.36 2.40 2.22 2.22 2.37
.15 .16 .22 .23 .19 .23 .23 .23 .23 .23 .22 .20 .22
17 .17 .17 .17 .17 17 .17 .17 17 17 .16 17 17
.00 .01 .01 .01 .01 .01 .01 .00 .00 .01 .01 .01 .00
.00 .00 .01 .01 .01 .01 .01 .01 .00 .01 .01 .01 .01
.03 .02 .03 .04 .03 .03 .04 .04 .03 .03 .04 .03 .03
100.46 100.00 100.16 100.10 100.12 100.09 100.12 100.11 100.00 100.01 99.87 100.06 100.01
.01 .01 .01 .01 .01 .01 .02 .02 .01 .01 .02 .01 .01
100.45 99.99 100.15 100.08 100.11 100.08 100.10 100.09 99.99 100.00 99.85 100.05 100.00
1.80 1.63 1.91 2.00 2.21 1.70 1.74 1.48 1.74 1.78 1.64 1.80 1.86
Date..o.._._.___.__ 1823 1868 1920
Sample.____________ A-451 1823-8W TLW67-24 1868-SW TLW67-12  1920-231-3 TLW67-1 TLW67-4 TLW67-6 TLW67-9
(510 7 S 50.88 50.77 50.87 50,63 51.35 50.18 49 .85 49.74 50.21 49.82
13.87 13.88 13.61 13.81 14.12 13.48 13.23 13.87 13.32
2.08 1.36 1.56 1.13 1.17 1.22 1.36 1.24 1.39
9.28 9.90 9.27 10.22 9.86 97 9.85 9.72 9.86
7.27 7.27 8.61 6.78 7.14 8.49 9.21 7.4 8.88
11.06 10.93 10.86 10.52 11.57 11.24 10.99 11.50 11.04
2.27 2.27 2.20 2.39 2.30 2.24 2.15 2.2 2.14
46 43 .45 .50 .53 47 .49 51 .49
13 19 10 .10 .07 03 .02 03 .09
03 03 02 .00 .02 00 .01 01 .01
2.41 2.42 2.39 2.80 2.70 2.59 2.55 2.68 2.55
24 22 24 .26 23 23 25 24
18 17 17 17 .17 17 17 17 17
01 01 01 01 .01 03 00 01 01
01 01 01 01 .01 01 01 01
04 04 03 04 .04 04 04 04 04
100.11 100.00 100.19 100.07 100.15 100.06 100.04 100.01 100.06
.02 .02 .01 .02 .02 .02 .02 .02 .02
100.09 99.98 100.18 100.05 100.13 100.04 100.02 99.99 100.04
1.92 1.95 1.67 2.08 2.04 2.04 2.13 2.04 2.04

grouped according to the age of the lava and the lo- | slopes of the lines are negative with the exception
cation of the vents from which the lava was | of the FeO-MgO plot. The control lines for different
erupted. Chemical variation within each group of | groups of lavas have similar slopes, but many of the
lavas is approximately linear on these plots. The | lines are displaced relative to one another on one or
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TaBLE 6.—Chemical analyses of olivine-controlled lavas of prehistoric age from Kilauea east rift zone

[Additional sample data are given in table 23. Olivine-controlled lavas of historic age were erupted in 1790(-) and in 1840. Analyses of these lavas are given in
Wright and Fiske (1971, table 4)]

Makaopuhi lava

Makaopuhi Crater wall lake chill zone

Sample. . . o TLW67-39 TLW67-40 TLW67-130 TLW67-131 TLW67-132A MP-57
i 50.75 50.49 50.57 49 .40 50.43 50.02
14.00 13.30 14.00 12.74 13.44 13.24
2.13 2.55 2.31 1.50 2.53 3.19
9.49 9.00 10.10 10.17 9.17 8.55
6.85 8.45 6.11 10.04 8.09 8.71
10.54 10.54 10.31 10.23 10.83 10.61
2.47 2.25 2.43 2.21 2.24 2.13
.51 .41 .81 .52 .45 .41
.14 A1 .34 .07 .04 .15
.00 .03 .02 .02 .01 .08
2.75 2.58 2.91 2.67 2.53 2.53
.26 .24 .28 .25 .23 .24
18 17 .18 17 .17 .18
.00 .00 .00 .00 .01 .00
.01 .00 .01 .01 .00 .01
.04 .03 .04 .04 .03 .04
100.12 100.13 100.12 100.04 100.20 100.09
.02 .01 .02 .02 .01 .02
100.10 100.12 100.10 100.02 100.19 100.07
1.96 1.71 1.82 2.08 1.96 1.71

more graphs. Three general time-related chemical
groupings are apparent, when compositions at any
given MgO content are compared: 1911-present,
1750-1894, and prehistoric (older than 1750). On
many of the oxide plots, the 20th century and pre-
historic lavas are distinguished with little or no ov-
erlapping of data points (figs. 3 and 4). The compo-
sition of lavas erupted in the late 18th and
throughout the 19th century lies generally between
these two groups, but many data points fall within
the range of prehistoric or 20th century composi-
tions on one or more of the oxide plots (fig. 6).

There are two exceptions to the general time-re-
lated variation. Olivine-rich spatter from Puu Kole-
kole, a prehistoric cone on the southwest rift zone
(TLW 67-138A, table 5, plotted in fig. 4 at MgO
equals 16.86), has a chemistry which falls on the
20th century olivine control line on many of the
MgO plots. The 1840 eruption on the east rift zone
(fig. 6) stands out by having higher SiO, and lower
FeO than other 19th century lavas and most of the
lavas in the prehistoric sections.

Within the three time-groupings, lava chemistry
can be compared as a function of vent location. The
chemistry of prehistoric lavas erupted at the sum-
mit and on the southwest rift zone is sufficiently
similar (figs. 3 and 4) that an unambiguous correla-
tion of composition with eruptive vents is not possi-
ble. Likewise, historic lavas erupted in the same
time span at Kilauea summit and from the south-
west rift zone proper have a similar chemistry

(figs. 3, 4, and 6). The Hilina-Pali-Kilauea caldera
prehistoric lavas and the lavas of the 1959 eruption
(fig. 3) are close to the extremes of the time-related
chemical variation in olivine-controlled Kilauea
lavas.

The relations observed for the southwest rift
lavas do not hold for the east rift lavas. Some lavas
of prehistoric age and all but two of the historic
lavas may be chemically distinguished from lavas
erupted at the summit and on the southwest rift
zone within the same general time span (Aramaki
and Moore, 1969; Wright and Fiske, 1971). The
chemistry of east rift lavas is controlled by a com-
plicated differentiation pattern superimposed on the
time-related chemical changes. This differentiation
pattern is described and interpreted in a separate
paper (Wright and Fiske, 1971).

DIFFERENTIATED LAVAS

The composition of typical differentiated lavas
from Kilauea is described elsewhere (Wright and
Fiske, 1971). Two additional lavas, one of prehisto-
ric and one of historic age (table 4, analysis
57F-18, and table 5, analysis TLW67-12), fit the
definition of differentiated lava for the present
study (MgO is less than 6.8 percent). TLW67-12 is
an exceptionally glassy sample of the 1868 eruption;
its chemical composition is related to that of a more
normal porphyritic sample of the same eruption by
removal of the observed phenocryst assemblage oli-
vine-augite-plagioclase. 57F-18 has a peculiar
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TABLE 7.——Modél data jor selected porphyritic lavas from Mauna Loa
DAt oo 1843 1881 1887 1907 1950
Sample_ .. ... TLW67-661  W-A-22t W-A-231 TLW67-64 2 W-A-62 TLW67-582 TLWe67-59 3 TLW67-566 8% TLW67-753%
Phenocrysts:*
Olivine._.___________ 0 0 0.20 0.35 2.60 0 0 0.05 0.60
Hypersthene________ .35 .35 0 .20 1.00 1.95 1.40 .40 .55
Augite_ . ___________ 1.35 1.55 .40 0 .45 1.1 2.45 .70 .30
Plagioclase_ . _______ 2.80 3.00 1.25 0 .30 1.05 .55 .65 .05
Total . . _________ 4.50 4.90 1.85 .55 4.35 4.10 4.40 1.80 1.50
Microphenocrysts:*
Olivine________.____ Trace 0 .60 .05 .05 .85 .45 .10 .55
Hypersthene.__.____ 0 0 0 .40 .65 .15 0 .10 .05
Augite_____________ 1.00 1.80 3.70 .45 3.90 3.95 1.05 6.65 1.05
Plagioclase. ... _..__ .90 3.90 3.90 0 5.95 1.40 1.30 5.05 1.20
Total . ___________ 1.90 5.70 8.20 .90 10.55 6.35 2.80 11.90 2.85
Glass 4. ________________ . .00 86.70 98.15 .00 77.95 84.65 83.40 94.10
Quench* ______________ 93.60 89.40 3.25 .40 85.10 11.60 8.15 2.90 1.55
Total . ___________ 93.60 89.40 89.95 98.55 85.10 89.55 92.80 86.30 95.65
Grand total_______ 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Number of points_
(0.3X0.3mm grid)_____ 2785 2700 2000 2000 3000 2000 2000 2000 3000

1 Chemical analysis given in table 13.

2 No chemical analysis available for these particular samples. TLW67-64 is
robably equivalent in composition to sample (1881-10,000 ft) in table 10;
LW67-58 is probably equivalent in composition to TLW67-59.

3 Chemical analysis given in table 9.

4 Modal counting was subdivided as follows:

Phenocrysts: Euhedral crystals generally in excess of 1 mm in the longest dimension

chemistry that cannot be ascribed to processes of ei-
ther fractionation or mixing of magmas as de-
scribed by Wright and Fiske (1917). Its origin re-
mains problematical.

MAUNA LOA
OLIVINE-CONTROLLED LAVAS
PETROGRAPHY

Olivine is commonly the dominant phenocryst
mineral in lavas from Mauna Loa, and, like Ki-
lauea, modal olivine ranges from trace amounts to
more than 30 percent. In contrast to Kilauea, phen-
ocrysts of olivine are generally accompanied by
phenocrysts of hypersthene, augite, and plagioclase.
Such lavas are especially common on the southwest
rift zone. Some glassy samples also contain quench
(?) crystals of pigeonite distinguished by a low
optic angle, extreme undulatory extinction, and aci-
cular habit. The rims of pyroxene and plagioclase
pbhenocrysts tend to be strongly zoned toward more
iron-rich and more sodic compositions, respectively.
Modal data for selected porphyritic flows other than
picrites are summarized in table 7.

The groundmass of Mauna Loa flows consists of
pigmented glass, augite, pigeonite, plagioclase, mag-
netite, ilmenite, and apatite. Olivine shows irregu-
lar, embayed borders against the groundmass. Hy-
persthene phenocrysts are invariably rimmed by
augite (Muir and Long, 1965), even in rapidly

which can be inferred to be present in the magma chamber prior to eruption to
the surface.

Mierophenocrysts: Euhedral crystals smaller than 1 mm in largest dimension which
may have grown during ascent of magma to the surface.

Glass: Transparent, isotropic quenched liquid.

Quench: Fine skeletal or fibrous microlites that are presumed to have formed during
cooling after extrusion on the surface.

quenched glassy samples, and hyersthene is not
found as a constituent of the groundmass.

CHEMISTRY

Chemical analyses of olivine-controlled Mauna
Loa lavas are given in tables 8 through 12 and are
plotted in figures 7 through 10 according to age
and location on the volcano.

The Mauna Loa analyses define control lines
whose slopes are similar to those defined by analy-
ses of lava suites from Kilauea. MgO also covers ap-
proximately the same range as Kilauea, from under

TaBLE 8.—Chemical analyses of olivine-controlled lavas
from Mauna Loa summait

[Additional sample data are given in table 23]

Prehistorie,
Sample._________ 7D-014 7D-026 7D-420 7D-428 TLW67-84 TLW67-70B
i 49.05 51.71 52.02 51.75 48.99 52.03
10.60 14.10 14.29 13.76 10.86 14.20
1.34 4.62 2.60 2.34 1.75 1.60
10.00 6.55 8.69 8.68 9.36 9.25
16.90 6.70 6.13 7.34 16.22 6.92
7.97 10,52 10.24 10.20 8.19 10.50
1.70 2.22 2.33 2.32 1.80 2.33
.29 .43 .52 .47 .32 .46
.14 .44 .33 .31 .11 .09
.02 .07 .04 .05 .01 .05
1.65 2.16 2.27 2.10 1.75 2.12
.16 .22 .26 .27 17 .25
.17 .17 17 17 A7 17
.01 .00 .02 .00 .01 .01
.00 .01 .01 .01 .01 .01
.04 .03 .05 .04 .02 .03
Subtotal.____ 100.04 99.95 99.97 99.81 99.74 100.02
Less O _oo._.. .02 .01 .02 .02 .01 .01
Total...__ ... 100.02 99.94 99.95 99.79 99.73 100.01
K20:P2Os___.___. 1.81 1.95 2.00 1.74 1.88 1.84
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TABLE 8.—Chemical analyses of olivine-controlled lavas TaBLE 9.—Chemical analyses of olivine-conirolled lavas from
from Mauna Loa summit—Continued Mauna Loa south rift zone—Continued
Date. ... 1877(2)  1880(2) 1940 1942 19492  1949b 1907 1919 1926
Sample___.__ TLW67-88 TLW67-89 1940ML TLW67-68 M-56-2 1949ML TLW67-56 TLW67-77  H-34 H-36  TLW67-76
SiO2___..__. 52.09 51.26  52.01 51.87  52.16  52.04 51.76 51.69 51.83 51.89 51.51
ALOw_ .10 14.29 12,76 14.09 14.11 14113 13.94 14.17 14.16 13.95 13.90 13.95
1o 1,46 150 112 R 1.94 1.65 1.75 3.24 1.71
10.08 9.77 9.63 9.90  9.69 9.1 9-36 347 7.58 938
10.73 7.04 7.11 7.07 7.14 7.17 ;,').4 7. 7.2 R
9.35 10.74 10.51 10.53  10.63 10.44 10.44 10.58 10. .
508 2.3 923 997 9 95 2.26 2.25 2.31 2.25 2.21
‘30 '35 36 40 33 .34 .36 .35 .36 .35
o1 0 o 02 o1 ‘09 12 14 .06 18
: : : : : .03 .04 .01 .01 .03
.03 .00 .01 .00 .02 03 11 10 04
1.74 2.08 2.03 2.04 2.05 2.04 2. 2. 2. 2.
53 “o4 ‘o9 “91 ‘96 .21 21 \21 .22 .20
it is 7 Pt s 17 17 17 .18 17
ot “00 ol 100 ‘00 .03 .00 .00 .01 .01
‘o1 ‘00 ‘o1 : ‘o1 .01 .01 .02 .01 .01
02 ‘04 - .03 .03 .02 .03 .03
Subtotal.  99.76 99.83 99.67 99.96 99.91
000 o T % i Lol o o1 o1 ‘o1 o1
Total.... 99.99  100.02  100.21  99.8¢  100.03 100.13 Total..._ 99.75 99.82 99.66 99.95 99.90
K:O:PyOs.... 1.78 1.30 1.46 171 191 1.27 | KOPOs... 1.62 1.7 1.66 1.64 1.75
Date__.._..._ 1950
Sample______ TLW67-73 TLW67-74 TLW67-75 TLW67-79 53-2378CD
Qi02oeceoo..  51.92 51.58 51.34 51.35 51.40
14.27 13.84 13.73 13.19 13.27
1.38 1.20 1.37 2.41 2.72
TaBLe 9.—Chemical analyses of olivine-controlled lavas from 5.88 588 HE 8.5 8.66
Mauna Loa south rift zone 10.56 10.18 10.07 9.97 10.04
[Additional sample data are given in table 23] 2%?7? Zgg 2: ég 2%% 2%2
2 . .
Prehistoric 01 o 06 .04 .00
Sib 2.10 2.01 1.93 I.g?i 1.3;
Kahuku Kau marine %? %; %7 18 17
Series Series lavas 3 0{2) . 82 . g 1 . 8} .00
. . .01 I S
Sample______ E2145 E2146 C819 C820 65MAN-1 65KUH-2 13 ,83 _Oé ‘03 03 LT
51.25 50.87 46.19 48.71  50.26 51.34  48.50
13066 13.12 7.94 15.07 12,00 1313 1045 | pessgrfotel- 99-90 99.90 90.88 -8t
g.?g 2.93 g}é g.u §.30 2.23 1.69 | O Yemoooo
. .5 .5 .55 .82 8.8 9.41 . . .8 0.
lg'gg 3.3(15 2%'?8 18'03 12'0? 3.32 17?3 Total.._.  99.89 99.89 99,84 99.83 100.01
. . . 1 .8 74 7.72 ;0 .
2.37 2,26 1.23 243  1.96 195 1176 | KeOF0s... 1.68 17 1.80 1.1 141
44 .30 .28 136 .34 .37 .32
32 .17 14 .84 .13 .10 .52
.09 .07 .05 .39 .02 .03 .05
2.22  2.17 1.24 2.78 1.65 .82 1.59
.26 .23 15 .28 .19 .24 .16
17 17 17 18 17 17 17
.05 o1 0 Ll .01 .02 .02
____________________ .01 .01 1.03
__________ S0l .02 .02 06
__________ 99.99 99.95  99.83 99.93  100.21
LessO..____ ... __._. .00 .01 .01 .03 .02
TaBLE 10.—Chemical analyses of olivine-controlled lavas from
Total.___ 100.06 100.10 99.99 99.94  99.82 99.90 100.19 Mauna Loa northeast rift zone
K:0:P:0s._..  1.69 1.30 1.87 1.29 1.79 1.54 2.00 [Additional sample data are given in table 23]
1868 1887 Date. oo Prehistoric 1852 1855
W-A-7 W-A-8 188ML H-19 TLW67-59 Keamoku flow
?é 23) %g} 43'18 ?o.gg 53'87 ___________ 476 TLW67-29 TLW67-61 TLW67-63 W-A-20
.52 . . 2. 13.97
1.27 2.23 2.29 1.65 1.37 | SiOpeeoooo . 50.94 51.92 48.70 50.59 51.34
3‘5‘[’ g.gg Qg.gg g.gg 9.23 o127 14.16 10.9§ 1?{23 13.83
. . . 11. 7.47 D 1o .49 1.6 . 2.1
10.02 9.86 6.21 9.44 10.26 1 896 7.52 9.52 9.77 8.87
2.91 2.14 1.32 2.01 2.22 101068 6.98 16.80 9.76 7.92
.41 .31 .26 .38 .33 D Tguss 10.50 7.90 9.90 10.26
2.06 1.89 1.34 1.94 1.94 12 15 .15 .08 .23
23 .18 14 21 19 .04 .01 .06 .00 .05
17 17 7 17 17 01T 2.10 1.61 2.01 2.09
.00 .00 .01 .01 .02 .21 24 19 .21 23
.01 .01 .01 02 .01 17 17 .16 7 7
.03 .03 .02 .03 .03 .04 .81 .31 '81 .go
I .00 .01 .01 .01
99.86  99.98  99.79  99.96 99.79 | F__TIIIIIIIITIT T .03 .03 .03 .03
.01 .01 .01 .01 01 ; 5 o~y
___________ 100.01 99.81 99.8 9.
99.85 99.97 99.78  99.95 99.78 Less Oooeeo oo LT .01 .01 .01 .01
K20:P:Os_______ 1.82 1.78 1.72 1.86 1.81 1.74 Total._.______ 100.10 100.00 99.80 99.82 99.89
1 Na:O corrected for NaCl contamination is 1.75 percent; Cl corrected for NaCl K:0:P2Os_________ 1.79 1.71 1.74 1.81 1.87
contamination is 0.01 percent.
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TABLE 10.—Chemical analyses of olivine-controlled lavas from 7 percent to over 20 percent, Data are given in
Mauna Loa northeast rift zone—Continued table 3 for equation y=ax+b to define a set of con-
1881 1899 1935 192 | trol lines portraying the composition of all historic
10,{%00 2,??0 TLVB%67- W-A-24 TLES;(W— W-A-21 TLV(;&;M— ﬂ ows fr om M auna L oa.
52.18 52.27 52.05 52.10 51.93 51.8 51.88 1 1
1%.76 13.68 14.13  13.01 14,20 11.12 T3:08 Unlike I,{ﬂauea’, t.he Mauna Loa lavas do not
g2 231 12 Lz L 1at 1.3 form chemically distinct groups that can be related
95  7.40 7.06  7.67 7.1 7.07  7.20 i i i i i itv i
YIS CL L G- O+ S € LY -1 to tlme.or location of e?uptlox}. This uniformity is
2.0 2.2 222 2325 231 2: 2.3 shown in figures 7-9, in which the analyses for
- S w8 o0 each group of lavas are compared to the position of
1.5 2.00 208 194 204 2.06 2.0 the average control line for all historic flows. In
b s - - T - terms of entire chemistry, therefore, Mauna Loa
.0 .0 100 .00 .01 .01 .01 i i
Y S 0 o - lavas are more uniform than K11aue?. lavas. OI} a
Subtotal.. 100,27 10015 10005 99.95 10014 wo.03 100.0s | Smaller scale, however, lavas from a single eruption
Less O--..... -01 -01 -01 o .01 -01 -0 or groups of closely related eruptions show more
Total.._.. 100.21 100.14 100.04 99.94 100.13 99.92 100.07 | variation from average control lines than do lavas
K20:P:05_.... 1.79 1.85 1.70 1.70 1.71 -1.71 1.71 from individual Kilauea eruptions'
TaBLE 11.—Chemical analyses of olivine-controlled lavas from Mauna Loa northwest slope
[Additional sample data are given in table 23)
Date..o . __.____. Prehistorie 1859
Beach boulder Puu O Uo Kokoolau Puu Koli
Sample. .. _.________ TLW67-117A TLW67-78 TLW67-119 TLW67-121 TLW67-123 TLW67-125 85P~-2 DPH-77
8i0s. .o 49.35 51.50 51.91 51.51 51.97 50.50 51.60 51.24
AlLOs . 11.82 13.65 14.24 14.38 14.23 14.10 13.98 13.72
FesOs oo 1.50 1.64 2.49 6.90 1.47 2.04 1.58 2.43
FeO__ .. _____ 9.54 9.65 .39 5.04 9.45 9.14 9.41 8.64
MgO_ ... 14.30 8.13 6.69 7.10 6.99 7.80 7.58 7.72
CaO_ ... _____ 8.73 10.36 10.31 9.29 10.53 10.35 10.46 10.36
NaO._ ... 11.89 2.28 2.22 2.21 2.33 2.36 2.33 22 .45
90 . .34 .34 .46 .43 .41 .43 .42 .43
HO+. .. .25 .01 .37 .40 .05 .39 .05 14
WO— . .04 .00 .03 .05 .03 .21 .05 .11
TiOs oo 1.69 1.98 2.14 2.17 2.08 2.23 2.16 2.16
PiOs oo .19 .19 .25 .28 .23 .23 .24 .25
MnO._ .. __.____ 17 17 .16 .18 17 .16 .17 17
COy o .02 .00 .04 .01 .01 .02 .00 .04
Clo . 1,03 .00 .00 .01 .01 .01 .01 218
Foo . .03 .02 .03 .04 .02 .03 .03 .03
Subtotal.____._ 99.89 99.92 99.73 100.00 99.98 100.00 100.07 100.07
Less O _._________ .02 .01 .01 .0 .01 .01 .01 .05
Total__ .__.___ 99.87 99.91 99.72 99.98 99.97 99.99 100.06 100.02
KoO:PoOs oo 1.79 1.79 1.84 1.54 1.78 1.87 1.75 1.72

1 Na3:0 corrected for NaCl contamination is 1.88 percent; Cl corrected for NaCl
contamination is 0.01 percent.

TaBLE 12.—Chemical analyses of lavas of prehistoric age from the
Ninole Hills, southeast slope of Mauna Loa
[Additional sample data are given in table 23]

Sample_.____ C817 C818 ID-098-2 ID-214-2 ID-240-2 ID-275-2
i 49.47 50.46 47.10 47.26 49.74
14.58 13.84 10.80 11.46 13.42
3.97 1.47 3.04 2.48 2.36
8.10 9.99 9.27 9.52 9.27
7.33 7.18 17.30 16.13 9.92
9.33 11.07 8.05 8.52 10.14
1.70 2.30 1.58 1.62 1.99
.21 .46 .08 .06 .09
1.78 .15 .38 .43 .35
.87 .05 .34 .42 .36
2.27 2.68 1.80 1.69 2.04
.16 .26 .14 .15 .17
18 .18 .19 .18 .18
_____ .00 .00 .00 .00
..... .01 .01 .00 .00
.02 .04 .02 .03 .03
Subtotal. 100.05 99.97 100.12 99.90 99.95 100.06
ess O___.__ .01 . .02 .01 .01 .01
Total____  100.04 99.96 100.10 99.89 99.94 100.05
K:0:P20s.__ 1.23 1.31 1.77 .57 .40 .53

2 Na20 corrected for NaCl contamination is 2.33 percent; Cl corrected for NaCl
contamination is 0.01 percent.

Chemical analyses (table 12) of lavas from the
Ninole Hills are plotted in figure 10. The Ninole
lavas are within themselves extremely variable and
are chemically distinct from, and older than, the
lavas mapped elsewhere on Mauna Loa.z On the av-
erage the Ninole lavas differ from the younger
lavas of Mauna Loa in having lower SiO,, higher
AlLQ;, higher “Fe0,” lower K,O, and higher TiO..
Na.0, CaO, and P,O; are similar. The Ninole lavas
may represent remnants of a separate volcano older
than Mauna Loa.

20One lava flow mapped as Kau Basalt, part of the youngest section of
basalts recognized by Stearns and Macdonald (1946), has a composition
similar to the lava of the Ninole Hills, This analysis is given in table 9
(C820). The analysis normalized to 100 percent dry weight is plotted in
figure 8 at 6.12 percent MgO.
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northwest slope of Mauna Loa. Analyses are given in tables 8 and 11. Control lines are as shown
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FIGURE 8.—MgO variation diagrams showing lavas from the Mauna Loa southwest rift zone. Analyses
are given in table 9. Control lines are as shown in figure 2. ®, prehistoric; O, 1868-1950.
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DIFFERENTIATED LAVAS

The compositions of differentiated lavas from
Mauna Loa are shown in table 13 and plotted in
figure 11. The historic differentiates (1843, 1926,

and 1950) barely plot off the extension of olivine
control lineg for the other historic lavas with which
they are associated. The submarine sample (9) has
a composition more nearly like that of typical Ki-
lauea differentiates.

TaBLE 13.—Chemical analyses of differentiated lavas from Mauna Loa
[Additional sample data are given in table 23]

1926

1950

9 TLW67-72 TLW67-54 TLWG67-54A TLWG67-66 W-A-22 W-A-23
52.12 52.04 52.03 52.09 51.93 51.65 51.89
13.41 14.11 14.22 14.19 14.25 14.43 14.30

2.47 1.34 1.48 1.55 1.38 2.56 1.64
9.45 9.85 9.76 9.70 9.79 8.53 9.23
5.50 6.68 6.39 6.38 6.66 6.75 6.80
8.89 10.35 10.26 10.35 10.32 10.48 10.50
12.97 2.36 2.44 2.50 2.38 2.39 2.41

.72 .42 .46 .47 .47 .46 45

.61 .05 .03 04 .09 .10 08

.08 .02 .02 00 .05 .04 01

3.17 2.22 2.30 2.28 2.16 2.16 2.16

.42 .23 .27 33 26 .25 25

17 17 17 17 17 17 17

01 .01 01 01 .01 .01 01

1.20 .01 01 02 .01 .01 01

05 .03 04 03 .04 04 03

100.24 99.89 99.89 100.11 99.97 100.03 99.94

.07 .01 .02 .01 .02 02 01

100.17 99.88 99.87 100.10 99.95 100.01 99.93

K:0:P:05. ... 1.71 1.83 1.70 1.42 1.81 1.84 1.80

1 Naz0 corrected for NaCl contamination is 2.84 percent; Cl corrected for NaCl contamination is 0.01 percent.

TaBLE 14.—Summary of chemical composition of historic flows from
Mauna Loa and of flows of different ages from Kilauea
[A}} ngex:ages are normalized to 100 percent dry weight after converting all iron to

e0”. Averages are then normalized to 7.0 percent MgO by subtracting
chromite-bearing olivine of composition Fai2.s (Mauna Loa) or Fais.s (Kilauea)]

Mauna Loa Kilauea caldera
Historic Prehistoric 1832-89 1911-24 1959 §-2
SiOg. .. 52.18 51.23 50.77 50.33 50.18
Al O, .. 14.17 14.14 14.11 14.00 13.79
“FeO”____. 10.94 10.86 11.06 11.09 11.26
MgO._____ 7.0 7.0 7.0 7.0 7.0
CaO__.___ 10.58 11.22 11.27 11.58 11.63
Na,O__ ... 2.29 2.30 2.30 2.28 2.31
KO _.___ .37 .41 .48 .55 .60
TiOs_ ____ 2.07 2.44 2.61 2.72 2.77
P05 ___ .21 .22 .25 .27 .28
MnO_____ 17 17 17 17 .17

CHEMICAL VARIATION WITHIN KILAUEA LAVA
AND DIFFERENCE BETWEEN KILAUEA AND
MAUNA LOA LAVAS

Figure 2 shows that the lavas of Mauna Loa may
be distinguished by their chemistry from any of the
lavas of Kilauea. Furthermore, the data indicate
that the trend in chemical change (relative to con-
stant MgO or to the position of olivine control
lines) between the lavas of Mauna Loa and the pre-
historic lavas of Kilauea is similar to that which
distinguishes Kilauea’s prehistoric lavas from its
20th century lavas. In other words, the extrapola-

tion of the time-related chemical variation of Ki-
lauea lavas backwards in time is toward the aver-
age composition of Mauna Loa lavas, as is
illustrated in table 14.

DISCUSSION

The following sections aim to explain the ob-
served chemical variation of Kilauea and Mauna
Loa in terms of specific petrologic processes. A
striking feature of the chemistry of both volcanoes
is the uniformity of the ratio K.,O:P.0;. Anderson
and Greenland (1969) have discussed the behavior
of P,O; in basaltic melts, and the same principles
apply to K,O in Hawalian tholeittes. Both oxides
are strongly partitioned to the melt until late crys-
tallization of apatite and potassium-rich feldspar.
The uniformity of their ratio suggests (1) melting
from a mantle of uniform composition with respect
to these elements and (2) subsequent crystal-liquid
fractionation (or differences in initial degree of
melting) as the dominant processes by which
magma compositions are determined.

Other processes have been tested and rejected.
The process of mixing of magmas, which is impor-
tant in explaining the composition of Kilauea rift
eruptions (Wright and Fiske, 1971), appears to be
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Ficure 11.—MgO variation diagrams showing differentiated lavas from Kilauea (®) and Mauna Loa
(X). Analyses are given in table 13. Control lines are as shown in figure 2 with the addition of
control lines for the early part of the Kilauea 1955 eruption (very short dashes between 5 and
6 percent MgO).



DISCUSSION

of minor importance in explaining the chemistry of
lavas erupted either at Kilauea summit or from
Mauna Loa. Diffusion of chemical species (for exam-
ple, alkalies) and reactions with wallrocks cannot be
quantitatively treated, but there is no evidence that
such processes are important in explaining the
chemical variability.

25

Quantitative fractionation calculations (Wright
and Doherty, 1970) are made on the assumption
that crystal-liquid fractionation and (or) partial
melting are the important processes that result in
chemical variability of the lavas. Mineral composi-
tions used in the calculations are given in table 15.
The nature of the calculated mineral assemblage

TaBLE 15.—Analyses of minerals used in differentiation calculations

Olivine Chromite Olivine +-chromite Hypersthene Augite
Faio Faso KICHRO KAVOL MLAVOL KUMLHYP MP218HYP STWATHYP LHZAUG  MP218AUG
(Fais.s) (Faiz.5)
SiOp_ .o 40.79 37.67 0.00 39.45 39.70 54.88 53.39 51.50 53.20 52.53
ALOs_ ... _____ ___.__ 165.00 1.17 .98 .75 .85 1.36 3.00 2.93
“FeQ”_____._ 9.69 26.78 20.90 13.23 12.08 10.69 16.99 26.40 4.00 7.43
MgO._______ 49.00 35.05 11.60 45.51 46.60 30.99 25.58 18.68 16.50 16.86
CaO________ .25 .25 .00 .39 .39 2.14 2.26 1.13 22.50 18.95
NaO____... ___._ ... .00 .00 .00 .10 .04 .04 .50 .22
K_zo .................. .00 .00 .00 .04 .00 .01 .00 .00
TiOpoooo .. . L 2.10 .04 .03 .25 .54 .27 .20 .87
POsoooo. .. . .00 .00 .00 .00 .00 .02 .00 .00
MnO_..__._ .29 .29 .20 .22 .22 .16 .37 .59 .10 .22
Augite—Continued Plagioclase Ilmenite Magnetite
Jadeite Ca-Tschermak's
STWATAUG MPLLAUG molecule Ab Anss. 7 Anes.s Ange.7 An MPILM MPMAG
SiOp_ . _____. 51.51 51.49 59.40 27.60 68.29 53.42 52.03 51.01 44.00 0.05 0.07
AlO;. 2.30 4.20 25.30 46.70 19.65 29.74 30.08 30.99 36.28 .12 1.90
“FeO”_____.._ 11.29 7.50 e e .08 .20 .66 .49 .08 48.99 73.50
MgO_. ... 13.53 16.20  _.___  _____ .00 12 .18 13 .00 1.73 1.03
CaO__..___._ 20.49 19.00  ____. 25.70 .08 11.87 13.00 13.83 19.42 .08 .10
NaO___.____ 17 .30 15.30 _____ 11.61 4.45 3.64 3.29 .22 .00 .00
K;O ......... .01 0 . Lo .28 .19 .35 .20 .00 48.64 23.06
TiOp .. .40 .10 .. . .01 .07 .07 .06 .00 .00 .00
POs ... .03 B ) .00 .00 .00 .00 .00 .00 .00
MnO.____.____ .28 200 .. L. .00 .00 .00 .00 .00 .44 .38
1 Because Crz03 was not separately determined in the rock analyses, all Cr:0:  Augite____________________ LHZAUG.__.____ Average (estimated by T. L.
has been converted to equivalent Al:0s. True percentages are Cr:0s, 43.5; Al:Qs, Wright) ecomposition of augite
13.4. from lherzolite inclusions in
Olivine. - - oo Fajoo oo ____ Stoichiometric composition based Hawaiian basalts. Data of
on minor element data for White (1966). .
Hawaiian olivines (Murata and MP218AUG. ... __ Augite from the prehistoric
others, 1965). lava lake in Makaopuhi crater,
Faso. _____.______. Do. Kilauea, coexisting with MP-
Chromite. _.___.___________ KICHRO__.______ Average composition of chromite 218HYP (Evans and Moore,
phenocrysts and inclusions in 1968, table 3, col. 2, p. 96).
olivine of the 1959 eruption of STWATAUG._____ Augite from the chill zone of the
Kilauea (B. W. Evans, unpub. Stillwater Complex, Montana
data). (E. D. Jackson and R. E.
Olivine +chromite. _ .. _.___ KAVOL (Fai3.s). .. Average composition of olivine (in- Stevens, unpub. data).
cluding 1.8 percent chromite) MPLLAUG.______ Augite quenched near the temper-
which controﬂ the composition ature of first appearance from
of the 1959 eruption of Kilauea. the 1965 Makaopuhi lava lake,
MLAVOL (Faj2.5)_ Average composition of olivine (in- Kilauea (P. W. Weiblen and
cluding 1.5 percent chromite) T. L. Wright, unpub. data).
which controls the composition Jadeite_ . _ .. Stoichiometric NaAlSi2Os.
of the historic flows from Mauna  Ca-Tschermak’s molecule_. ... ____._______ Stoichiometric CaAl:SiOs.

Loa (table 16).
Hypersthene_ . ____________ KUMLHYP..____ Hypersthene from a prehistoric

lava flow, south rift zone of
Mauna Loa. Analysis by H.
Kuno (1966, table 1, analysis 1).

MP218HYP___.__ Hypersthene from the prehistoric
lava lake in Makaopuhi crater,
Kilauea (Evans and Moore,
1968, table 3, col. 4, p. 96).

STWATHYP. _.__ Hypersthene from the chill zone of
tll;e Stillwater Complex, Mon-
tana (E. D. Jackson and R. E.
Stevens, unpub. data).

that relates two lavas of different composition gives
an idea as to the depth at which fractionation took
place. If the assemblage consists only of minerals
present as phenocrysts in the lavas, then the frac-
tionation is deduced to be shallow, corresponding to

Plagioclase, from analyses ini)eer, Howie, and Zussman (1963):

bl Table 13, p. 110, analysis 8.
Ansy.7- _-Table 16, p. 117, analysis 8.
Anss Table 16, p. 117, analysis 14.

_ Table 17, p. 118, analysis 2.
e Table 18, p. 120, analysis 7.
Tlmenite. . ____.___________ MPILM______.___ Quenched near the temperature of
first appearance, from the 1965
Makaopuhi lava lake. (See
Wright and Weiblen, 1968,
analysis is unpublished.)
Magnetite_ .. ___._________ MPMAG__._____. Do.

pressures not exceeding 2kb (kilobars).? If, however,
the calculated mineral assemblage does not match
the observed phenocryst assemblage, then the

3 This is based on a depth of 24 km (kilometers) to Kilauea's shallow
magma reservoir (see Eaton and Murata, 1960, Fiske and Kinoshita, 1969} .
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chemical differences must be inherited from a deeper
fractionation or melting event. For Kilauea lavas,
hypersthene is a critical mineral. It is absent as a
phenocryst, so that fractionation in which hyper-
sthene is a necessary phase is considered to have oc-
curred at pressures greater than 2kb. Since hyper-
sthene does occur as a phenocryst in Mauna Loa
lavas, its presence in fractionation calculations is
not necessarily indicative of a high-pressure event.
However, hypersthene always occurs with equal or
greater amounts of plagioclase and augite pheno-
crysts, so that a preponderance of hypersthene in a
fractionation calculation is again taken as a sugges-
tion of a higher pressure event. At higher pres-
sures, melting is taken to be the reverse of fraction-
ation as far as the calculations are concerned.
Space-time relations of the lavas suggest whether a
fractionation (cooling) or melting event is more
likely.

OLIVINE-CONTROLLED CHEMICAL VARIATION IN

KILAUEA AND MAUNA LOA LAVAS

Figure 2 shows control lines for some major
suites of Kilauea and Mauna Loa lavas plotted to-
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gether with minerals that might control the ob-
served chemical variation both within and between
suites of different lavas. The projection of these
control lines shows that addition or removal of oli-
vine is the dominant process explaining the lava
chemistry, a conclusion reached by Powers (1955)
on the basis of many fewer analytical data. One can
ask to what extent the control lines deviate from
perfect olivine control and attempt to explain these
deviations in a quantitative fashion. The most thor-
oughly described example of olivine control is the
1959 eruption of Kilauea, for which Murata and
Richter (1966b, table 1) calculated the composition
of olivine that controlled the major compositional
variation of the eruption.*

Tilley (1960a) has demonstrated olivine control
for the 1921 Kilauea summit lava. Control lines
have been calculated for two additional olivine-rich
Kilauea eruptions—1840 east rift (Wright and
Fiske, 1971, table 4a) and a prehistoric pahoehoe
flow unit from the southwest rift (Walker, 1969;
this paper, table 5). The results are shown in table
16. The residuals demonstrate nearly perfect olivine
control.

TABLE 16.—~Results of differentiation calculations for Kilauea and Mauna Loa control lines
[Caleulations are set up using the ealculated eomposition of the high-MgO (A) and low-MgO (B) ends of the control lines for each lava suite (see table 3) as follows:
A =B +tolivine (Faio) +-olivine (Faso) 4-ehromite. Total iron is calculated as FeQ)

Kilauea

1840 east rift (KIL1840)

Prehistoric southwest rift (PHSWPP)

Mauna Loa (HISTML)

Residuals Residuals Residuals
A B (A observed A B (A observed A B (A observed
minus A cale) minus A eale) minus A ealc)
SiOg 48.18 49.08 0.05 46.52 51.17 —0.06 46.98 52.21 —-0.02
AlOs .o ____. 10.34 11.49 .01 8.96 14.27 —.01 8.56 14.23 —.02
“FeO”___.______. 11.29 11.03 —.01 12.01 10.91 .01 11.37 10.95 —.02
MgO_ o __ 17.54 14.18 —.02 22.00 6.82 .01 23.70 6.89 —.02
CaO_____________ 8.26 9.32 —.11 6.90 11.12 .03 6.20 10.62 —.08
Na, O __._______ 1.67 1.84 .03 1.54 2.36 12 1.32 2.31 —-.01
KO . ___ .34 .36 .02 .25 .49 —.04 .28 .38 .07
TiOs 1.97 2.17 .06 1.50 2.45 .01 1.33 2.08 12
POs .18 .19 .02 .15 .24 .01 .16 .23 .03
MnO.____________ 17 17 .00 .18 .19 —.02 .19 .19 —-.01
Note.—Solution (weight pereent):
KIL1840 PHSWPP HISTML
Olivine____ . e 10.66 39.01 41.81
(Faia.1) (Fai4.3) (Fais 5)
Chromite . ______. .. _____ .1 .54 .60
B e 89.24 60.46 57.60

There are no individual eruptions of Mauna Loa
that have as great a range of olivine content as
those described from Kilauea. The overall chemical
variation, however, is clearly dominated by olivine
control. The calculation using the average Mauna
Loa control lines (table 8) is also shown in table 16.

Olivine control is inferred to be a shallow process
on the basis of the positive correlation between
MgO content of a lava and its observed percentage
of olivine phenocrysts. Presumably, each subcham-

ber of the shallow reservoir complex inferred to
underlie both Kilauea and Mauna Loa is stratified
with an olivine-rich lower part and an olivine-poor
upper part. The MgO content of a lava then de-
pends on what level or levels of the chamber were
tapped.

4 Their caleulated olivine has an abnormally high CaO content. T. L.
Wright and D. B. Jackson (unpub. data) explain this by making the 1959
eruption a mixture of two magmas (which differ in CaO relative to MgO),
each of which shows virtually perfect olivine-controlled chemical variation.
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OLIVINE-PYROXENE-PLAGIOCLASE CONTROL OF
MAUNA LOA LAVA COMPOSITIONS

The occurrence of phenocrysts of hypersthene,
augite, and plagioclase in Mauna Loa lavas suggests
the possibility of a more complex shallow fractiona-
tion than the olivine control demonstrated for Ki-
lauea eruptions. This possibility was studied by se-
lecting pairs of Mauna Loa lavas that showed
large opposed deviations from the set of average
control lines computed for all historic lavas (table
3) and by calculating differences in chemical compo-
sition in terms of the observed phenocryst assem-
blage. Equations of the following form were solved
(Wright and Doherty, 1970) :

Lava A=lava B=-olivine+
hypersthene~+augite+plagioclase

where lava A is arbitrarily taken as the lava with
the higher content of MgO. The lava pairs include a
picrite and a hypersthene-rich lava from each rift
zone (southwest rift, 1887 from 1868 picrite parent;
northeast rift, 1881 from 1852 picrite parent) and
three sets from single rift eruptions (southwest
rift, 1868 and 1950; northeast rift, 1899). The com-
position of olivine (including 1.5 percent chromite)
is fixed at Fa,, ; from the control lines for all historic
Mauna Loa flows (table 16). The composition of
plagioclase is fixed at Ang, a value within the ob-
served range of phenocryst composition (A. T. An-
derson, unpub. data.)

Separate calculations were made for each pair
using the three sets of pyroxenes shown in table 15;
that is, KUMLHYP and LHZAUG (most magne-
sian), MP218HYP and MP218AUG and STWA-
THYP and STWATAUG (most iron-rich). The
signs and relative magnitude of the residuals do not
vary significantly as a function of assumed pyrox-
ene Mg:Fe ratio. The solutions using pyroxenes of
intermediate Mg:Fe ratio are given in table 17.

The results show that minerals in addition to oli-
vine are necessary to balance the chemical differ-
ences. The signs of the solution values indicate
whether the mineral is relatively enriched (+) or de-
pleted (—) in the sample with higher MgO. The
low residuals in the calculations indicate that the
chemical differences between lavas can be satisfac-
torily expressed in terms of minerals present as
phenocrysts. However, the observed compositions
are probably not simply a result of removal or addi-
tion of the mineral assemblage present in the por-
phyritic lavas. The total amount of calculated sili-
cates other than olivine (5-10 percent, table 17)
exceeds by a factor of 2 the observed phenocryst

percentages, and augite is a relatively more impor-
tant component of the observed phenocryst assem-
blages (table 7). Residuals for K.O, Na,0O, and TiO,
tend to exceed the expected analytical error of the
rock analyses and are not significantly affected by
changing the mineral compositions. It is possible
that processes other than shallow crystal-liquid
fractionation have contributed to the chemical vari-
ation of these Mauna Loa lavas.

TABLE 17.—Results of differentiation calculations for
olwine-controlled lavas from Mauna Loa

1887 from 1868 picrite

Residuals

A B
(ML1868) (ML1887)

(A observed minus A cale)
SiOg o __ 46.75 52.07 -0.05
Al Oy .. 8.40 13.97 —.05
“FeO”_______ 11.33 10.86 —.06
MgO.__ .. __ 23.58 7.47 —.03
CaO_________ 6.21 10.26 —.02
NaO__._____ 1.32 2.22 .02
KoO oo .26 .33 .07
TiOg. ... 1.34 1.94 .15
PyOs. - .14 .19 .03
MnO.___..___ 17 17 —.02

Note.—Solution ! (weight percent):
Olivine (Fa1z2,5) + chromite__.__.__________________ . _________
Hypersthene (MP218HYP)_ . __.______
Augite (MP218AUG)_________.______
glagioclase (AN65.8) oo

1881 from 1852 picrite

A B Residuals
(A observed minus A calc)

SiOg_ .o ____._ 48.70 52.18 0.02
AlO; ... 10.98 13.76 —.05
“FeO”_______ 11.02 10.95 —.07
MgO.__ ... 16.80 7.95 .00
CaO_________ 7.90 10.16 0.02
Na,O___.____ 1.69 2.06 .06
KO - _____ .33 .34 .06
TiOs_ ... 1.61 1.95 .02
PO .19 .19 .03
MnO.________ .16 17 —.01
Note.—Solution ! (weight percent):
Olivine (Faiz2.5) + chromite_ - .. _______ +26.07
Hypersthene (MP218HYP)_ _________________________._______ —6.71
Augite (MP218AUG) - oo —1.48
Plagioclase (Anes.8) - - - o e ~2.34
B e 84.49

1868W-A-6 from ML1868

A B Residuals
(A observed minus A cale)

SiOp________ 46.75 51.02 —0.01
AlQy .. 8.40 13.44 —.03
“FeQ” ______. 11.33 10.94 —.05
MgO________ 23.58 9.30 —.01
CaO_________ 6.21 9.89 —.02
Na,O________ 1.32 2.19 .02
KO . __ .26 .40 03
TiO,_ _______ 1.34 2.01 13

905 - .14 .22 02
MnO_____.__ 17 .17 —.02

Note.—Solution ! (weight percent):

Olivine (Fai2.5) + chromite. ... . +37.35
Hypersthene (MP218HY P). __ . . . e +2.69
Augite (MP218AUG) . - . _ oL +1.03
Plagioclase (Anes.8)_ - - - - o e e +.65
B 58.30

See footnote at end of table.
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TABLE 17.—Results of differentiation calculations for
olivine-controlled lavas from Mauna Loa—Continued

1950 (TLW67-75) from 1950 (TLW67-79)

A B Residuals
(A observed minus A calc)
SiOg_______ 51.35 51.34 0.03
AlOs ... 13.19 13.73 —.04
“FeO”______. 10.97 10.93 —.06
MgO.____.___. 9.20 8.70 .00
CaO____._____ 9.97 10.07 —.02
Na,O._______ 2.15 2.16 .07
KO . ____. .36 .36 .02
TiOz . __ 1.93 1.94 02
P05 .21 .20 02
MnO.__.__.___ .18 17 01

Note.—Solution ! (weight percent):

Olivine (Fai2.5) + chromite. ... _____________._. +0.11

Hypersthene (MP218HYP) . . ______ +1.94

Augite (MP218AUG) - _ ... +1.33

Plagioclase (Anes.s) . - - - ool — .49

B e 97.14

1899 (TLW67-65) from 1899 (W—A-24)
A B Residuals
(A observed minus A cale)

SiOg. oo 52.10 52.05 0.03
AlOs .. ___ 13.91 14.13 —.05
“FeQ”______. 10.85 10.96 —.06
MgO._______. 7.67 7.06 00
CaO.__._._ ... 10.21 10.57 —.01
NaO-__.____ 2.25 2.25 08
KyO___.__._. .34 34 02
TiOg. ... 1.94 2.09 01
POs.____.__ .20 .20 02
MnO._..__._ 17 17 00

Note.—Solution ! (weight percent):
Olivine (Faiz2.s) + chromite_____._____.____._________.________
Hypersthene (MP218HYP)____________ . _________________
Augite (MP218AUG)___
lBDXagioclase (Anes.g)o o ...

1 The sign of th'e solu@ion value is positive (+) if the more magnesian lava com-
position (A) is enriched in the components of that mineral phase relative to the lava
with less MgO (B). Lava A =lava B -oliv ne -hypersthene +augite +-plagioclase.

The differentiated lavas of Mauna Loa have been
studied by calculations similar to those outlined
above. Lava A is taken as a parent with greater
than 7 percent MgO; lava B is the differentiate, and
ilmenite is added to the list of possible minerals
participating in the fractionation process. Table 18
shows the computed amounts of minerals removed
from an assumed parent composition to produce the
1843, 1950, and submarine differentiates whose
compositions are given in table 13. The two differ-
entiates of historic age can be produced by removal
of about 5-15 percent of silicates other than oli-
vine. The prehistoric sample 9 is more strongly dif-
ferentiated, and the calculations show that 38 per-
cent of silicates in addition to olivine are necessary
to produce its composition. The silicates in this case
are more iron-rich, as would be expected for a great-
er degree of fractionation. Removal of iron-titanium
oxides is not indicated for any of the differentiates,
in contrast to most of the Kilauea differentiates
(Wright and Fiske, 1971). Presumably the mechan-
ism for differentiation of these lavas is separation of
phenocrysts during flow in conduits, similar to the

TABLE 18.—Results of differentiation calculations' for differentiated
lavas from Mauna Loa

Parent. . .. ._._.______ 1852 1950 TLW67-79 1950 TLW67-79
Differentiate. . _______. 1843 2 1950 TLW67-543% 9
Minerals (percent):4
Olivine 5. _______ 25.7 4.9 6.3
(Faiz) (Fazq) (Fais)
Hypersthene_ _ ____ 6418 6449 748.5
Augite..____..____ §40.0 $+4.9 7412.7
Plagioclase 8__.____ +2.0 +5.1 +16.6
(Anss) (Anmn) (Anes)
Total (except
olivine)-.._...._ 3.8 14.9 37.8
Residuals:
Average. . _..__.__ .03 .01 .06
Maximum._____..._ .08 .01 .17

1t Caleulations of the form: parent = differentiate+ olivine+hypersthene -+
augite +plagioclase.

2 Average of the three analyses given in table 13.

3 A similar solution obtained for the 1926 eruption with TLW67-76 (parent)
and TLW67-72 (differentiate). See tables 9 and 13. .

4 The minerals that must be removed from the parent composition to yield the
composition of the differentiate. Only silicate minerals are tabulated because in
no case were the residuals significantly reduced by inclusion of either ilmenite or
titanium-rich magnetite.

5 Qlivine composition derived using Faio and Faso.

6 Hypersthene and augite are MP2I8HYP and MP218AUG (table 15),
respectively.

7 Hypersthene and augite are STWATHYP and STWATAUG (table 15),
respectively.

8 Plagioclase composition derived using Ab and An (table 15) as input.

differentiation mechanism inferred for some Kilauea
rift lavas (Wright and Fiske, 1971).

HIGH-PRESSURE FRACTIONATION OF KILAUEA
LAVA

Perhaps the most difficult problem of Kilauea
chemistry is to explain the differences in composi-
tion of lavas erupted at Kilauea summit. Two kinds
of chemical variation are recognized: (1) Short-
term variation in which each summit eruption has a
chemical composition distinect from that of every
other summit eruption, and (2) a long-term varia-
tion defined by the average composition of lavas
erupted at different periods in the volecano’s history
(table 14). The explanation for these chemical vari-
ations is crucial to an understanding of the history
of Kilauea magma from the time of initial melting
to its appearance in the reservoir complex 2-4 km
beneath Kilauea summit.

The composition of Mauna Loa lavas (which has
not apparently changed composition over the same
time interval as the changes of Kilauea lava compo-
sition) is chemically an end member to the Kilauea
long-term variation (table 14). This observation
suggests that the unexposed (submarine) section of
Kilauea lavas might have a composition similar to
that of present-day Mauna Loa lava.

The chemical differences among Kilauea summit
lavas are not explainable by olivine control. The
chemical differences in Si0O. and CaO tend to be op-
posed, suggesting that orthopyroxene is an impor-
tant fractionating phase. This in turn indicates a
high-pressure origin for the chemical differences,
and the calculations below are arranged to show
various possibilities for high-pressure fractionation.



DISCUSSION 29

LONG-TERM CHEMICAL VARIATION

The younger lavas of Kilauea are richer in low-
melting constituents (K.O, P.O;, Ti0,), and this ob-
servation leads me to favor some kind of postmelt-
ing fractionation model to explain the chemical
variation.® The calculations that follow are based on
such a fractionation model.

The compositions given in table 14 are obviously
too poor in magnesia to represent mantle-generated
magmas. Murata and Richter (1966a) have ana-
lyzed glass from the highest temperature eruptive
phase of the 1959 eruption of Kilauea and found it
to have 10 percent MgO. The bulk composition of
that same eruption is somewhat higher than 15 per-
cent MgO (table 4), and this is considered by the
author to represent a reasonable average composi-
tion (magma +contained olivine) of magma supplied
to the 2- to 4-km-deep reservoir. Thus the initial
Kilauea magmas must have had at least 15 percent
MgO.

Another approach to initial magma composition
arises from application of the hypothesis of Jackson
and Wright (1970) to the effect that dunite is the
refractory residue after melting of tholeiite. On this
hypothesis the bulk composition of the mantle un-
derlying Hawaii should lie on control lines connect-
ing tholeiite and dunite. The composition and a cal-
culated mode of a “Mauna Loa” mantle with 35
percent MgO is given in table 19. Hornblende is
used as the potash-bearing phase although similar
relations hold if phlogopite is used instead or in ad-
dition to hornblende. Cr.0, is assumed to be concen-
trated entirely in spinel, and TiO,, in rutile. Bulk
pyroxene composition is calculated from the follow-
ing five end members: MgSiO,, FeSiO.,, CaSiO,,
NaAlSi,O; (jadeite), and ALO; (Tschermak’s com-
ponents). Actual mantle pyroxenes would contain
small amounts of Cr,O; and TiO,, but these do not
significantly affect the calculation of magma compo-
sitions. Pyroxene compositions are calculated on the
basis of tie line orientations similar to those in co-
existing pyroxenes from Hawaiian xenoliths (Bee-
son and Jackson 1970; M. H. Beeson, unpub. data).
The minimum MgO content of tholeiite, assuming
all phases except olivine are melted, is 15-20 percent
MgO, depending on the composition of olivine used
in the calculation. The mantle calculated in table 19
would yield a tholeiite with a minimum MgO of 19
percent. Since olivine must be melted along with
other components; a magma with 25 percent MgO

5 Murata (1970) has argued that the chemical differences between Mauna
Loa and Kilauea are explained by different degrees of melting in a mantle
differing with respect to the low-melting constituents. However, Murata
did not treat the temporal variation within Kilauea itself.

TaBLE 19.—Calculated mode and pyrozene composition
of a “Mauna Loa” mantle

Bulk ! Ortho- Clino- Hornblende 2
mantle pyroxene pyroxene
S0z . 43.03 52.33 51.37 40.69
AlQy 4.34 8.76 12.62 14.00
“FeOQ” __________ 12.67 8.78 5.00 11.29
MgO__ .. ___ 35.00 29.13 13.19 13.04
CaO____________ 3.06 .82 14.82 10.35
Na,O____.______ .65 .18 3.00 3.07
KO o .. .10 - - 2.07
TiOy oo .60 - - 4.46
PyOs_ o .06 - - —
MnO___________ .18 _— - .11
CI'203 ___________ 31 -——— —_—— R
Mode

Olivine (F&m,z)-_ 6012 _—— . _———
Cr-spinel________ 1.02 I S -
Orthopyroxene_ - 17.72 . . e
Clinopyroxene.__  15.79 - S S
Amphibole 2_____ 4.85 N o —
Apatite® _______ .14 . —— I
Rutile4_ . _______ .37 R - .

Total_____ 100.00 . —— ——

1 Obtained by adding dunite to Mauna Loa (HISTML) composition.
2 Kakanui hornblende used for K:0 balance.

3 Apatite used for P05 balance.

4 Rutile used for TiO: balance in the absence of TiOz in pyroxene.

is considered reasonable, and this has been used as a
parent in the calculations.

There is no evidence that the average MgO (or
potential and actual olivine content) of Kilauea
magma supplied to the shallow reservoir has
changed as a result of any fractionation process;
that is, the incidence of picritic eruptions seems
quite as high in the present as any estimates that
could be made for earlier lava sections. This also
implies that fractionation processes begin with
quite MgO-rich magmas and occur at pressures suf-
ficiently high to stabilize other phases with olivine
at high liquidus temperatures.

Magma compositions used in the fractionation
calculations are shown in table 20, The compositions
were constructed from those given in table 14
(PHKILCAL, Kilauea caldera prehistoric; 1959
S-2) and table 4 (1952Hm, 1967-68Hm) by adding
olivine (Fa,.:) containing 1 percent included Cr-
spinel. The younger magmas contain less SiO, and
more CaQ relative to MgO than the prehistorie par-
ent, which suggests that orthopyroxene is an impor-
tant phase in the fractionation. However, ALO, de-
creases slightly and Na.O remains the same in the
younger lavas, which suggests that one or more
phases rich in Al,O; and Na.O must also be impor-
tant. A simple mineralogy that fits the chemical
fractionation is olivine-orthopyroxene-plagioclase
(Ange.s:). This assemblage would be limited by the
upper stability limit of plagioclase to 10 kb or less
(Green and Ringwood, 1967, Ito and Kennedy,
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1968). Sample fractionation calculations are shown
in table 21A. Two lines of evidence indicate that the
orthopyroxene-plagioclase assemblage would not be
stable relative to clinopyroxene in rocks of Kilauea
bulk composition. Irvine (1969) has analyzed the
contrasting cumulate sequences from different lay-
ered intrusives. Orthopyroxene-plagioclase cumu-
lates do exist, as for example in the Stillwater Com-
plex (Jackson, 1969), but only in rocks with higher
ALO; than either Kilauea or Mauna Loa. The
projections of Jamieson (1970) and the experimen-
tal work of Green and Ringwood on compositions
similar to but slightly more aluminous than Kilauea
indicate that orthopyroxene and clinopyroxene are
favored relative to plagioclase at elevated pressures
making it highly unlikely that a clinopyroxene-poor
fractionation could occur.

If plagioclase is not a possible major phase in the
assemblage, then the Na,O and Al,O; must be con-
centrated in ferromagnesian minerals. Al,O; can re-

TABLE 20.—Lava compositions ! used in high-pressure
fractionation calculations

PHKILCAL 1952Hm 19598-2 1967-68Hm

(25 percent (20 percent (20 percent (20 percent
MgO) MgO) MgO) MgO)
SiO0g._._____ 46.17 46.81 46.73 47.00
AlOs_______ 7.83 9.30 9.17 9.21
“FeO”_____. 11.36 11.93 11.90 11.88
MgO._ .. .. 25.00 20.00 20.00 20.00
CaO._ ... 6.29 7.71 7.86 7.64
NasO__..___ 1.26 1.51 1.54 1.56
KO .. .23 .35 .40 .37
TiOs ... 1.35 1.82 1.85 1.79
POs_______ .12 .19 .19 .18
MnO..._..__ .18 .19 .18 .19
CreOs.__.___ .22 .19 .19 .20

1 Obtained from data of table 4 and table 14 by adding the appropriate amount of
olivine (Fais.7) containing 1 percent included Cr-spinel.
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side in Cr,0;-poor spinel, aluminous pyroxenes, or
garnet. Na,O is restricted to a jadeitic clinopyrox-
ene. Table 21B summarizes calculations using an as-
semblage olivine - spinel - orthopyroxene - clinopyrox-
ene. Pyroxene compositions are again calculated
from five end members as above. For comparison
with the composition of the fractionated pyroxenes
the bulk composition of pyroxene in both the parent
and the fractionated lava is calculated and shown in
table 22, This assemblage, in which pryoxenes are
very rich in ALO; and Na,O, would be stable at
higher pressures, up to about 20 kb in a garnet-free
mantle (Ito and Kennedy, 1968, figs. 1 and 2).

As they stand, these calculations are not com-
pletely consistent because the bulk Na,O and ALO;
of the fractionating clinopyroxene exceeds that of
the clinopyroxene in PHKILCAL. Presumably with
falling temperature the reverse should be true. The
Al,O; relations might be modified by consideration
of Cr.0; and TiO, in pyroxene or by changing the
Al:Cr ratio of the spinel, but the Na,O could only be
reversed by making the earlier clinopyroxenes more
calcic than the bulk clinopyroxene. The latter would
imply both that the CaO in clinopyroxene was de-
creasing during fractionation and that the ratio or-
thopyroxene: clinopyroxene was increasing during
fractionation, neither of which should occur with
falling temperature.

I conclude that there is no single-stage fractiona-
tion process that will explain the observed chemical
variation. There remains the possibility of a multi-
stage process in which pyroxenes with lower Na,O
and Al,O; than those shown in table 22 are fraction-
ated at high pressure and are joined by a small

TaBLE 21.—Results of high-pressure fractionation calculations for Kilauea summit lavas
A. Results with olivine-spinel-orthopyrozene-clinopyrozene-plagioclase

Parent. ___ e

PHKILCAL (25 percent MgO)
1952Hm (20 percent MgO)

PHKILCAL (25 percent MgO)

PHKILCAL (25 percent MgO)
1959 8-2 (20 percent MgO)

1967-68Hm (20 percent MgO)

Fractionated phases:

Olivine (Fa12.5) -« v oo 19.26 19.29 19.69
Cr-spinel . - _____ . _ . __ .39 .39 .35
Orthopyroxene (KUMLHYP).___.._____...____ 4.93 5.75 3.70
Clinopyroxene (MP218AUG)_ . _._.____._..____ 1.91 1.21 1.89
Plagioclase. - _ ... __. 3.67 4.13 3.62
(An59,7) (An59,7) (Anez.l)

Total - . ... 30.16 30.77 29.25

Residuals:!

Si02. oo .01 .02 .02
ALOsge e —.01 .01 .01
CFeO e .00 .01 .01
MgO.__ oo .01 .01 .01
Ca0 . e .01 .01 .01
NasO o e .04 .01 .00
KoO o e —.02 —.05 —-.04
Ti0 2 o e e e .05 .04 .06
POy —.01 —.01 .00
MnO. —.02 —.01 —.02
01‘203 ______________________________________ .01 .01 .01

Observed minus calculated composition of parent.
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calculations for Kilauea summit lavas—Continued

B. Results with olivine-spinel-orthopyroxene-clinopyroxene

Parent. - oo PHEKILCAL (25 percent MgO) PHEKILCAL (25 percent MgO) PHKILCAL (25 percent MgQO)
Differentiate. . e 1952Hm (20 percent MgQ) 1959 S-2 (20 percent MgO) 1967-68Hm (20 percent MgO)
Fractionated phases:

Olivine (Faua ) oo oo ____ 17.26 16.94 17.36

Cr-spinel . - _________ .. .36 .38 .32

Orthopyroxene. .- - .- _____________ 5.35 7.23 4.63

Clinopyroxene . - - - _ .. 4.30 4.29 4.11

Total . _ ... 27.27 28.84 26.42

Residuals:!

Si02m o oo .02 .02 .02

AlOso e .01 .01 .01

HFeO” oo e .01 .01 .01

MgO_ I .01 .01 .01

Ca0. e .01 .01 .01

NaoO o oo .01 .01 .01

20 e —.02 —.05 —.04

Ti00 - oo .03 .04 .04

PoOs oo —.01 —-.01 —.01

MnO . e .00 .01 -.01

CraOse o oo .01 .01 .01

Calculated position of pyr
Orthopyroxene  Clinopyroxene Orthopyroxene Clinopyroxene Orthopyroxene Clinopyroxene
Si0s. - . 53.36 52.69 52.59 52.08 52.73 51.29
AlOs o o 7.85 11.52 8.75 12.01 9.02 12.03
HFeO’ e 7.02 4.18 8.14 4.95 6.82 4.24
MgO L 30.63 13.45 29.38 13.01 30.36 14.75
CaO . e .90 14.71 .87 14.63 .83 15.27
NasO o oL .23 3.45 .28 3.32 .23 2.42
1 Observed minus calculated composition of parent.
TaBLE 22.—Calculated high-pressure solidus assemblage and pyroxene compositions for Kilauea summit lavas
PHKILCAL 1952Hm 1959 S-2 1967-68
(25 percent MgQO) (20 percent MgQ) (20 percent MgO) (20 percent MgQ)
Mode
Olivine (Fayg)- - ______. 26.21 11.65 11.73 11.07
Cr-spinel________________ .70 .60 .59 .63
Orthopyroxene.__________ 30.19 33.72 32.16 34.03
Clinopyroxene. . ___.__... 30.68 35.62 34.77 34.99
Hornblende ... __________ 11.15 16.96 19.39 17.93
Apatite. .. ... ________ .28 .44 .44 .41
Rutile?. . _________._____ .84 1.06 .98 .98
Calculated composition of pyroxenes
Orthopyroxene  Clinopyroxene  Orthopyroxene Clinopyroxene Orthopyroxene Clinopyroxene Orthopyroxene Clinopyroxene

SiOs. oo 51.24 51.04 50.91 50.73 51.28 50.73 51.21 50.96
Al,O;_ . 8.30 11.94 7.96 11.72 7.47 11.46 7.58 11.56
“FeO” . _____.___ 13.94 6.96 15.86 7.98 15.77 8.07 15.60 7.94
MgO__ . ___ 25.50 12.26 24.24 11.82 24 .48 11.94 24.69 11.75
CaO_ .87 14.99 .89 15.11 .83 15.27 .78 15.04
NaO_ ... ___ .15 2.84 .15 2.64 .19 2.53 .14 2.75

1 A hornblende from Kakanui with 4.5 percent TiO», 2.1 percent K0, and 3.1 percent Na:0 is used for the K20 balance.

2 Used for TiO: balance in the absence of any TiO: in pyroxene.

amount of plagioclase as the magma moves to lower
pressure. This process would require a virtually iso-
thermal ascent of magma from the uppermost
mantle to the 3-km-deep reservoir in order to move
from a field in which plagioclase was stable (at say
8 kb) to the conditions at a depth of 8 km where
the magmas lie within the field of olivine just above
the stability field of clinopyroxene and plagioclase.
(See, for example, Green and Ringwood, 1967, fig.
4, or Ito and Kennedy, 1968, figs. 1 and 2.)

SHORT-TERM CHEMICAL VARIATION

In a previous paper (Wright and Fiske, 1971,
app. 2), it is shown that lava from each of the re-
cent (1952 to 1967-68) summit eruptions of Ki-
lauea is uniform in composition but differs from the
others in ways that are explainable only by addition
or removal of a complex silicate assemblage, gener-
ally including hypersthene. The chemical com-
position of these lavas is shown on an expanded
scale in figure 12. The uniformity of each eruption
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and the necessity for accumulation or removal of
hypersthene indicate that these chemical variations
are produced at pressures in excess of 2 kb prior to
storage of magma in the shallow reservoir complex
beneath Kilauea summit. I suggest that these
batches are a result of high-pressure fractionation
processes similar to those described for the long-
term variation and that each batch is produced
along a different pressure-temperature-time path in
the upper mantle; that is, the original melt is con-
sidered to move upward in the mantle along paths
where both the rate of cooling and velocity of as-
cent (equals rate of change of pressure) are varia-
ble, and this determines the amount and kind of
phases that are fractionated.

MODEL FOR MELTING AND
FRACTIONATION OF KILAUEA AND
MAUNA LOA MAGMAS

A possible cross section through Kilauea and
Mauna Loa is shown at true vertical and horizontal
scale in figure 13. The zone of original melting is
assumed to be at a depth of at least 60 km (below
the deepest recorded earthquakes beneath Kilauea)
corresponding to pressures in excess of 20 kb. The

amount of melting needed to produce an initial pi-

critic tholeiitic magma with 25 percent MgO is con-
sidered to be about 50 percent (see Jackson and
Wright, 1970) in order to restrict the range of
depth to which the mantle is melted.

There is strong evidence for the existence of an
intermediate reservoir in the uppermost mantle, a
staging area from which magma is efficiently sup-
plied the 3-km-deep, reservoir. The evidence is con-
tained in the observation that Halemaumau (sum-
mit) eruptions are accompanied by only a small
collapse of the summit (see for example Kinoshita
and others, 1969), implying that magma is resup-
plied at virtually the same rate as it is erupted (at
least 0.3X10°m?/day for the 1967—68 eruption).

Thus geophysical observation and the chemical
petrology lead me to suggest the following model
shown in figure 13.

Depth Process(es)

760 km _______ Melting to produce picritic (20-25 percent
MgO) tholeiitic magma.

60-30 km ______ Upward movement accompanied by frac-

tionation of olivine-spinel and wvariable
amounts of orthopyroxene and
pyroxene,

clino-

Depth Process(es)

30-20 km ______ Accumulation of magma in separate stor-
age reservoirs which periodically feed
the shallow reservoir beneath Kilauea
summit. Further removal of olivine and
pyroxene and possible fractionation of
plagioclase.

20-4 km _______ Rapid upward transfer of magma during
eruption at Kilauea summit and during
periods of inflation between eruptions.

42 km ________ Storage of magma prior to eruption. Some
cooling and further fractionation of oli-
vine only.

A section through Mauna Loa cannot be specified
as closely because there are few geophysical data.
The chemistry of the eruptions suggests that there
has been relatively little high-pressure fractionation
of pyroxenes but significant low-pressure movement
of olivine, pyroxene, and plagioclase phenocrysts.

The model of figure 13 is very much like that pro-
posed by O’Hara (1968, p. 95) for derivation of
quartz-normative tholeiitic magmas. The model im-
plies that the unmelted part of the upper mantle as
well as the lower erust contains excess olivine pre-
cipitated from rising picritic magmas. The Kilauea
model would imply accumulation of pyroxene as
well.

The model proposed here differs in the following
respects from that proposed by Murata (1970):

1. The chemical differences between Kilauea and
Mauna Loa are explained by fractionation of
Kilauea magma, which may have been origi-
nally close to the composition of Mauna Loa,
instead of by differing degrees of partial melt-
ing or by melting in a mantle of variable com-
position.

2. Orthopyroxene alone is not found sufficient to
explain the differences in chemistry either
within Kilauea or between Kilauea and Mauna
Loa. (Compare the residuals in the calcula-
tions of table 21 with those of Murata, 1970,
table 2.) It is important to note in this regard
that orthopyroxene fractionation alone would
yield alkalic basalt whereas Kilauea has re-
mained tholeiitic.

3. I find, in agreement with Murata, an excess of
K.O and TiO, in the 1959 Kilauea eruption as
compared with Mauna Loa. This is true re-
gardless of what kind of fractionation or
melting scheme is proposed. However, these
differences are much less accentuated if other
recent lavas are compared with Mauna Loa
(for example, 1967-68) and are virtually non-
existent if the comparison is made with older
lavas of Kilauea.
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