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ABSTRACT 

PETROLOGY OF THE ALKALIC HAW! VOLCANIC SERIES 
OF KOHALA VOLCANO, HAWAII 

by 

Bruce Wayne Furst 

Master of Science in Geology 

Kohala Volcano is the northernmost and oldest volcano on the is

land of Hawaii. Early studies divided Kohala into two stratigraphic 

units; the Pololu and Hawi Volcanic Series. The Pololu is the older 

(1.3-0.3 m.y.a. K-Ar dates) and is composed of tholeiitic basalt. The 

Hawi is the alkalic basalt cap rock and is on the order of 0.25 to 

0.066 m.y.a. (K-Ar dates). A hiatus or erosional unconformity sepa

rates the two units. 

Rocks collected for this study were obtained from the alkalic cin

der cones that lie along a N35°W trending line that approximates the 

major rift zone of Kohala. The mineralogy and whole-rock major-element 

analyses show a wide range of basalt types ranging from hawaiite 

through mugearite and benmoreite. The wide range in chemical composi

tion (44-59% SiOz, 0.9-5.0% ~1g0), the trends emphasized on variation 
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diagrams, mineralogical changes over the observed compositional range, 

corrosion and alteration effects, and the narrow range for Sr isotopes 

strongly suggest that fractional fusion or fractional crystallization 

is the main process controlling the composition of these lavas. 

Qualitative analysis of MgO variation diagrams appears to indicate that 

clinopyroxene, along with plagioclase, olivine, opaques and kaersutite, 

control the evolution of the alkalic suite. A problem with this inter-

pretation is that clinopyroxene is not a liquidous mineral phase at the 

low pressure expected where the fractionation is proposed to have taken 

place. 

The Hawi Series cones line up along two separate loci which show 

slight compositional differences. Samples from the NW-SE locus appear 

to be slightly higher in CaD and Ti02, and slightly lower in Si02 and 

alkalies than cones of an E-W trend. There also appears to be a gen-

eral increase in FeOT' MgO and CaO as the cinder cones get younger, 

possibly reflecting a zoned differentiating magma chamber beneath 

Kohala. 

Strontium isotopic compositions of samples representative of the 

entire compositional range vary from 0.7031 to 0.7036 (initial 
87sr;86sr). These low figures appear to preclude marine sediment or 

sea water contamination. There is no apparent intra-island Sr isotope 

variation for the island of Hawaii, nor is there any evidence for vari-

ation in Sr isotopes with geographic position. There does appear to be 

an inter-island variation for the Hawaiian Island chain, reflecting a 

heterogeneous mantle source for these basalts. Finally, Sr isotopes 

indicate that tholeiitic and alkalic Kohalan lavas may have a similar 
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source area. 

Comparison of major element chemistry for Kohala with other alka

lic Hawaiian volcanics show that Kohala is very enriched in P2o5 by 

about a factor of two over the average. Kohala also has higher amounts 

of CaO and Al 203, and lower amounts of MgO and Rb than most other 

Hawaiian alkalic volcanics. 

The origin of the hawaiite-mugearite-benmoreite trend studied here 

may be separate from alkalic basalt. Fractionation of clinopyroxene 

from an alkalic basalt does not produce hawaiite, which has very dif

ferent phenocryst assemblages and lower Si02 than this parental ma

terial. In addition, there has yet to be found on Kohala a true alka

lic (olivine) basalt. The hawaiite-mugearite-benmoreite trend appears 

to represent a series of overlapping liquid lines of descent lavas. 
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INTRODUCTION 

Purpose 

The basalts of the Hawaiian Islands have been a source of much geo

logical study. Detailed studies on the petrology, mineralogy and geo

chemistry of these lavas have yielded information bearing on the origin, 

evolution, compositional variations and age of these basalts, as well 

as intra-island and mantle heterogeneity. Important advances in the 

understanding of Hawaiian lavas were made after stratigraphic mapping 

(Stearns and Macdonald, 1946), petrographic studies (Macdonald, 1949a, 

b), and the recognition of the differences between tholeiitic and alka

lic basalts by Tilley (1950). 

Most petrologic research of the Hawaiian rocks have been confined 

to the tholeiitic suite, possibly due to their greater abundance and 

because the only active volcanoes, Mauna Loa and Kilauea, are entirely 

tholeiitic in nature. The thorough work done on these tholeiite vol

canics and lack of much work on the alkali suite leaves major questions 

unanswered. Questions pertaining to the low-pressure fractionation 

scheme for alkalic rocks, the relation of alkalic rocks to tholeiitic 

rocks, the origin of the alkalic suite, and compositional variation 

(temporal, short- or long-term) have yet to be answered. 

The alkalic rocks of Kohala Volcano on the island of Hawaii in 

particular, have been virtually unstudied. Previous studies show that 

Kohala tholeiites have an unusual composition; i.e., low K20 content, 

highest Al 2o3 and lowest Ti02 of any tholeiite sequence studied 

(Macdonald and Katsura, 1964). Do these characteristics carry over to 

the alkalic suite? The lack of chemical analyses and the possible 
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unusual composition of Kohalan lavas make this volcano an interesting 

and focal study for the alkalic suite. 

The purpose, then, of this study is to investigate the major

element, some trace-element and Sr-isotopic composition of the alkalic 

series rocks from Kohala Volcano. The data have been applied to give 

some insight into lava sources, differentiation models, mantle hetero

geneity, temporal and compositional variations, and possible contamina

tion. In addition, cinder cones were sampled to study distinct erup

tions and possible temporal variations. Unfortunately, no discussion 

concerning the relative vertical relationships between eruptions within 

a particular cinder cone was possible. This was due to the thick grass 

cover and lack of dissection in all but one cone (11). 

Location and General Setting 

The Hawaiian Archipelago is situated in the central Pacific Ocean 

(Figure 1). From Kure Island in the northv1est to the island of Hawaii 

in the southeast, the Archipelago measures approximately 2,400 km 

(1,500 mi). The last eight major islands in the southeast portion 

constitute the Hawaiian, or Windward Islands. The others are called 

Leeward Islands. 

Each island in the Archipelago represents the top of a volcano. 

In the northwest, the volcano tops have been extensively eroded by 

stream, wave and wind erosion, and show little relief. In contrast, 

the southeast volcanoes, such as Mauna Loa and Mauna Kea on the island 

of Hawaii, attain altitudes in excess of 4,170 m (13,600 ft) above sea 

1 eve l. 

Consistant with the extensive erosion, the northwestern islands 
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represent the older islands, as first noted by Dana (1890). McDougall 

(1964) obtained K-Ar ages on the Hawaiian Islands and showed a systema

tic decrease in age from Kauai (5.6 million years), to Hawaii (less 

than 0.7 million years). This age progression has been postulated to 

be the result of each island moving northwest over a "hot spot" 

(Dalrymple, 1971). Extinction of each volcano is due to drift away 

from the hot spot and subsequent cooling of the main magma chambers. 

The island of Hawaii lies at the southeast end of the Hawaiian 

Archipelago, and consists of five major volcanic centers (Figure 2). 

Mauna Loa and Kilauea are still active, while the others are considered 

extinct (Kohala and Mauna Kea), or dormant (Hualalai). 

EVOLUTION OF HA~IAI IAN VOLCANOES 

Hawaiian volcanoes progress through a succession of life stages 

(Stearns, 1940a), diagrammed below. 

Rejuvenation Period 

Pri nc i pa 1 Peri ad 

Erosional unconformity 

Old age, or postcaldera stage 

Mature, or caldera stage 

Youthful, or shield-building stage 

The shield-building stage is the earliest and produces the bulk 

of the volcano. The lavas are tholeiitic and range from normal basalt 

to olivine basalt to oceanite (up to 50% olivine phenocrysts). To1vard 

the end of the shield-building stage, most Hawaiian volcanoes collapse 

at the summits to form a 1 arge ca 1 dera. vlith continued eruption, the 

calderas begin to fill and there may be many cycles of collapse and 

4 



5 

K:JJiuc 

Pt. 

FIGURE 2 Map of island of Hawaii (with recent lava flows,! 



fill. The lava types of this caldera stage remain tholeiitic, although 

toward the end of this stage alkalic basalts may appear. The post

caldera stage consists of the production of a cap of alkalic lava which 

usually covers the caldera, and which makes up about 1 to 2 percent of 

the bulk of the volcano. The change in lava composition is identified 

by an increase in potassium and sodium, a decrease in silica, and an 

increase in the minerals augite and feldspar. There is also an increase 

in the gas content of the lava, causing more explosive eruptive activity 

and the production of cinder cones along the rift zones. The change in 

lava composition may occur gradually or abruptly. The first type of 

change is called the ''Haleakala'' type, and examples include Haleakala 

and Mauna Kea. In the other type, called the "Kohala" type, the erup

tive cycle appears to go dormant for a period of time and then resumes 

with alkalic rocks only. Examples of this type are Kohala and West 

Maui (Stearns, 1946, and Macdonald and Abbott, 1970). The end of the 

principal period is marked by either a permanent end of activity or a 

long period of quiescence. In either case there is a great amount of 

erosion and dissection of the volcano. The rejuvenation period is 

marked by very explosive activity and radically different lava types, 

which include nephelinites and basanites such as those found in the 

Honolulu area of Oahu. These lavas are very silica deficient and are 

very high in alkalies. Phenocrysts of olivine are very small, while 

nepheline and melilite tend to substitute for feldspar. 

It should be noted that not all Hawaiian volcanoes follow this life 

cycle. Some volcanoes, such as Mauna Loa and Kilauea are still in the 

late caldera stage, while others (Mauna Kea and Hualalai) have skipped 
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stages (Macdonald and Abbott, 1970). 

KOHALA VOLCANO 

Kohala Volcano forms a peninsula in the northern-most area of the 

island of Hawaii (Figure 2). The name Kohala means "whale" in Hawaiian 

(Washington, 1923). The elongate and oval shield is 36 km (22 mi) 

long, 24 km (15 mi) wide, and has an area of 864 km2 (234 mi 2). This 

elongate form was built around two major rift zones that trend N35°W 

and S65°E (Stearns and Macdonald, 1946). A possible, but poorly deli

neated, third rift zone may trend S50°W. The highly visible cinder 

cones studding the crest of Kohala mark the major N35°W rift zone. The 

summit contains a buried caldera, as evidenced by a series of curved 

faults (Macdonald and Abbott, 1970). 

The shield has a maximum altitude of 1,694m (5,505 ft) and is 

asymmetrical in cross-section. The western slope is quite gentle and 

has been only slightly dissected by stream-eroded valleys, while the 

eastern side of the shield has been truncated, with sea cliffs reaching 

heights of 431 m {1,400 ft), and it has also been dissected by a series 

of deep stream-cut canyons. 

Kohala has followed the typical volcano life cycle closely. 

Abundant evidence is available for each stage up to the erosional uncon-

formity stage. There is no evidence of the rejuvenation stage. 

Kohalan Stratigraphy 

Two stratigraphic units were recognized in the geologic mapping of 

Kohala by Stearns and Macdonald (1946): the Pololu and Hawi Volcanic 

Series (Figure 3). The older, tholeiitic Pololu Volcanic Series 

(Pololu V.S.) makes up the major portion of the volcano. The type 

7 



t;) 

6 
'{'J 

~ 

-

WOo.ll4 •Ifill lo-

Fig. 3. Geologic map of Kohala Volcano. Numbers refer to cinder cone sample sites. Map after 
Stearns and Macdonald (1946). Scale 1/12,500. 

(X) 



locality is exposed on the northeast wall of Pololu Valley (Stearns and 

Macdonald, 1946). The rocks here are weathered, but the Pololu Series 

can still be distinguished from the Hawi because the former weathers to 

red-brown soils, whereas the latter weathers to gray soils. Pololu 

rocks generally contain olivine and feldspar phenocrysts, although some 

lavas are nonporphyritic. Augite appears as a phenocryst phase near 

the top of the series. About nine tholeiitic cinder cones are located 

at the northern end of the peninsula. 

The Hawi Volcanic Series comprises the alkalic cap rock of Kohala. 

The type locality is at an altitude of 123m (400ft) in a quarry at 

the Kohala Sugar Company, 0.8 km east of Hawi in Kumakua Gulch. Hawi 

rocks are mostly intermediate members of the alkalic rock suite, mu

gearite and benmoreite, with less hawaiite, and minor basalt and tra

chyte. About 50 Hawi cinder cones stud the major rift zones of Kohala. 

They extend from just south of the southeastern-most tholeiite cones 

(Puu Hue), over the apex of Kohala, down the southeast part of Kohala 

and onto the plains between Kohala and Mauna Kea. 

The Pololu and Hawi Volcanic Series are separated by an erosional 

unconformity on the eastern slopes, and a soil layer on the western 

slopes of Kohala (Stearns and Macdonald, 1946). For purposes of this 

study, petrologic discussions are limited to the Hawi Volcanic Series. 

Previous Petrologic Studies on Kohala 

Cohen (1880, according to Cross, 1915, p. 33) first classified 

Kohalan rocks into two groups. The first was "normal plagioclase ba

salts" rich in olivine; the second was a rock type transitional from 

basalt to augite andesite. Dutton (1884) was the first to note a 
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difference between Kohala and other volcanic centers of Hawaii. He 

·thought Kohala lavas to be unique in that they are less ferrungenous 

and more feldspathic compared to other Hawaiian lavas. He thought 

Kohalan lavas to be similar to andesites. 

Lyons (1896) made petrographic and chemical analyses of Kohalan 

rocks from the area of Waimea (Appendix I). He found Kohala lavas to 

contain much feldspar and very 1 ittle "chrysolite". Rocks analyzed 

were quartz normative. 

Harker (1904) noted that feldspar makes up as much as 70% of some 

Kohalan rocks. He also found that the feldspar is oligoclase with sub

ordinate orthoclase, and olivine is more abundant than augite. Apatite 

was observed in unusually high concentrations, up to 3 modal percent. 

The work of Cross (1915) was the first major study done on Kohala. 

Of importance was the observation that it is the late-stage Kohalan 

lavas that are different from the "normal" Hawaiian basalts. He con

cluded this from the petrographic work done on samples collected in the 

western area of Mahukona. These samples contain feldspar, olivine, 

magnetite, and apatite. The feldspar is labradorite (phenocrysts) and 

andesine (microlites), with irregular patches of orthoclase. 

Iddings (1913) classified Kohala lavas as hawaiites (andesine an

desites) and ''kohalaite'' (oligoclase andesites). In the porphyritic 

samples, phenocrysts of plagioclase may be more calcic than normative 

plagioclase. Iddings described potassium-oligoclase as a result of 

mixing K-feldspar with oligoclase. 

Washington (1923) presented four chemical analyses (Appendix I) of 

Kohala lavas collected along the Waimea-Kohala road. He recognized two 
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major groups of lavas: basalts and andesites. Andesites were described 

as "Kohalaites" with aphyric oligoclase, augite, magnetite and apatite. 

The reconnaissance mapping of Stearns and Macdonald (1946) of the 

island of Hawaii opened the door to modern-day work. They divided the 

Kohalan shield into two stratigraphic lithologic units-an older, tho

leiitic Pololu Volcanic Series, and a younger capping alkalic Hawi 

Volcanic Series. The Hawi V.S. was described as being composed mostly 

of mugearites with some hawaiite and trachyte. 

K-Ar Chronology 

Kohala is the oldest shield volcano on the island of Hawaii 

(McDougall and Swanson, 1972). Difficulties have arisen with the 

dating of the tholeiitic Pololu series as these lavas are quite young, 

have very low K2o (0.069-0.077 weight percent; McDougall and Swanson, 

1972), and are aphyric. Therefore, there has been very little radio

genic Ar produced, and that which is made may be lost by diffusion 

(McDougall, 1964). K-Ar ages determined for the Pololu V.S. are sum-

marized as follows with the number of age determination in parenthesis. 

McDouga 11 ( 1964) 

Evernden et al. (1964) 

Dalrymple (1971) 

McDougall and Swanson (1972) 

Less than 0.8 m.y. 

0.43 m.y. (1) 

0.46 + 0.36 to 1.28 + 0.46 m.y. 
Best age is the mean-0.7 + 0.15 
m.y. (5) -

Range 0.33 to 0.45 m.y. (9) 

Dalrymples' (1971) samples were collected from the lowest part of 

the Waipio Valley and probably represent some of the oldest exposed 

Kohalan lavas. 
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Ages for the Hawi V.S. have been determined mostly on samples of 

mugearite. Younger ages may be found if age determinations are done on 

samples of trachytes as well as some other late differentiated samples 

from cinder cones instead of flows. Also, the oldest Hawi lavas may 

not have been sampled, as these may be ponded in a grabben at the sum

mit of Kohala (Macdonald and Abbott, 1970). Age determinations for the 

Hawi V.S. rocks are summarized below. 

McOougall (1969) 0.14-0.20 m.y. (3) 

McDougall and Swanson (1972) 0.06-0.25 m.y. (9 mugearites) 

Malinowski (1977) 0.082 + 0.006 m.y. (1 flow, 3 
ana lyses) 

In summary, the Pololu V.S. erupted from approximately 1.3 to 0.3 

m.y.b.p., and the Hawi V.S. erupted from about 0.25 to 0.066 m.y.b.p. 

The Pololu-Hawi hiatus appears to have lasted anywhere from 0.5 

m.y.b.p. (Dalrymple, 1971) to less than 0.2 m.y.b.p. (~1cDougall and 

Swanson, 1972). 

NOMENCLATURE OF HAWAIIAN VOLCANIC ROCKS 

Hawaiian lavas can be divided into three rock suites: tholeiitic, 

alkalic and nephelinitic (Macdonald, 1968; Macdonald and Katsura, 1964). 

The tholeiitic and alkalic suites appear to be chemically and petro-

graphically different. Variation within each rock suite is principally 

due to crystal fractionation (Macdonald, 1968). 

Hawaiian tholeiites are characterized by olivine and pigeonite 

and/or hypersthene + augite + Ca-plagioclase. Tholeiites are silica

saturated, low in alkalies and high inCa, Fe and Mg. Alkalic basalts 

are principally composed of olivine, Ca-augite and intermediate 
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plagioclase. Compositionally, they are silica-undersaturated, high in 

alkalies, Al and P, and lower in Ca, Fe and Mg than tholeiites. 

Nephelinitic suite rocks are characterized by a lack of olivine andre

placement of plagioclase by nepheline (and possibly leucite). They are 

silica-undersaturated and have high Mg and Ca, with low Al. Nepheline 

is always in the norm. 

There has been a long history of debate concerning the definition 

and usage of the terms tholeiite and alkalic basalt. Hawaiian tho

leiites and "andesites" (feldspar-rich alkalic basalt) differ from the 

normal use. Thus, various types of classification schemes have been 

suggested by many authors (Macdonald and Katsura, 1964; Yoder and 

Tilley, 1962; Tilley, 1950; Kennedy, 1933). By far the best criterion 

appears to be the alkali-silica diagram proposed by Tilley (1950). 

Most rocks can easily be assigned to the tholeiitic or alkalic suite, 

despite complete gradation between these tl~o suites. Figure 4 shows 

the separation of alkalic from tholeiitic basalt. Since this thesis is 

primarily concerned with alkalic volcanics, discussion will be limited 

to that division. The following criteria can be used to distinguish 

various rocks of the alkalic suite-groundmass olivine, augite (and 

titanian-augite), and alkali feldspar (interstitial and subhedral). 

Macdonald and Katsura (1964) proposed a classification based on modal 

composition. Rocks of the alkalic suite can be subdivided as follows: 

a) alkalic basalt- containing less than 5% modal olivine and 
less than 5% nepheline. 

b) alkali olivine basalt - containing 5% or more modal olivine 
and less than 5% normative nepheline. 

13 
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c) ankaramite - containing very abundant phenocrysts of olivine 
and augite, with less than 30% total feldspar. 

d) hawaiite - a rock of moderate to high color index and fre
quently basaltic habit, in which normative and modal feldspar 
is andesine and soda/potash ratio is greater than 2:1. 

e) mugearite - a rock similar to hawaiite but in which the feld
spar is oligoclase. 

Two important terms missing from the above classification are: 

f) benmoreite -a light gray color rock with a chemical composi
tion transitional between mugearite and trachyte (Tilley et 
al., 1965). 

g) trachyte- a fine-grained, generally light-colored rock com
posed predominantly of potassium feldspar, with minor amounts 
of ferromagnesian minerals. Trachyte can also be composed en
tirely of black glass (from Macdonald and Abbott, 1970). 

Variation in "definition" of each basalt type is necessary. For 

example, it has been noted by Beeson (1976) on East Molokai, and Keil 

et al. (1972) on Maui, that even though some mugearites may composi

tionally approach the average mugearite (from Macdonald, 1968), plagio-

clase composition may be andesine. In several instances in this paper 

there is a distinct disagreement between petrography and chemical com

position. The classification used in these cases is reflected in com

bining terms such as mugearite-hawaiite. For purposes of this thesis, 

classification will be based on relative composition, mode and norm 

composition, plagioclase composition, soda to potash ratio, color and 

texture are used. Where conflict occurs, it is weighed against the 

other factors; i.e., if most factors indicate a hawaiite and one says 

mugearite, the rock is called a hawaiite. Chemical variation diagrams 

and petrography were weighed most. The point here is that there must 
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be elasticity in the "definitions" of rock terms of Hawaiian ba

. salts. 

SAMPLE COLLECTION 

Sample collection was limited to the alkalic suite cinder cones on 

Kohala. Rocks were collected from a wide geographic area (Figure 5). 

Samples were labeled as follows: KV 1-lA: Kohala Volcano, cinder cone 

number, sample locality number, individual macroscopic hand sample. 

Some 59 samples were collected from 26 cinder cones. One other sample, 

number 15, was collected from a flow from a nearby cinder cone (Figure 

5). Sample locality descriptions can be found in Appendix II. 

Due to the nature of the extensive and thick grass cover, exposures 

of any kind were sampled. Unfortunately, no stratigraphic sequence 

could be derived for an individual cinder cone due to the cover. The 

number of samples for a cone varied, depending on the exposure of rock. 

At Cone 11, Puu Kawaiwai, multiple samples were collected horizontally 

along a single horizon composed of lava blocks and cinders for 40 

meters. The purpose here was to check for any change in composition in 

the flow. This was the only cone where this was possible, due to the 

excavation of the cone. A gap in sampling exists along the Kohala 

Summit cones due to extensive rain forest. 

PETROGRAPHY 

The Hawi Volcanic Series consists of hawaiites, mugearites, ben

moreites and trachyte rock types. Petrographic examination of these 

rocks were made with a Leitz polarizing microscope. Plagioclase deter

minations were made by the "a-normal" method where possible, otherwise 

the Michel-Levy method was used. Phenocrysts are described as crystals 
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Fig. 5. Sample locality map for Kohala Volcano. Numbers refer to cinder cone sample sites. Map 
after Stearns and Macdonald (1946). Scale l/12,500. 

..._, 



about 10 times larger than those of the groundmass. These may have 

formed under intratelluric conditions. Microphenocrysts are crystals 

slightly larger than the groundmass and may have formed during magma 

ascent. Groundmass is defined as almost indistinguishable crystals 

that formed probably after lava extrusion. A summary of the petrogra

phic data can be found in Table 1. Modal percentages are estimates. 

Separation of samples into each rock type was difficult due to the 

transitional nature of many samples. A summarized description of each 

rock type follows. Individual descriptions can be found in Appendix 

I I I. 

Hawaiite 

The most characteristic features of hawaiites are their textural 

qualities and modal composition. Hawaiites are fine to coarse grained. 

The coarse samples display intergranular texture with larger grains of 

olivine, plagioclase and opaque minerals, with some microphenocrysts of 

clinopyroxene filling the interstices between plagioclase. In addi

tion, groundmass is much darker in color than any other alkalic series 

rocks found in this study. In some cases there were localized flow 

textures. These textures are exemplified in Photographs la and lb. 

Mineralogy- In many hawaiites there are inclusions of opaques in 

olivine phenocrysts, thus indicating that opaque phases crystallized 

prior to olivine. Several crystals of olivine show jackets of clino

pyroxene(?) indicating pyroxene formation after olivine. Some olivine 

cores are corroded. Some rims are slightly altered to iddingsite. 

Olivine is also found in the groundmass. Clinopyroxene is, for the 

most part, confined to the groundmass. The composition of the 
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TABLE 1 ----
Petrographic Summary of Hawi Series, Kohala Volcano 

Olivine Augite Pl_agioclase _QpB~2..- __i\_p_atite . 
HAWAIITE (21)** 
Mode average 6 6 63 13 
Mode range 2-10 Up to 12 50-70 8-18 1-4 
Phenocrysts (%) 1-2 0-2 5-15 1-3 -
Size range-mm 0.02-0.69 0.01-0.15 0. 05-1.83 0.04-0.39 0.04-0.36 
Shapes anh-euh subh subh-euh anh-subh subh-euh 

MUGEARITE (12) 
Mode average 4 - 68 17 2 
Mode range 1-9 15-20 50-75 15-20 1-4 
Phenocrysts (%) 1-2 - - 3-4 3-4 
Size ra nge-rrun 0.08-0.50 0.01-0.05 0.07-0.10 0.13 0.36 
Shapes anh-euh subh-euh subh-euh anh-euh anh-euh 

BENMOREITE ( 4) 
Mode average 1 4 80 11 1 
Mode range 0.5-2 1-8 70-90 10-12 -
Phenocrysts (%) - - Up to 30% - -
Size range-mm 0.10 0.30-0.90 0.09-0.50 0.30 -
Shapes anh-subh subh subh anh-subh subh 

BENMOREITE-TRACHYTE (2) 
Mode average 2 - 80 9 -
Mode range 1-3 7-8 75-85 7-10 -
Phenocrysts (%) 1-2 1-2 5-6 5-6 -
Size range-mm 0.01-0.24 0.03-0.07 0.18-1.38 - -
Shapes anh subh subh-euh anh -
*Other minerals-k=kaersutite, b=biotite 

**Number of samples is indicated in parenthesis. 
anh=anhedra 1 
subh-subhedral 
euh-euhedral 

K-fe_l_ds~ 

1 
0.5-2 

subh 

0.5-3 

-
anh 

-
-
-
-
-

-
-
-
-
-

Other* 

b tr-1 

0.20 
subh 

k-3 
k 0.5-6 

2 
0.90 

subh-euh 

k 0.5-1 
b 0.5-1 
k 0.6-.27 
b 0.07 
any-subh 

.... 
<0 



clinopyroxene is augite (extinction 40-60°, 2V>60°, slight green to 

brownish pleochroism). In Sample 8-2, one augite crystal displayed 

hourglass extinction, or zoning (see Photograph 2). This zoning indi

cates compositional differences between different sectors, which result 

from conditions of relatively slow cooling (Strong, 1969). Plagioclase 

occurs as macro- and microphenocrystic laths and as acicular needles. 

Many of the macrophenocrysts are obscured with some core alteration and 

corrosion. They are also concentrically zoned. In a few cases up to 

five zones were observed. Composition averages An 41 (andesine), but 

ranges from An 28 to An51 . Zoning is regular; i.e., more calcic cores 

and more sodic rims. Groundmass plagioclase composition overlap that 

of the phenocrysts, and range from An 32 to An42 . Anomalous feldspar 

was also observed as lath-shaped, untwinned, but regularly concentri

cally zoned crystals. Extinction of 2-3° was observed. This anomalous 

feldspar also occurs as splotchy interstitial material. Macdonald 

(1942b) suggests that this material is potash oligoclase and is typical 

of some Hawaiian andesites. Opaques are found predominantly sprinkled 

through the groundmass. Some phenocryst opaque crystals have corroded 

cores. Apatite has hexagonal shapes and was slightly brownish in 

color. Relief was higher than other minerals in sections. Trace 

amounts of biotite and possibly amphibole were also observed. 

Optical data on one crystal in Sample 24-2 indicates that zircon 

is present. The properties of rather high relief, euhedral shape, 

parallel extinction, slow elongation, high birefringence and a uni

axial positive sign were observed. Photographs lla and llb are of this 

mineral. Electron microprobe work will be done in the future to 
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confirm the petrographic observations. If confirmation is made, this 

is the first reported occurrence of zircon in Hawaiian basalts. Zircon 

has been reported in other basalt localities from India (Deshmukh, ac

cording to Poldervaart, 1968), and from various localities in the United 

States and one in South Africa (Poldervaart, 1956). Normally, zirco

nium is concentrated in the pyroxene phase (Poldervaart, 1956). Zircon 

formation in basalts is usually thought to be a late-stage product 

(Poldervaart, 1968, 1956). 

Mugearite 

Mugearite textures are mostly fine-grained with fairly equant 

grain size. Many samples are vesicular. Mugearites are definitely 

lighter in color than hawaiites, due to increased plagioclase content. 

Localized flow textures were also evident (pilotaxitic texture). See 

Photographs 3a and 3b. 

Mineralogy -Olivine is the dominant phenocryst phase. Most oli

vine is completely altered to red transluscent iddingsite. Opaque in

clusions were observed in many crystals. Cores of many olivine crystals 

are corroded and in some cases there are jackets of different material 

(clinopyroxene?) with different extinction angles (core-parallel, 

jackets-67°). Clinopyroxene occurs as microphenocrysts, but mostly as 

a groundmass phase. It is unaltered and clear to slightly green. 

Plagioclase occurs as laths and acicular needles. Laths are zoned and 

twinned. Composition ranges from An23 to An 39 (cores and rims, re

spectively), by the a-normal method. One twinned and zoned phenocryst 

gave An38_50_38 . A groundmass determination yielded An21 . Potash

oligoclase again occurs as laths and interstitial phases. These are 
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untwinned but zoned. Opaques are mostly confined to the groundmass. 

Apatite has high relief and is rounded in shape. Apatite content peaks 

in rocks that are slighly transitional to hawaiite. Biotite displays 

light-brown to dark-brown pleochroism. 

Benmoreite 

Benmoreite is easily distinguishable from mugearite by the appear

ance of amphibole (kaersutite), relict mineral skeletons and corrosion 

of plagioclase cores (see Photographs 4a and 4b). These rocks were 

also lighter in appearance (see Photographs 5a and 5b). 

Mineralogy- All olivine shows complete alteration to iddingsite. 

Rims of the olivine crystals show effects of corrosion. Clinopyroxene 

is lath-shaped and sometimes displays slightly light to slightly darker 

green pleochroism. Some crystals have corroded cores with rims of 

opaque material. The cores may be olivine, as these have parallel ex

tinction. Most clinopyroxene is in the groundmass. Plagioclase macro

phenocrysts are zoned and corroded. Composition ranges from An 22 to 

An 28 (oligoclase). In one case a zoned crystal was observed to have a 

more sadie core than rim; An 22 _24 . These crystals may be xenocrysts. 

Some opaque grains show signs of corrosion. In some cases, small 

grains of opaques formed outlines of pre-existing minerals (relicts). 

Apatite was round and light brown in color. The modal percentage of 

apatite drops off sharply in the benmoreites. Amphibole has corroded 

cores and heavy oxide rims, opacite (Photograph 6). There is good am

phibole cleavage, third order birefringence, 17° extinction and light 

to darker yellow-brown pleochroism. These data indicate that the am

phibole is either basaltic hornblende or kaersutite. Electron 
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microprobe analyses by Sibray (1977) on some Kohalan benmoreites indi

cate that the amphibole is kaersutite. 

Benmoreite-Trachyte 

These samples are similar to benmoreites, but appear to have 

higher plagioclase content (and higher alkalies), with a lack of apa

tite, as well as smaller and less amphibole. Textures are slightly 

vesicular, relatively fine-grained, slighly porphyritic (plagioclase). 

Cores of plagioclase phenocrysts were reabsorbed. 

Mineralogy - Olivine occurs as microphenocrysts completely altered 

to iddingsite. Clinopyroxene occurs as microphenocrysts, but was 

mostly found in the groundmass. Microphenocrysts appear to have jac

kets of material 1~ith a different extinction angle. Plagioclase was 

observed as subhedral laths and squares. Many zoned crystals areal

tered and have inclusions of sericite(?). Groundmass plagioclase looks 

fibrous in some instances. Composition normally ranges from An 21 to 

An 24 . One large phenocryst yielded An 44 (a xenocryst?). Opaques are 

microphenocrystic and also occur in the groundmass. Some opaque ma

terial seems related to amphibole alteration and breakdown. Amphibole 

displays yellow-brown pleochroism and has heavy iron oxide rims. 

Biotite has light-brown to dark-brown pleochroism (high-Ti type) and 

has v>r dispersion. 

Inclusions 

Three dunite nodules were discovered in samples collected for this 

study. All host rocks were hawaiites. A reaction relationship between 

host basalt and nodule was not observed (see Photographs 7a, 7b and 7c). 

The olivine crystals are anhedral and generally unaltered. Many have 
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kink banding. Olivine composition was determined to be approximately 

Fo88 via the optic angle method (Deer et al., 1966). Opaque minerals 

were observed in trace amounts and were anhedral to subhedral. In 

Sample 11-2H there is a trace of biotite, displaying light to dark 

yellow-brown pleochroism. 

Implications of Alteration and Corrosion 

Alteration and corrosion of minerals yield insight into crystalli

zation history. Alteration of olivine rims in hawaiites and mugearites, 

and complete alteration of olivine to iddingsite in benmoreites suggest 

that benmoreite olivines are subjected to longer periods of alteration, 

perhaps as reaction in a magma chamber at shallow depths (more avail

able water). Iddingsite alteration is the result of hydrothermal ef

fects (Deer et al., 1966) and shows up in the whole range of alkalic 

suite rocks studied here, although it is more intense in the ben

moreite phases. There is also corrosion of olivine (Photograph 8) and 

clinopyroxene (Photograph 9) cores. 

Alteration of cores and intermediate zones of macrophenocrystic 

plagioclase laths was observed in several samples. Intermediate zones 

are dusted in several instances, cores are both embayed and dusted. 

This usually occurred in the mugearite-benmoreite, benmoreite and ben

moreite-trachytic rock types (see Photograph 4a). 

Amphibole in these same rocks shows alteration as thick "iron 

oxide" (opacite) rims. There are also relict structures where iron 

oxide rims are all that is left of amphibole crystals (see Photograph 

4b). This would seem to occur during a period of oxygen enrichment, as 

would be expected in a late-stage magma chamber. 
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Opaques show more alteration and corrosion effects in the ben

moreite rock types. Larger grains show embayment on some otherwise 

subhedral surfaces (see Photograph 10). 

Summary 

In reviewing the petrography, several points are worth noting: 

(1) most of these rocks are relatively fresh; alteration is generally 

on the mineral level due to oxidation and hydrothermal effects, (2) 

there is a notable increase in plagioclase and Ab content from hawaiite 

to benmoreite, (3) there is a significant lack of clinopyroxene as a 

phenocryst phase in any of these rocks and in some places it is lack

ing in the groundmass, and (4) hydrous phases such as amphibole appear 

in the benmoreites. 

GEOCHEMISTRY 

r1ethods 

Samples selected for geochemical analysis were screened for fresh

ness by petrographic analysis. Factors considered included general ap

pearance of the slide (mottling and clarity) and alteration of the 

major minerals. 

Fresh samples were then crushed and powdered in a Spex Shatterbox 

for 10 minutes. Powdered samples were then subjected to X-ray dif-

fraction to determine the content of the zeolite minerals chabazite, 

phillipsite and analcime. Results were negative. 

Pressed sample discs made with boric acid backings were analyzed 

in a Norelco vacuum-path X-ray spectrometer for S i , T i , FeT' ca and K. 

Parameters used for each element are listed in Appendix IV. 

Samples were dissolved using standard procedures (Appendix IV) and 
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were analyzed on an Instrument Laboratories atomic absorption spectro

photometer for Al, Mn, Mg, Na, Rb and Ni. Blank solutions were run at 

the same time as the standards for atomic absorption. Results for 

these solutions were below detection in all cases. Phosphorus was 

analyzed on a spectrophotometer using Shapiro's (1975) method. 

U.S. Geological Survey standard rocks were analyzed before, during 

and after analysis of the unknowns and were used in calculating cali

bration curves to determine content of the unknowns. Standards chosen 

varied with oxides analyzed so that standard values bracketed those of 

the unknowns. Standards used were AGV-1, BD-1, BCR-1, W-1, JB-1, Qt1C-1, 

PCC-1, BHV0-1, JG-1, G-2 and BCR-1. 

Abundances of Sr and Sr-isotopic composition were determined in 

nine samples from the Hawi Volcanic Series, and one from the Pololu 

Volcanic Series. The alkalic rocks analyzed were selected on the fol

lowing criteria: (1) geographic spread, (2) unique/typical observed 

major-element composition, (3) freshness as determined by petrographic 

inspection, (4) good total summation of chemical analysis, and (5) cin

der cones with two or more lava flows. The Pololu tholeiite is from 

the north wall of the Waipio Valley (P. Weigand, personal communica

tion) . 

Selected rocks were first ground in a Spex Shatterbox for 10 min

utes. One hundred to one hundred fifty milligrams of sample were then 

weighed into Teflon beakers and then subjected to an acid test. HCl 

(2.5N) was added to the sample and heated to see if any carbonate was 

present (i.e., effervescence). None of the samples tested contained 

carbonate. The samples were then spiked with 84sr and digested using 
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hydrofluoric and quartz-distilled nitric acids. Sr was separated on a 

15 em Dowex ion-exchange column in the chloride form, and then analyzed 

on an Avco 35 em, 90° solid source mass spectrometer at California 

State University, Los Angeles. 

Accuracy and Precision 

Table 2 shows a comparison between accepted values for three rock 

standards and values determined in this study. The three standards 

chosen are close in composition to the study samples. There is excel-

lent agreement between accepted and determined values for those stan-

dards. Analytical precision for this study is also listed in Table 2, 

and is represented by the coefficient of variation, where: 

100s Cv = 
X 

where Cv = coefficient of variation, s = standard deviation, and x = 

average value for each element. 

In addition, the HIGS series of the interlaboratory Hawaiian vol

canic rocks (Macdonald et al., 1973) were analyzed. Comparison between 

the literature and this study results is listed in Table 2. Agreement 

in some cases is poor. It is possible that the analyses cited by 

Macdonald et al. (1973) are inaccurate. 

During mass spectrometer runs, the interlaboratory NBS SrC03 stan

dard was analyzed four times. The accepted value is 87sr;86sr = 

0.7101. A combined result of 0.7102 + 0.0006 was obtained. All errors 

are reported as one sigma standard deviation. 87sr;86sr values have 

been normalized to the 86sr; 88sr value of 0.1194 to correct for 
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instrumental fractionation. Duplicate samples were prepared for three 

samples to test for external precision of the analyses. Samples 1-1E 

and Pol. 16 were analyzed twice with completely different sample con-

centrates, while 6-3 was analyzed twice with samples from the same Sr 

concentrate. 

Results ------

Partial chemical analyses of all 60 samples were performed by XRF. 

Examination of these data showed that 20 samples could be eliminated 

from further analysis because of compositional similarities and geo-

graphical proximity to other samples. The partial analyses of these 

20 samples are found in Appendix VI. Table 3 lists 40 new chemical 

analyses of the Hawi Volcanic Series made in this study. Strontium 

abundances are listed in Table 8, arranged by sample number. 

Low summations may reflect the fact that these analyses are anhy-

drous; also total iron is reported as FeD which lowers the totals 

slightly. Water in Hawaiian alkalic rocks (from Muir and Tilley, 1961; 

Macdonald and Katsura, 1g64; Macdonald, 1968; Macdonald and Powers, 

1968; Hlava, 1974, Malinowski, 1977; and Sibray, 1977) are listed be

low. 

Alkalic Basalt 
Hawaiite 
Mugearite 
Benmoreite 
Trachyte 

1.13% + 1.48 
1.06% ~ 0.42 
0.71% ~ 0.34 
1.77% ~ 1.31 
0.67% ~ 0.37 

Thus, the addition of water would bring all totals closer to 100%. 

Table 4 is a summary of the average chemical composition of the 

various rock types of the Hawi Volcanic Series. As mentioned earlier, 
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TABLE 3 

Chemical Composition and Normative Mineralogy of Hawi Volcanic Series 

1-1A 1-lC 1-10 1-lE 2-lA 2-18 3-lB 3-28 4-1 5-2 

Si02 50.26 53.49 55.48 50.51 49.17 51.38 53.85 50.70 41.52 50.30 
TiD2 l. 91 1.65 1.55 2.61 2. 77 2.35 1.80 2.60 3.45 2.61 
Al2D3 20.75 19.69 18.40 16.91 17.35 16.90 18.21 16.77 19.31 17.88 
FeDT 10.20 8.58 6.73 10.81 11.33 9.70 8.28 10.52 14.44 10.70 
MnO 0.23 0.23 0.24 0.24 0.24 0.23 0.23 0.23 0.26 0.24 
MgO l. 91 1.52 2.64 3.96 3.98 3.99 2.75 4.08 4.27 3.51 
CaD 2.35 3.10 4.17 6.89 5.68 6. 72 4.18 6. 97 4.86 5.89 
Na20 4.62 5.20 5. 71 4. 77 4.38 4.78 5.74 5.06 2.67 4.41 
K20 2.52 2.56 2.48 l. 91 l. 93 l. 91 2.25 1.88 1.21 l. 91 
P2D5 0.94 0.90 0.99 1.81 1.81 1. 66 0.99 l. 76 l. 92 1.58 -- --- --- --- -·-
TOTAL 95.96 96.92 98.39 100.42 98.64 99.61 98.28 100.56 93.89 98.76 

Rb 34 51 45 39 44 40 37 41 13 31 
Ni 12 17 8 12 17 14 7 15 26 10 

CIPW Norms 
Qz 8.1 7.0 2.0 - 1.3 - 0.6 - 7.6 2.1 
Co 8.7 5.0 1.1 - 2.1 - 1.1 - 9.9 1.6 
Or 15.5 15.5 14.8 11.2 11.6 11.3 13.5 11.0 7.6 11.4 
Ab 40.6 45.2 48.9 40.0 37.4 40.4 49.2 42.4 24.0 37.6 
An 5.7 9.7 14.4 18.9 16.5 19.0 14.5 17.3 12.2 19.0 
Di - - - 2.6 - 2.8 - 4.5 
Hy 6.6 4.5 8.3 8.0 14.3 11.0 9.1 2.6 17.6 12.2 
01 - - - 3.3 - 0.9 - 6.7 
Mt 8.8 7.7 5.1 6.9 7.3 6.2 6.2 6.6 9.5 7.3 
Hm 
11 3.8 3.2 3.0 4.9 5.3 4.5 3.5 4.9 6.9 5.0 
Ap 2.3 2.2 2.4 4.2 4.3 3.9 2.4 4.1 4.8 3.8 
Rock Type M M-B M-B H-14 M H-M M-B H-M H H 
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TABLE 3 (Continued) 

6-1 6-2 6-3 7-2 8-1-28 8-1-2C 

Si02 53.51 59.00 58.94 53.20 46.97 50.56 
Ti02 1. 94 0.90 0.98 1. 97 3.66 2.57 
Al2D3 18.99 18.51 18.02 17.60 18.87 17.32 
FeOT 7.56 5.15 5.34 8.90 13.02 10.78 
MnO 0.25 0.18 0.20 0.23 0.20 0.23 
MgO 2.96 0.89 1.00 3.18 4.40 3.83 
CaD 4.96 2.11 2.27 5.32 6.12 6.55 
Na20 5.04 6.05 6.17 5.15 3.02 4.76 
K20 2.27 3.67 3.59 2.14 1.57 1.88 
P205 0.90 0.45 0.47 1.27 0.90 1.69 

TOTAL 98.38 96.91 97.00 98.96 98.74 100.16 

Rb 43 74 78 41 27 40 
Ni 8 15 11 10 14 7 

CIPW Norms 
Qz 2.2 5.3 4.4 1.2 4.2 -
Co 1.4 1.9 1.0 0.2 3.2 
Or 13.6 22.3 21.8 12.7 9.4 11.0 
Ab 43.2 52.6 53.6 43.8 25.7 40.0 
An 19.0 7.7 8.4 18.2 24.7 20.2 
Di - - - - - 0.9 
Hy 9.3 2.3 2.6 10.8 15.7 9.9 
01 - - - - - 2.2 
Mt 5.5 4.7 5.0 6.3 8.0 7.0 
Hm - 0.3 0.1 
Il 3.7 1.8 1.9 3.8 7.0 4.8 
Ap 2.2 1.1 1.1 3.0 2.2 4.0 
Rock Type M B-T B-T M H H-M 

8-2 9-1 

48.68 48.47 
3.18 3.12 

17.22 16.62 
11.07 12.09 
0.19 0.21 
4.64 3.83 
7.59 7.58 
3.78 4. 02 
1.60 1.47 
1.57 1. 79 

99.51 99.19 

27 23 
12 8 

0.4 1.4 

9.5 8.7 
32.0 34.1 
25.3 23.0 
1.7 2.4 

14.9 12.4 
- -

6.6 7.9 

6.0 5.9 
3.7 4.2 
H H 

ll-1A 

48.68 
2.93 

16.28 
11.88 
0.22 
3.98 
7.56 
4.52 
1. 56 
1.85 

99.41 

34 
10 

9.3 
38.2 
19.5 
4.8 
7.5 
3.3 
7.6 

5.6 
4.4 
H 

11-2E --
48.93 

2.83 
16.72 
11.49 
0.24 
4.29 
7.16 
4.74 
1.62 
1.88 --

99.89 

33 
12 

9.5 
40.0 
19.5 
3.0 
4.5 
6.8 
7.1 

5.4 
4.4 

H 

w -



TABLE 3 (Continued) 

ll-2H 12-1A 13-1 14-1 14-2 17-1 

Si02 48.05 55.98 45.33 47.30 52.39 55.70 
Ti02 2.91 1. 26 3.51 3.36 2.05 1.48 
Al203 16.65 17.93 17.34 16.96 18.06 18.65 
FeOT 12.03 7.49 12.84 12.98 9.66 6.37 
t~nO 0.23 0.23 0.21 0.20 0.23 0.23 
MgO 4.42 2.19 4.45 4.28 2.82 1.32 
CaO 7.50 3.95 7.32 6.91 5.00 2.73 
Na20 4.58 5.23 2.34 2.56 5.18 5.52 
K20 1.56 2.87 0. 97 1.26 2.04 2.65 
P205 1. 99 0.83 1.03 1.02 1.22 0.53 --
TOTAL 99.94 97.95 95.34 96.83 98.65 95.17 

Rb 34 57 10 17 33 23 
Ni 13 14 42 39 6 14 

CIPW Norms 
Qz - 4.4 6.7 7.2 1.8 7.4 
Co - 1.0 1.7 1.3 1.2 3.1 
Or 9.1 17.2 6.0 7.6 12.2 16.4 
Ab 38.6 45.0 20.6 22.2 44.2 48.9 
An 20.2 14.4 30.9 28.4 16.9 10.6 
Di 3.2 - - - - -
Hy 3.5 7.5 16.6 16.0 9.8 3.4 
01 8.0 - - - - -
Mt 7.3 6.1 8.2 8.3 7.2 5.7 
Hm - - - - - 0.2 
Il 5.5 2.4 7.0 6.6 3.9 2.9 
Ap 4. 7 2.0 2.5 2.5 2.9 1.3 
Rock Type H M-B H H M B 

18-1 19-1 

48.23 47.99 
3.57 3.13 

17.31 16.80 
11.67 12.90 
0.18 0.24 
5.03 4.02 
8.01 6.69 
3.76 3.97 
1.15 1.67 
0.76 1. 98 

99.66 99.38 

20 35 
14 13 

- 1.5 
- 1.0 

6.8 9.9 
31.8 33.6 
26.9 20.3 
6.3 -

10.8 14.9 
2.2 -
6.7 8.2 

6.8 6.0 
1.8 4.7 
H H 

19-2 

48.94 
2.96 

16.70 
11.86 
0.23 
3.99 
7.20 
4.35 
1. 70 
1. 93 

99.86 

28 
11 

-
-

10.0 
36.7 
20.9 
1.7 

12.2 
0.8 
7.6 

5.6 
4.6 
H 

21-1 

48.17 
2.85 

17.80 
11.80 
0.25 
3.61 
5.63 
4.00 
1. 59 
1.62 

97.33 

23 
11 

4.3 
3.2 
9.6 

34.5 
17.7 

13.2 

8.1 

5.5 
3.9 
M 

w 
N 



TABLE 3 (Continued) 

21-2A 21-2B 21-3 22-1 23-1 23-2 

Si02 54.44 50.26 46.95 49.89 45.63 44.15 
Ti02 1.04 2.54 2. 92 2.65 3.07 3.14 
Al203 20.05 17.69 17.87 17.72 18.07 18.58 
FeOT 6.33 10.85 12.41 11.25 13.14 13.38 
MnO 0.26 0.24 0.24 0.24 0.25 0.25 
MgO 0.95 3.83 3.48 3.20 3.78 3.75 
cao 2.01 6.13 5.39 5.81 5.01 5.03 
Na20 5. 70 4.35 3.92 4.48 3.41 3.32 
K20 2.93 1.82 1.66 1. 83 1. 67 1. 34 
P205 0.33 1. 70 1. 55 1. 65 1. 78 2.01 

TOTAL 97.04 99.41 96.51 98.72 95.80 94.94 

Rb 32 35 17 33 29 22 
Ni 12 16 11 10 63 17 

CIPW Norms 
Qz 5.6 2.1 3.8 2.8 6.1 7.1 
Co 4.9 1.5 3.6 1.8 6.0 7.7 
Or 18.3 10.8 10.1 10.9 10.2 8.3 
Ab 51.1 36.8 34.2 38.2 29.9 29.4 
An 8.3 19.3 17.2 18.2 13.7 12.4 
Oi 
Hy 2.5 13.6 13.0 11.3 14.7 14.8 
01 
Mt 6.4 7.1 8.7 8.0 8.9 9.2 
Hm 
Il 2. 1 4.8 5.7 5.1 6.0 6.2 
Ap 0.8 4.0 3.8 3.9 4.4 5.0 
Rock Type B H-M H-M H-M H H 

24-1 24-2 

44.96 48.87 
3.19 2.81 

18.38 17.38 
13.38 11.75 
0.27 0.25 
3.88 3.15 
5.47 6.11 
3.37 4.45 
1. 26 1. 73 
1.81 1. 78 

95.97 98.29 

10 32 
12 14 

6.1 1.9 
6.1 1.2 
7.7 10.3 

29.5 38.0 
15.9 19.4 

15.2 11.2 

9.0 8.4 

6.3 5.4 
4.4 4.3 
H H-M 

26-1 

48.20 
2.79 

17.98 
11.72 
0.24 
2.70 
4.86 
4.51 
1. 79 
1. 36 

96.16 

21 
12 

3.5 
3.1 

10.9 
39.4 
15.8 

9.5 

9.0 

5.5 
3.3 
M 

27-1 

52.12 
2.43 

17.84 
9.06 
0.24 
2.61 
4.69 
4.76 
2.12 
0.94 

96.82 

30 
14 

4.1 
1.4 

13.4 
41.4 
17.7 

8.1 

7.0 

4.7 
3.2 
M 

w 
w 



TABLE 4 -----

Averages for Different Rock Types of the Hawi Volcanic Series 

Hawaiite- ~1ugearite- Benmoreite-
Hawaiite Mugeari!~ Mugearite_ Benmoreite Benmoreite Trachyte 

Si02 47.31 50.24 50.55 54.70 55.07 58.97 
Ti02 3.18 2.56 2.39 1.57 1.26 0.94 
Al203 17.32 17.40 18.40 18.56 19.35 18.27 
FeOT 12.30 11.01 10.03 7. 77 6.35 5.25 
MnO 0.22 0.24 0.24 0.23 0.25 0.19 
MgO 4.20 3.62 2.94 2.28 1.14 0.95 
CaO 6.80 6.18 4.74 3.82 2.37 2.19 
Na20 3.70 4.61 4.64 5.47 5.61 6.11 
K20 1.46 1.87 2.04 2.54 2.79 3.63 
P205 1. 59 1.65 1.26 0.93 0.43 0.46 

TOTAL 98.08 99.38 97.23 97.87 94.62 96.96 
Rb 25 35 34 48 28 76 
Ni 20 12 11 8 13 13 

Qz 1. 74 0.60 3.59 3.49 6.19 4. 72 
Co 1.09 0.50 2.95 2.09 3.82 1.41 
Or 8.G3 11.05 12.06 15.01 16.49 21.45 
Ab 31.31 39.01 39.26 46.28 47.47 51.70 
An 23.36 19.89 15.29 12.88 8.95 7.86 
Hy 15.08 12.70 9.90 7.23 2.84 2.37 
11t 7.79 7.21 7. 38 6.18 5.80 4.73 
Hm - - - - 0.08 0.21 
!1 6.04 4.86 4.54 2.98 2.39 1.79 
Ap 3. 77 3.91 2.98 2.20 1. 02 1.09 ---- ---·- ---
TOTAL 98.81 99.73 97.96 98.35 95.05 97.32 

Number of 
Samples 15 8 8 4 2 2 

w _,. 



there is a great deal of intergradation between the various alkalic ba

salt rocks. In order to "classify" each rock, all the MgO variation 

diagrams were reviewed to see where it placed in relation to others as 

well as in relation to the "average basalt type" of Macdonald (1968). 

In addition, petrographic criteria were applied. Where there was a 

good correlation between all criteria, the label "hawaiite", "mu

gearite", etc. was applied with confidence. In several cases there ap

peared to be no definite choice and terms like "hawaiite-mugearite" 

were applied. Geochemistry was the main criterion used in such cases. 

Compositions determined in this study are well within the range of 

those determined in previous works. For example, Figure 6 shows a com

parison for silica and magnesia for this study and all previous analyses 

of Hawi rocks. In general, hawaiites have the highest amounts of Ti02, 

FeOT, MgO, CaO and P2o5, and the lowest Si02, Al 2o5, Na 2o and K20. 

Benmoreites and benmoreite-trachytes have the opposite relationships 

with mugearite transitional. P2o5 seems to be higher in the rocks 

transitional between hawaiite and mugearite. MnO shows no real varia

tion with rock type. Rb is highest in the benmoreite-trachyte rocks 

and lowest in hawaiites. Ni content stays generally the same through

out the hawaiite to benmoreite-trachyte series except for a few 

hawaiites (KV 13-1, 14-1, 23-1), which have significantly higher 

amounts. 

Tilley (1950) showed that alkalic basalts could be distinguished 

from tholeiites by using the alkali-silica diagram. All values deter

mined in this study lie above the tholeiite-alkalic divide (Macdonald 

and Katsura, 1964; Irvine and Baragar, 1974), see Figure 7, and 
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therefore are considered to belong to the alkalic suite using this cri-

teri on. 

According to Wright (1974), oxide/oxide variation diagrams are the 

best way of presenting all chemical data for a given suite of igneous 

rocks. The plots permit comparison of analyses. MgD is chosen as the 

best oxide for comparisons due to its wide range in basaltic rocks and 

its change in content during crystal fractionation. 

Figures Sa through 81 are MgD-variation plots for analyses in this 

study. SiD2, Al 2D3, Na2D, K2D and Rb show negative slopes, while TiD2, 

FeDT and CaD show positive correlations with MgD. P2D5, MnD and Ni 

show no real variation relative to MgD. 

Normative Mineralogy - Normative mineralogy calculated for the 4D 

new chemical analyses are listed in Table 3; averages for different 

rock types are listed in Table 4. 

Since oxidation states of iron were not analytically distinguished, 

Fe2D3 and FeD were calculated from FeDT in order to calculate normative 

mineralogy. Values of ferrous and ferric iron from Macdonald (1968) 

and Macdonald and Katsura (1964) for Hawaiian alkalic suite rocks were 

plotted on a FeD/Fe2D3 versus MgD diagram. The resultant least squares 

relationship was then used to compute an "N" value for each rock type: 

Hawaiite 
Mugearite 
Benmoreite 
Trachyte 

N 
N 
N 
N 

= 
= 
= 
= 

1. 55 
1.45 
D.625 
D.45 

Then each FeDT value was used to calculate FeD and Fe2D3 as follows: 
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The most obvious feature of these rocks is that most samples are 

quartz-normative, not nepheline-normative as expected by definition of 

alkalic suite rocks (Macdonald and Katsura, 1964). In fact, no rocks 

from this study are nepheline normative; those that are not quartz

normative have olivine in the norm. In contrast, no Kohala hawaiites 

and mugearites from Macdonald (1968) and Macdonald and Katsura (1964) 

are quartz-normative except for one trachyte. In a few instances, sim

ilar alkalic suite rocks from other Hawaiian volcanoes in these same 

papers are quartz-normative, and nepheline-normative when not quartz

normative. Sibray (1977) and Malinowski (1977) show that some Hawi 

mugearites and benmoreites analyzed by them are quartz-normative. 

Quartz-normative rocks tend to have slightly higher contents of CaD and 

FeOT, and lower Si02 and alkalies for the hawaiites and mugearites; in 

benmoreites they are lower in silica, alkalies and magnesia than are 

nepheline-normative rocks. 

Rocks from this study are also all hypersthene normative as were 

many from Sibray (1977) and Malinowski (1977). According to Yoder and 

Tilley (1962), normative hypersthene is indicative of tholeiitic ba

salt. Hawi hawaiite and mugearites from Macdonald (1968) and Macdonald 

and Katsura (1964) are lacking in hypersthene, whereas trachyte is hy

persthene-normative. 

A possible reason for quartz and hypersthene in the norm for these 

alkalic rocks lies in the rather high oxidation state of iron. The 

oxidation state of iron tends to influence the silica saturation of the 

norm calculation. A more oxidized rock (higher Fe+3) will contain more 

magnetite, resulting in less iron available for normative olivine, 
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hypersthene and diopside. These silicate minerals also require less 

silica for their formation and therefore some Si02 may be left over for 

normative quartz. Cox et al. (1979) suggest that in order to avoid the 

problem of oxidation state in basalts, adoption of some standard 

Fe203/Fe0 ratio should be used in norm calculation. They cite the work 

of Brooks (1976), who used an Fe2o3;Fe0 ratio of 0.15 for basalt. 

Fe2o3;Fe0 ratios of rocks from this study range from 0.66 (hawaiite) to 

1.67 (benmoreite trachytic rocks). This range is similar to that of 

the average analyses of Hawaiian alkalic suite rocks in Macdonald 

(1968). The closest basalt type to the value of 0.15 (Brooks, 1976) is 

a tholeiitic oceanite, 0.26, so the use of Fe 2o3;Fe0 = 0.15 is of no 

real value in Hawaiian rocks. 

Intracone Comparison - Several samples were obtained from a few 

selected cinder cones to see if there was more than one rock type being 

erupted from individual cones. Cones 1 (mugearite to benmoreite) and 

21 (hawaiite-mugearite to benmoreite) showed wide ranges in composi

tion, whereas Cones 8 and 12 showed limited compositional diversity. 

Cone 11 was basically isochemical. Rocks from Cone 11 were sampled 

horizontally (11-2 series), as well as vertically (11-1 and 11-2 series) 

possibly because of a gravel excavation. Again, no real change in com

position was noted along the 40-meter horizontal distance or verti-

cally. 

Geographic Variation - Plots of composition versus geographic po

sition along a line N56ow running through Puu Kehena (Cone 8) in the 

northwest through Kohala Summit and intersecting Highway 19, 3.73 km 

(2.30 mi) northeast of the Kamuela Post Office. On the plots, the Post 
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Office was set equal to the zero point with positive numbers to the 

northwest and negative to the southeast in units. Results (Figures 

9a to 9i) suggest two distinct groupings. Cones along the NW-SE trend 

are generally high in FeOT, Tio2 and CaO, and lower in Si02, K20, Na2o 

and Rb than those of the E-W trend, while values of MgO, Al 2o3, P2o5 
and Ni (except higher in a few instances) show no obvious differences. 

Comparison of these same trends by statistical analysis of rock types 

(see Table 5) confirms the difference. For instance, hawaiites from 

the NW-SE trend are distinctly lower in Si02 and alkalies and have 

higher Ti02, Fe0 2, MgO and CaO. 

In summary, the E-W trend shows a more enrichment in Si02 and al

kalies. The exact meaning of this trend is uncertain. Due to their 

1 imited geographic extent and their different composition, the E-\' 

trend rocks may indicate a separate magma batch. 

Temporal Variation- In general, the determination of cinder cone 

stratigraphy is very difficult due to extreme grass cover and distance 

between cones. Despite this, several cones sampled for this study are 

located in the Kawaihae quadrangle studied by ~1alinowski (1977). She 

placed these cones in the relative age sequence, from oldest to young

est, 21, 20, 11, 10 and 14. In addition, Cones 24 and 25 are older 

than Cone 21, as determined by inspection of aerial photographs in 

this study. As shown in Figure 10, there is a very slight chemical 

variation with time. There is an overall slight increase inTi, Fe, 

Ca, ~1g, Na and Ni, with a slight decrease in Si and Al. There was no 

change observed for K. P and Rb were erratic. 

These irregular trends are similar to what Beeson (1976) found, 
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i.e., stratigraphically-controlled sampling and detailed compositional 

analyses of the alkalic East Molokai Volcanic Series showed that the 

fractionation trend was discontinuous with stratigraphy. 

Intra-Island Volcano Comparison - Of the five major centers on the 

island of Hawaii, only Mauna Kea and Hualalai have erupted alkalic 

lavas besides Kohala. Hualalai has erupted mostly alkalic basalt and a 

little trachyte (Macdonald, 1968; Macdonald and Katsura, 1964). This 

leaves only Mauna Kea for direct comparison to Kohala for the Hawaiian 

Isle. Comparison is made with caution because there are only thirteen 

modern-day analysis published for the alkalic suite. It appears that 

Kohala contains more CaO and P2o5 and less Si02, FeOT' and MgO compar

atively for hawaiite and mugearite (Figures 11a-11h). Alumina is 

higher in Hawi mugearites and approximately the same for hawaiites. 

Titania is about the same. The Hawi series has about the same to 

slightly more alkalies than Mauna Kea. 

Inter-Island Volcano Comparison - The following is a comparison of 

the composition of the Hawi Volcanic Series with other volcanoes of the 

Hawaiian Islands (Figures 11a-11h). 

Comparison of 15 hawaiites from Waianae, Oahu (r.1acdonald, 1968), 

show that the Hawi Series contains more Al 2o3, CaO and P2o5, and lower 

Ti02 and MgO. 

Comparison of hawaiite samples from Molakai (Hlava, 1974; 

Macdonald and Katsura, 1964) indicate that Molokai has higher r1g0 and 

K20, the same to slightly higher Ti02, Na 2o, the same Si02, FeOT and 

K20, and lower CaO and P2o5 than Hawi rocks. Mugearite from Molokai 

(Hlava, 1974; Macdonald, 1968) had the same Si02, Ti02, FeOT' MgO, K20 
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and P2o5, the same to higher Na 2o, and less Al 2o3 and cao than Hawi 

mugearites. Comparison of benmoreites show Molokai (Macdonald, 1968) 

as having more Si02, FeOT' the same to slightly more K20, about equal 

amounts of Ti02, MgO and Na 2o, the same to slightly less CaO and P2o5, 

and less Al 203. 

Comparison of hawaiites from west Maui and Haleakala (Macdonald, 

1968; Macdonald and Katsura, 1964) show that the East Maui volcano 

contains more Ti02, FeOT and MgO, the same amounts of alkalies, the 

same to slightly less Si02, and lower Al 2o3, CaO and P2o5. Maui mu

gearites (Macdonald, 1968) have more Si02 and Na 2o, slightly more K2o, 

about the same amount of MgO, slightly less FeOT and Ti02, and less to 

much lower Al 2o3, CaO and P2o5. Benmoreites from Maui (Macdonald, 

1968; Macdonald and Katsura, 1964) have greater content of Si02 and 

FeOT' the same to slightly more K20, the same MgO, Na 2o and Ti02, the 

same to slightly less CaO, P2o5, and Al 2o3 than Hawi benmoreites. 

Regarding trace element comparisons, the only data available are 

largely from Hubbard (1967) and Feigenson (1981, communication), along 

with some Rb data from Lessing et al. (1963). Hawi rocks have the low

est Rb (and K20) of any Hawaiian alkalic rocks. There are no other Ni 

analyses available to compare Hawi series rocks to except three 

hawaiites from Waianae Volcano (Hubbard, 1967), where values of 339, 

. 355 and 723 ppm are reported. These are obviously much higher values 

than Hawi hawaiites. 

In summary, there appears to be a difference between Hawi alkalic 

rocks and those from other Hawaiian islands. In fact, there are differ

ences in major-element composition for each volcano and each rock type. 
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The most significant differences between Hawi rocks and other volcanoes 

lie in contents of P2o5, MgO, CaO, Al 2o3, K2o and Rb, with lower MgO 

and K2o, and significantly lower Rb. The low K20 and Rb see.m consis

tant with the low K20 of Pololu tholeiites. Kohala has higher amounts 

of P2o5, CaO and Al 2o3, with lower MgO. 

SR-ISOTOPE TRACER STUDY 

Introduction and Previous Work 

Isotope tracer studies involve the use of ratiogenic daughter 

product abundances as "fingerprints" to investigate the petrogenesis of 

igneous rocks (Hart, 1969). We are concerned here with the initial 
87sr;86sr ratio. Since the time interval between the eruption of 

Kohala cones and the present is so short with respect to the half-life 

of 87 Rb, the amount of 87sr produced by in situ decay of parent 87 Rb is 

insignificant. It is assumed that Sr isotopes do not undergo appre

ciable fractionation in nature, and that uncontaminated rocks with dif-

ferent lithology that are derived from the same parent have identical 

initial 87sr;86sr ratios at their time of crystallization. Rocks with 

significant differences in this initial Sr ratio are considered not to 

be comagmatic or perhaps comagmatic and contaminated. 

Basalts from oceanic islands are considered to represent material 

derived directly from the earth's mantle (Faure and Powell, 1972; 

Carmichael et al., 1974; Hoffman and Hart, 1975). In general, 

87sr;86sr ratios of oceanic islands range from 0.702 to 0.706 and 

average about 0.7037 (Faure and Powell, 1972; Hedge and Peterman, 

1970). These oceanic island basalts are quite distinctive from ocean

rise or ocean-ridge basalts, which generally have a 87sr;86sr ratio of 
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less than 0.7030 (Peterman and Hedge, 1971). 

Strontium isotope data for the Hawaiian Islands are limited; most 

work has been confined to the islands of Oahu and Hawaii (Hedge and 

Walthall, 1963; Lessing and Cantanzaro, 1964; Powell et al., 1965; 

Powell and Delong, 1966; Hedge, 1967). G. Faure and J. Powell (per

sonal communication, 1979) suggest that their 1960's work is obsolete 

and should be discounted. All published Sr isotopic ratios for 

Hawaiian rocks are compiled in Appendix VII. 

Published 87sr;86sr values of Hawaiian basalts fall within the 

range of other oceanic island basalts, 0.702 to 0.706. There is little 

difference detected in Sr isotope ratios between tholeiites and alkalic 

basalts from Hawaii. In contrast, there is a distinct separation ob-

served between the tholeiite-alkalic suites and the nephelinitic group; 

the latter group has distinctly lower 87sr;86sr values. Powell et al. 

(1965) found a relationship between Sr isotopic composition and Si02 

content, in which strongly undersaturated basalts have lower Sr iso-

topic ratios (Table 6). Peterman and Hedge (1971) found a positive re

lationship between K2o;(K2o + Na 2o), and 87sr;86sr ratios (Figure 12). 

Rocks with the highest Sr ratios tend to have the highest K concen-

trates. 

Results 

The Sr isotopic data are presented in Table 7, along with standard 

deviations (26), which is the square root of the variance or spread in 

distribution. Internal precision of the results are fair for.•use as 

tracer analyses. A one standard deviation value in excess of 0.0001 is 

not considered to be precise enough for tracer work. Samples 1-lE, 
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TABLE 6 
87sr;86sr Ratios vs. Si02 for Hawaiian Rocks 

(Powell et al., 1965) 

Rock Type % Si02 87 Sr/86Sr 

Melilite-nepheline basalt I 36.3 0.7030 

Melilite-nepheline basalt I I 37.2 0.7031 

Nepheline basalt 38.6 0.7031 

Basanito i d 43.1 0. 7033 

Alkali olivine basalt 46.5 0.7040 

Hawaiite 48.0 0.7043 

Tholeiite 51.9 0.7041 

Trachyte 62.0 0. 7043 
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TABLE 7 
87sr;86sr Ratios of Hawi Volcanic Series 

87 sr;86sr 
Number of 

Sample Rock Type 20' Error Ratios Sr Cone., ppm 

1-10 Mug.-Ben. 0.7036 + 0.0007 65 1616 + 8 

1-1E Mug.-Haw. 0.7034 + 0.0005 25 1601 + 2 
o. 7034 0.0002 75 

2-1B Mug.-Haw. 0.7031 + 0.0003 60 1577 + 2 

3-2B Mug.-Haw. 0.7031 .:!:_ 0.0005 60 1582 + 3 

6-3 Ben.-Tr. 0.7035 + 0.0006 60 
0.7035 0.0008 70 

8-1 #2B Hawaiite o. 7036 + 0.0006 80 870 + 1 

11-2E Hawaiite 0.7034 + 0.0003 70 1789 + 4 

21-2B Haw. -Mug. 0.7034 + 0.0003 70 

Pol. 16 Tholeiite 0.7038 + 0.0007 25 289 + 1 
0.7034 0.0008 45 

NBS Std. o. 7101 + 0.0013 45 
o. 7103 0.0015 50 
o. 7106 0.0003 40 
0.7098 0.0010 35 

Average o. 7102 0.0010 



2-lB, ll-2E and 21-28 approach this value and can be considered to be 

of good quality. Replicate analyses of three samples, 1-lC, 6-3, Pol. 

16, demonstrate significantly better precision; 0.00001, 0.000007, and 

0.0003, respectively. As expected, the external precision was better 

than internal. Blank samples run toward the end of analyses showed no 

contributing Sr from external sources below 3.7 amps applied to the 

sample filament. All samples were run at under 3.7 amps. 

The samples of the alkalic suite rocks studied show a limited 

range of 0.7031 to 0.7036. The average of two runs of the Pololu tho

leiite is 0.7036. Sr isotope work by Feigenson et al. (1980) showed 

that alkalic and tholeiitic rocks from Kohala are similar, within 

error, and average 0.70359. Therefore, there is no apparent distinc

tion between the tholeiite and alkalic suite samples in Sr isotope 

ratios. All values fall within the range of oceanic island basalts. 

As expected, the values are slightly higher than those reported for the 

nephelinitic suite of Oahu. The values are also much lower than those 

of earlier workers of the 1960's (Powell et al., 1965; Lessing and 

Catanzaro, 1963), but similar to more contemporary studies (Feigenson 

et al., 1980; Hlava, 1974; Hart, 1973). There is no correlation be

tween Sr isotopes and geographic position (Figure 13) for Kohala. 

Variation diagram plots for Kohala (Figures 14a-14c) show a lack 

of correlation for 87sr;86sr and MgO, Si02 and K2o. Comparison of tho

leiitic and alkalic rocks with isotope values on these same variation 

diagrams shows distinct separation between these rock fields due to 

differences in MgO and K20. Also, the nephelinitic suite rocks display 

a real separation from tholeiites and alkalic rocks by Sr isotopes, 
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. MgO and K20. A plot of Sr isotopes and K2o;(K20 + Na2o)(Peterman and 

Hedge, 1971)(Figure 12) reveals there is good separation between ocean 

ridge basalts, high potassium island basalts and ocean island basalts. 

More pertinent to Hawaiian basalts is that there is a generally good 

separation between ocean island nephelinites and alkalic rocks from the 

ocean island tholeiites, as the tholeiites contain less alkalies and 

slightly higher 87sr;86sr. There also appears to be a field separation 

between nephelinites and alkali (olivine) basalts and the evolved al-

kalic suite rocks. The more evolved alkalic rocks have greater 

K20/(K20 + Na 20) and higher 87sr;86sr. 

Intra-Island Patterns -There appears to be little to no distinc

tion for Sr isotopes between Kohala, ~1auna Kea, Mauna Loa (Steve 

Josephs, 1978, personal communication) and Kilauea. Tholeiite and al

kalic basalt (Kohala and Mauna Kea) range from low to mid 0.703X. The 

trachytes of Hualalai are much rnore radiogenic than any other lavas on 

Hawaii, and are not included in this discussion. 

Powell and Delong's (1966) study of Oahu volcanics showed that 

there are no 87sr;86sr variations within a volcanic series, despite 

compositional differences. The Waianae (tholeiite, alkalic basalt, 

hawaiite and rhyodacite) and Honolulu (only nephelenitic rocks) 

Volcanic Series have the same 0.703 ratios. 

Inter-Island Patterns - A discussion of inter-island Sr isotope 

variance can only be tentative and subject to revision as rnore data 

become available. There is a genera 1 lack of consistency in the 
87sr;86sr values for volcanic series within a given volcano studied by 

previous workers. Personal communications with J. Powell and G. Faure 
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suggest that their Sr values are obsolete. Values from Lessing and 

Catanzaro (1964) vary significantly and are higher than most. Exclusion 

of their data allows for slightly more consistancy. 

Figure 15 is a plot of 87sr;86sr for each island of the Hawaiian 

chain where data are available. Comparison of Oahu, Molokai and Hawaii 

appears to indicate that there is a definite difference between Oahu 

and Molokai-Hawaii. It therefore appears that there is an inter

island, with little to no intra-island variation in 87sr;86sr for the 

Hawaiian Islands. This implies a regional variation in the Rb/Sr for 

the upper mantle beneath the Hawaiian Islands. 

DISCUSSION 

Variation Within the Hawi Volcanic Series 

MgO-Variation Diagrams- In general, there is a rather coherent 

trend (except for Si, Al and, to a lesser extent, Fe) observable on the 

MgO-variation diagrams (Figures 8a-81). These trends suggest that 

rocks in this study are related by a "liquid line-of-descent" via the 

process of fractional crystallization. Similar trends are noticeable 

in other Hawaiian alkalic rocks. Therefore, the process producing 

these variations may be applicable to all Hawaiian alkalic rocks. 

"Liquid 1 ine-of-descent" describes a parent-daughter chemical 

evolution of magmatic liquids. It is best defined from chemical analy

ses of non-porphyritic or phenocryst-poor lavas (Bowen, 1928). Besides 

geochemical coherence, one must take into account the time sequence of 

the erupted lavas as eruptions take place at random. Therefore, lavas 

from a certain volcanic series can represent either a specific event or 

a "series of overlapping lines-of-descent" (Cox et al., 1980). 
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Lavas of this study were generally porphyritic, but microphenocrys

tic. Stratigraphic position was either very difficult to determine or 

obscured. Interpretation of these variation diagrams is therefore dif

ficult. Of primary importance is the generally good coherence observ

able. The scatter seen in the Al, Si and Fe diagrams may be due to 

several processes: (1) differentiation is not consistantly reproduced, 

(2) there could be incorporation of xenoliths or xenocrysts, possibly 

plagioclase (the high plagioclase content of Kohala alkalic rocks), or 

(3) selective tapping of a plagioclase-rich layer in a differentiated 

magma chamber. Second, the variations exhibited are typical of magma

tic differentiation; i.e., increase in Si, Na, K, and decrease in Ti, 

Fe, Mg and Ca proceeding from hawaiite to mugearite to benmoreite. 

The result of this process is that batches of magma can be supplied 

to a high-level magma chamber where they can undergo crystal fractiona

tion, the products of which can then be tapped from time to time. So, 

Hawi lavas can be related by overlapping lines-of-descent and magmatic 

differentiation. 

Chemical Variation Based on Relative Stratigraphy - Comparison of 

cinder cone composition with relative stratigraphic position reveals 

some interesting trends. Referring to Figure 10, (a) there is a change 

in chemical composition with time, (b) mugearite composition appears to 

be a "mirror image" to that of hawaiite for each period of time. The 

first trend can be generally described as becoming more silica and al

kali deficient, with calcium, iron and magnesian enrichment of the 

lavas as the cones get younger. At both ends of the stratigraphic sec

tion here there are sharp inflection points where there is a change in 
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composition of the erupting magma. These inflection points may repre

sent a time of injection of new magma into the rift system which sup

plies the cinder cones. The time in between the inflection points 

might represent the tapping of a zoned magma chamber, where more sili

ceous alkali-rich magmas are tapped off first, followed by increasingly 

more calcium, iron and magnesian-rich lavas (i.e., less siliceous and 

alkali-rich). The process might be analogous to that observed in re

surgent silicic cauldrons of Long Valley, California (Hildreth, 1979) 

and the Jemez Mountain, New Mexico (Smith, 1979). The "mirror image" 

chemical trend observed for mugearite and hawaiite may be explained in 

a manner analogous to that of the "1 iquid 1 ine-of-descent" magma theory, 

where fractional removal of a hawaiite will cause a change in the bulk 

composition of the residual magma. Removal of, say, a silica and al

kali depleted magma (hawaiite) from a differentiating magma chamber (or 

magma in a rift) will cause the residual magma to become slightly more 

enriched in these components (i.e., a mugearite). 

Mineralogical Variation - There were several variations and trends 

observed in the mineralogy of the Hawi series. Most noticeable is the 

increase in plagioclase and its Ab content, with decreasing olivine, 

clinopyroxene and opaques from hawaiite to mugearite to benmoreite. 

There was also an increase in the corrosion, alteration and relict min

eral structures with the more evolved members of the alkalic suite. 

The appearance of hydrous minerals (kaersutite and biotite) in the ben

moreites indicates hydrous conditions usually associated with late

stage differentiation. 

The result of this is that there appears to be a gradational 
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nature in the rocks of the alkalic suite that is suggestive of differ

entiation, but the evidence is not conclusive. 

Origin and Source Area of Alkalic Rocks 

A fundamental question concerns the relationship between alkalic 

and tholeiitic magmas and their origins. Two genetic models for the 

origin of alkalic basalt have received wide support. The first (and 

generally older hypothesis) is that alkalic rocks are derived from tho

leiitic basalt by differentiation (Bowen, 1928; Macdonald, 1949; 

Tilley, 1950; Powers, 1955; Macdonald and Katsura, 1961, 1962, 1964; 

Lessing and Catanzaro, 1964; O'Hara, 1965; Engel et al., 1965; Green 

and Ringwood, 1967; Macdonald, 1968). The second theory is that al

kalic rocks have their own line of descent due to very low(er) percen

tage of partial melting and derivation from greater depths within the 

earth than tholeiites; therefore they are also primary magmas (Kennedy, 

1933; Kuno et al., 1957; Yoder and Tilley, 1962; Kushiro and Kuno, 

1963; Powell et al., 1965; Hedge, 1966; Webber, 1966; Schilling and 

Winchester, 1966, 1967; Green, 1968, 1970; Hubbard, 1969; Kushiro, 

1973; Kay and Gast, 1973; Sun and Hanson, 1975). 

Differentiation from Tholeiite - Arguments in favor of the produc

tion of alkalic magma by differentiation from tholeiitic magma include: 

(1) intergradation of the two rock series in the field, (2) a slow in

crease in alkalies toward the end of the tholeiite eruptive cycle, (3) 

no difference in the 87sr;86sr isotopic ratio between tholeiitic and 

alkalic rocks, (4) higher iron oxide ratio for alkalic rocks indicating 

a low-pressure environment of crystallization, (5) time-stratigraphic 

relationships where alkalic rocks are the cap rock on top of voluminous 
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tholeiite shields, (6) the relative smaller volume of alkalic rocks 

(~1-2%) relative to tholeiite (98%). 

Macdonald (1968) makes a convincing case for derivation of alkalic 

rocks from tholeiite by crystal fractionation of large amounts of hy

persthene. According to Macdonald, the Sr and Pb isotope data indicate 

a similar source for these rocks. He further argues that the original 

primitive olivine basalt at depth in the mantle is not the same as the 

tholeiite at the surface. With this in mind, the process is as fol

lows: a magma chamber under a volcanic summit may be filled with fluid 

magma due to high eruptive rates. With cooling (from top down) due to 

a decrease in eruptive rate, an increase in pressure on the cooling 

magma will cause pyroxene precipitation instead of olivine, producing 

alkalic basalt. 

Eaton and Murata (1960) suggest that with vigorous ascent of 

lavas, only slight cooling occurs, allowing olivine to crystallize. 

With a decline in volcanic activity, the magma may cool much slower, 

allowing pyroxene and olivine crystallization, thus desilicating the 

tholeiitic parent to produce alkalic basalt. 

O'Hara (1965) says that all magmas change with ascent and do not 

reflect the original composition, thereby inferring that fractional 

crystallization at various depth (pressures) can yield magmas of wide 

compositional ranges. 

Arguments against the differentiation hypothesis are numerous. 

First, these magma types produce completely different terminal differ

entiates, suggesting that parental composition and not cooling is the 

major control on the composition of the end products (Kennedy, 1933). 
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The differences in pyroxene composition also tends to argue against 

differentiation schemes. Fodor et al. (1975) found that pyroxenes from 

the alkalic suite from Maui tend to have generally higher Wo contents 

as well as their own unique and limited fractionation trend. In addi

tion, alkalic basalts have only high Ca pyroxenes (augite), while tho

leiites contain high and low Ca clinopyroxene plus orthopyroxene as 

phenocryst phases. These differences in pyroxene composition can cause 

changes in the resultant magma; i.e., a more Ca-rich augite in alkalic 

magmas causes alumina to bond with alkalies, producing alkali plagio

clase with cooling, whereas, in a more Ca-poor augite of tholeiite, 

magma allows for calcium to bond with alumina in calcic plagioclase. 

Arguments against differentiation based on chemical composition 

are that the desilication process of Eaton and Murata (1960) is con

trary to the usual silica increase with differentiation. Gast (1968) 

says that the high amount of large ion elements in alkali basalt pre

cludes its derivation from tholeiite. A good example of this is K20 

content-13 Kohala tholeiites average 0.13% K20, while alkalic basalt 

from Kohala average about 1% K20 (Macdonald and Katsura, 1964), increas

ing up to greater than 3.5% K20 in the benmoreite-trachytes. One would 

normally expect the "low-K signature" of the Pololu rocks to show up in 

the Hawi rocks if these are related by differentiation; it does not. 

Macdonald (1968) admits that incompatible trace-element chemistry pre

sents a problem in his theory as alkalic basalts have much higher 

amounts. He calls upon wall-rock reaction of alkalic basalts to pick 

up excess trace elements. 

The argument of the interfingering field relationships can be 
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explained two ways. Alkalic basalts could invade a tholeiitic magma 

chamber forcing the tholeiite out of the volcano to be followed by an 

alkalic eruption. Or, there could be a momentary up and down migration 

of a zone of fusion in the mantle, tapping alkalic and tholeiitic 

source areas, as suggested by McBirney (1967). 

Finally, high- and low-pressure experimental studies preclude the 

production of alkalic basalt from tholeiite by differentiation at low 

pressure. Yoder and Tilley (1962) first demonstrated that a low

pressure thermal barrier prevents production of alkalic basalt (ne

normative) from tholeiite (hyp-normative). Fractionation of tholeiite 

at low pressure, instead, produces quartz-normative residual liquids. 

At high pressure, the thermal barrier becomes unstable, thus allowing 

tholeiite to produce nepheline-normative magmas. So, a similar source 

area at high pressure may be the explanation for tholeiite and alkali 

basalt origins. Another high-pressure experiment that had profound ef

fects on ideas concerning basalt genesis was that of Green and Ringwood 

(1967). In it they propose the production of alkali basalts from the 

fractionation of cline- and ortho-pyroxene from an olivine basalt. 

Thus, olivine is not a liquidous phase at intermediate pressure because 

they say it is already saturated in the liquid. The problem here is 

that the original material used in the experiment was an olivine-rich 

picrite. 

Plots of tholeiite and alkali olivine basalt on a MgO-Si02 diagram 

(Figure 16) show no simple relationship to single mineral fractionation. 

Olivine fractionation plus clinopyroxene and plagioclase in combination 

may produce alkali olivine basalt from tholeiite (or other common 
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parental material) at low pressure. It should also be kept in mind 

that the 87sr;86sr isotope data suggests either that tholeiite is par

ental to alkalic basalt or that they have a similar source area. 

Primary Alkalic Basalt Magma and its Relationship to Tholeiite

Various degrees of partial melting of the upper mantle is the alterna

tive theory to differentiation of a tholeiitic magma to produce alkalic 

magma. Partial melting is the melting of some portion of solid material 

with equilibration between the interstitial melt and the entire resi

dual solid (Schilling and Winchester, 1967). Two other processes are 

at work when melting occurs; fractional and zone melting. Fractional 

melting is successive partial meltings with subsequent removal of the 

melt each time. Zone melting is the vertical movement upward of a 

small zone of molten material by progressive melting above and freezing 

below. These processes at work in a vertically and horizontally hete-

rogenous mantle can produce the chemical differences between tholeiite 

and alkalic basalts, as well as lithologic interfingering, Sr isotopes 

and stratigraphic relationships. More importantly, they can provide 

for a separate origin for alkalic magmas distinct from tholeiite. 

Kennedy (1933) provided some criteria for definition of "primary 

magmas". These are a worldwide distribution, uniform composition and 

great aggregate bulk. Kennedy (1933) and the more recent work of 

Schwarzer and Rogers (1974) confirm that alkalic basalts fit all of the 

criteria. 

The early high-pressure experimental petrology works of Yoder and 

Tilley (1962), Kushiro and Kuno (1963), Green and Ringwood (1964, 

1967), and Green (1968, 1970) set the precedence for the theory of the 
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production of alkalic magmas by different degrees of partial melting 

and different depths of melting within the earth's mantle. They found 

that greater pressure and lower partial melts produced magmas that were 

silica undersaturated. These early studies and more recent studies of 

trace- and rare-earth-element partition coefficients (Schilling and 

Winchester, 1966, 1969; Gast, 1968; Hubbard, 1969; Green, 1970; Kay and 

Gast, 1973; Sun and Hanson, 1975), place the range of degree of partial 

melts for basalt production as: 

tholeiitic 

alkalic 

nephelenitic 

20-30% 

3-15% 

1-7% 

The switch from tholeiite to alkalic basalt has been discussed by 

several authors. Kay and Gast {1973) suggest that the thickening of 

the lithosphere due to depletion of mantle material from below allows 

for only lower percentages of melting to occur in the next batch of 

rising magma (i.e., greater overpressure). McBirney (1967) says that 

basalt type is dependent on the heat flow in the region of melting, 

where the more siliceous magmas are produced in areas of greater heat 

flow (the result is more partial melting) as in the tholeiites. The 

changeover to alkalic basalt reflects a downward migration of the zone 

of fusion. This migration is a natural consequence of the process of 

progressive heating and partial melting of the mantle. Initial melting 

will occur when the thermal gradient intersects the liquidus of mantle 

rocks at a depth determined by local thermal regimes. Since the rate 

of conductivity of rocks decreases with increasing temperature (until 

magmatic temperatures), heat transfer to a melted upper zone will be 
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impeded by the lower conductivity of partially melted rocks. There

sult is a transient instability and self-acceleration of magma genera

tion (McBirney, 1967). Prolonged magmatic activity normally results in 

tapping of progressively deeper levels. 

A question then arises, just what is it that controls the chemis

try of a basaltic magma? Is it the degree of partial melt, or is it 

the depth or pressure of the source area, and what part does the com

position of the source area play? Gast (1968) suggests that the extent 

of partial melting influences the composition and amounts of trace ele

ments. To get alkalic basalts with greater Sr and a more extensive 

light-rare-earth fractionation than tholeiite, the degree of partial 

melting must be less than that of tholeiite. Hubbard (1969, 1967) says 

that concentrations of Al 2o3, Ti02 and Zr appear dependent on the depth 

of magma segregation, thus higher amounts of Ti02, Al 2o3 and Zr indi

cate magma generation at greater pressure (depth). MacGregor (1965) 

found that Ti02 content may reflect the depth to partial melting. The 

higher the Ti02 content, the greater the depth to melt. Green and 

Ringwood (1967) say that Al 2o3 concentration is indicative of the depth 

where equilibration and partial melting takes place. The positive cor

relation between Ti02 and Al 2o3 (Hubbard, 1969) is applied to Kohala 

basalts in Figure 17 and shows a good separation of alkalic from tho

leiite lavas, with greater concentrations of Al 203 in the alkalic 

suite, thereby indicating a deeper source for the alkalic suite parent. 

So, alkalic basalt can be produced from greater depths in the up

per mantle and at smaller degrees of partial melting than for tho

leiite. The next problem is that of the source area composition. 
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Yoder and Tilley (1962) agree that alkalic basalts are generated at 

greater depths than tholeiite, but both come from the same source rock. 

Thus, varying degrees of partial melting due to physicochemical condi

tions produce the differences in composition. Peterman and Hedge 

(1971) suggest that it is the chemical heterogeneity in the upper 

mantle that exerts influence on the composition of magmas derived 

therefrom. They point to a positive correlation of K2o;(K20 + Na 20) 

with 87sr;86sr for all ocean basalts. In this case then, there is a 

vertically zoned upper mantle and, due to the depth of generation, only 

certain amounts of partial melting can occur, thus limiting the compo-

sition of the magma. 

The chemical and mineralogical differences displayed by various 

ultramafic inclusions and their host basalt would tend to agree with 

the preceding. In Hawaii, tholeiites principally contain dunite xeno-

liths, alkalic basalts have predominantly dunites and wehrlites, while 

nephelinites carry wehrlite and lherzolite (White, 1966; Jackson, 

1968). This suggests that the mantle beneath the Islands is hetero

geneous with depth. Due to the different pressure and temperature re-

quirements for the production of each of these types of inclusions, one 

can infer that the xenoliths carried by host basalts place a limit on 

the depth of generation of each magma type (Jackson, 1968). The al

kalic and nephelinitic magmas then appear to be derived from greater 

depths than tholeiite. 

Relation of Hawaiite-Benmoreitic Suite Rocks to Alkalic Basalt -

Previous studies (Kennedy, 133; Powers, 1935; Kuno et al. 1957; 

Macdonald and Katsura, 1964; Macdonald, 1968) suggest.that Hawaiian 
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alkalic basalt is the parent basalt for the differentiated alkalic 

suite. Unfortunately, thus far, sampling of Kohala Volcano has not 

yielded a true alkalic basalt, although transitional calcic hawaiites 

or alkalic basalt-hawaiites and tholeiite-alkalic basalt samples are 

found. The tholeiite-alkalic basalt samples of Macdonald and Katsura 

(1964) were located from the upper sections of the Pololu V.S. beneath 

the erosional unconformity separating Pololu from Hawi rocks, and could 

represerit a possible parent. Therefore, until a true alkalic basalt is 

found on Kohala, discussion of the relation between the evolved Hawi 

volcanic series with alkalic basalt is tentative. In any event, since 

the Hawi hawaiites appear to have lower SiD2 (44-46%) than "normal" al

kalic basalt (46.5%-Hualalai), it is difficult to envision their being 

derived by fractionation of an alkali olivine basalt. MgO-variation 

diagrams further suggest that the alkali basalt to hawaiite fractiona

tion trend is controlled mainly by clinopyroxene removal. Unfortunate

ly, this mineral is not on the liquidus at low pressure (Tilley et al., 

1965). So some other parent with less Si02 than Hualalai, or a separ

ate magma batch seems necessary. Also, most hawaiites have olivine 

plus plagioclase phenocryst assemblages (Appendix III), whereas alkali 

basalts tend to have a lot of olivine. 

Therefore, the lack of a true alkali basalt on Kohala, lower SiD2 
content of hawaiite compared to alkali basalt, phenocryst mineralogy 

and MgO-variation diagram trends could suggest a different origin for 

the Kohala hawaiite-benmoreite suite, not related to alkali basalt. 

Crystal Fractionation Models - The trends observable in the MgO

variation diagrams can represent the crystallization and subsequent 
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removal of mineral phases by the process known as "fractional crystal

lization". This process causes profound changes on the composition of 

the resultant magma (i.e., "parent" to "daughter" magma). It is pos

sible to graphically portray such a relationship on variation diagrams, 

"mixing relationships". 

In principle, as fractional crystallization proceeds, variation 

trends become distinguishable. The variation trend of the daughter 

magma can extrapolate through the parent magma to the mineral phase(s) 

being crystallized. This extrapolation line is called a "mineral con

trol line" (Wright and Fiske, 1971; Wright, 1971). Difficulties can be 

encountered where there is solid solution in the crystallizing phase(s), 

as well as in multiple phase crystallization. Therefore, graphical an

alysis is limited, semi-qualitative at most. Computer programs (Wright 

and Doherty, 1970) can be used to calculate various percentages of 

mineral phase(s), accumulation, and daughter magma composition with 

more accuracy and speed. 

For purposes of this study, it is sufficient to identify possible 

minerals that are controlling the chemical variation of hawaiite to 

mugearite to benmoreite and trachyte. Figures 18a to 18e show some of 

the more positive relationships, Appendix VIII, the nonconclusive. 

Conclusions based on these graphs are qualitative. It appears that 

olivine precipitation controls the elements Si, Fe and Mg; clinopyro

xene-A], Ca and Na; plagioclase-K and Na; kaersutite-Si, Al, Ca, K 

and Na. Other minerals that control chemistry of daughter magmas, but 

are not graphically represented here are magnetite-Fe and Ti; apatite 

-P. Unfortunately, no analyses are available for potassium feldspar, 
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which should play a role in alumina and potash. 

In summary, it appears that clinopyroxene precipitation is a ma

jor phase controlling alkali basalt suite chemical variation. Clinopy

roxene alone does not explain all variation, but in combination with 

other minerals, such as olivine, plagioclase, kaersutite, magnetite and 

apatite, most variation is covered. 

There appears to be some conflict between the crystal fractiona

tion model and petrography. The fractionation model suggests that 

clinopyroxene (cpx) should be a liquidus phase. Petrography indicates 

that clinopyroxene is not a phenocryst phase (except in Sample 

KV 21-2A, a benmoreite), but is confined to the groundmass. Olivine, 

plagioclase and some magnetite are the major phenocryst phases. Ex

perimental petrology studies by Tilley et al. (1965) show that cpx is 

not a liquidus phase. Their work on the feldspar-phyric Kohala sample, 

"X" (a hawaiite?) shows that plagioclase is the first liquidus phase at 

1187oc, followed by cpx at 1170°C, and olivine at 1135°C. This, too, 

tends to still conflict with observed petrography and textural evi

dence. An explanation is offered by Tilley et al. (1965); it is that 

plagioclase may be xenocrystic and that it was incorporated into a 

magma that already contained olivine phenocrysts. Microprobe studies 

by Mal inoVJski (1977) and Sibray (1977) indicate that there are two 

distinct plagioclase phenocryst phases in Kohala alkalies. The round

ing, core reabsorption, wide range in plagioclase phenocryst composi

tion and rather high content of plagioclase in Kohala rocks observed in 

this study appears to confirm this idea of xenocrystic plagioclase. 

This obviously complicates any simple fractionation modeling. The 
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multi-stage modeling necessary to solve this problem is beyond the 

scope of this study. 

Contamination- The possibility of contamination of Hawaiian vol-

canics was first suggested by Daly (1944). He proposed that alkalic 

and nephelinitic lavas were formed by assimilation of carbonates in a 

primary basaltic magma. Later, Lessing and Catanzaro (1963, 1964), 

believed that trachytes were formed by assimilation of marine sedi

ments, resulting in rather high 87sr;86sr ratios. Lessing and 

Catanzaro further suggested that trachytes with their low K/Rb (due to 

rather high K20, greater than 2%) would be more likely affected by Rb

rich marine sediments, thereby causing a decrease in K/Rb with increas

ing 87sr;86sr. 

Samples analyzed as part of this study do not support the contami-

nation theory. First, Sr isotope values are rather low (less than 

0.7035) and are rather tightly grouped, thus precluding the possibility 

of Rb-rich sediment contamination. Second, major-element trends do not 

show scatter, especially in the more differentiated lavas, as would be 

expected if contamination were present. Lessing and Catanzaro (1964) 

suggest that inverse relationships for K20 and K/Rb and also for K/Rb 

with 87sr;86sr can indicate contamination. Figure 19 shows that high-

K lavas do not necessarily have lower K/Rb ratios. Figure 20 does, 

though, confirm an inverse relation for K/Rb with Sr isotope ratios. 

This, though, does not have to indicate contamination by marine sedi-

ments, as marine sediments in the vicinity of Hawaii are basaltic 

(mostly tholeiite) in composition and would have low Rb. Assimilation 

of these sediments would result by increasing K/Rb and lowering 
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87 sr;86sr (Hamilton, 1965). Gast et al. (1964) also found unusually 

high 87sr;86sr in trachytes from Ascension Island, and suggest that 

trachytes could be the result of early melt fractions of a mantle that 

contains mineral phases high in Rb-Sr. 

Other arguments against contamination are that there is no known 

source of highly radiogenic Sr in the ocean basins to cause high 
87sr;86sr values (Hedge, 1966; Gast et al., 1964). Assimilation of 

sea water (87sr;86sr = 0.7081, Hedge and Walthall, 1963), carbonates 

(0.7088, Powell and Delong, 1966), or low-silica sediments on the order 

of 10-20% (quite substantial) would raise the 87sr; 86sr of basalt by 

only 0.002 (Hedge, 1966; Gast et al., 1964). This does not appear to 

fit the rather uniform composition of Hawaiian basalts. Finally, 

Powell and Delong (1966) believe a better measure of contamination is a 

correlation between silica content and 87sr;86sr. Figure 14a shows 

that there is no such correlation, but in fact scatter, thus further 

eliminating any possibility of contamination. 

Therefore, it appears that the Sr isotope study, variation dia

grams and previous work precludes the possibility of contamination of 

Kohalan alkalic lavas. One must keep in mind, though, the preceding 

section's discussion of xenocrystic plagioclase, which could have an 

affect on these lavas. 

Origins and Sources-~onclusions - The experimental petrology 

studies on partial melts and fractionation of the resultant magmas, 

migration and depth of the zone of melting theory, differences in 

ultramafic inclusion composition, significant differences in major ele-

ment (trace and rare earth elements) data as well as the arguments 
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against the "differentiation model" leads this author to favor a model 

of decreasing partial melts of chemically heterogeneous upper mantle 

material at increasing depth to produce respectively tholeiite, alka

lic, and nephelinitic parental magmas. Parental magmas in this case 

meaning magma that has produced other magma compositions by fractional 

crystallization (Presnall, 1979). 

Cooling of the parental magma causes precipitation of olivine, 

clinopyroxene, plagioclase, etc.. For the alkalic suite, this frac

tionation appears to have occurred in a low-pressure environment as 

water reaction and high iron oxidation are evident in the more evolved 

members. Tapping of the magma chamber(s) at various times gives rise 

to lavas of varying composition. 

The source region for alkalic basalts is probably the "low velo

city zone" of the upper mantle. The low degree of partial melting 

needed for magma would fit the physical conditions of a "plastic layer" 

where water would be available for easy melting. This water would ap

pear to come from hydrous minerals such as amphibole (and possibly 

phlogopite). 

Lastly, whether or not the parental magma for the alkalic suite is 

an alkali olivine basalt, alkali basalt or ankaramite in nature remains 

to be seen, as there has yet to be found any of these rocks on Kohala. 

The closest has been some rather calcic hawaiites (or AOB-hawaiite 

transition rocks). 

CONCLUSIONS 

1. The major conclusion to be made as a result of this study is 

that the Hawi Volcanic Series rocks represent a series of overlapping 
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liquid lines of descent via the process of fractional crystallization. 

Positive trends in the presence of certain mineral phases, associated 

corrosion and alteration features, plagioclase composition, major

element chemistry, as well as the narrow range of the Sr isotopes, 

strongly support a differentiation model. There is, though, the pro

blem of the identification of the "true" parental magma for the 

daughter Hawi rocks. Until a "true" alkalic basalt is found, it is 

possible that the hawaiite-mugearite-benmoreite trend is a rather 

unique series of rocks. 

2. Chemical composition of individual cinder cones has revealed 

that there are compositional differences observable along Kohalan rift 

zones (analogous to that of Kilauea). One group of cones lies along a 

NW-SE lineament and is generally more enriched in GaO and Ti02 and 

poorer in silica and alkalies (than the second group). A second group 

lies along anE-W trend and is enriched in Si02 and alkalies, and TiOi; 

GaO-poor. Overlap in chemical fields for MgO, Al 2o3, FeOT and P2o5 
limit any real statement about this condition, but this might indicate 

separate magma chambers. Cinder cones are the sites of multiple or 

singular chemistry (or lava composition), possibly reflecting eruption 

of certain "magma batches". Lastly, the general decrease in the silica 

and alkalies with generally increasing FeOT, GaO and MgO (with minor 

fluctuations) as the cinder cones get younger, may reflect the eruption 

of a vast differentiated magma chamber beneath Kohala. Inflections of 

chemical trends may represent re-injection of new magma into the vol

canic plumbing system, which later differentiates and is then tapped 

from time to time. 
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3. Comparison of the Hawi Series with other alkalic Hawaiian vol

canics reveals substantial similarities, though certain differences 

exist. Hawi rocks are basically more enriched in phosphorus, calcium 

and alumina, while being generally poorer in MgO, K20 and Rb. These 

differences can be seen in the mineralogy where Kohala has very high 

amounts of plagioclase and apatite, while having low clinopyroxene and 

olivine. 

4. Results of the Sr isotope tracer study indicate that each is

land has a relatively uniform ratio, and that differences appear to 

exist on an inter-island scale (more data needed for other islands). 

This reflects a variation in the mantle source along the Hawaiian 

Archipelago, thus further confirming the model of mantle heterogeneity. 

The isotope study also indicated that the Hawi rocks (and pos

sibly the Pololu rocks) were not affected by contamination of the ba

salts with limestones, or siliceous sediments. 

5. The similar 87sr;86sr ratios and uniqu~ low-K and Rb, as well 

as similarly high Al, chemistry exhibited by both Kohala tholeiites 

and alkalic rocks indicates either a similar source area and/or common 

"primary" parental magma to both rock series. This author opts for a 

similar source area that is lower in K and Rb than other Hawaiian vol

canoes (implying a heterogeneous mantle). Production of tholeiite and 

alkalic rocks from this source area is by differences in partial melt

ing and depth of generation. 

6. Crystal fractionation diagram analysis (qualitative) indi

cates that clinopyroxene, along with combinations of olivine, plagio

clase, kaersutite and opaques, control the chemical evolution of the 
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hawaiite-mugearite-benmoreite trend. A problem with this is that clin

opyroxene is not a liquidus phase at the low pressures probably en

countered at low-level differentiation. 
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Photo l.(a}-Fine-grained hawaiite (KV 5-2}, 
polarized light (pol), 2.5X, 2.7mm 
(photo length). 

Photo l.(b}-Hawaiite (KV 5-2}, iddingsitized 
olivine phenocryst, pol., lOX, 
0. 71 mm . 
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Photo 3.(b)-Coarse-grained mugearite (KV 1-lEO, 
olivine and plagioclase pheno
cysts, pol., 2.5X, 0.7lmm. 

Photo 4.(a)-Plagioclase with reabsorbed core 
(KV 21-2A), pol., 2.5X, 2.7mm. 
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Photo 4.(b)-Relict kaersutite (KV 21-2A), pol., 
2. 5X, 2. 7 mm. 

Photo 5.(a)-Benmoreite (KV 17-1), olivine and 
plagioclase phenocrysts, vesicular, 
pol., lOX, 0.71 mm. 
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Photo 5.(b)-Benmoreite (KV 16-1), kaersutite 
and plagioclase phenocrysts, local
ized flow textures, pol., 2.5X, 
2. 7 mm. 

Photo 6.-Kaersutite (KV 16-1) with opacite rims, 
pol., 2.5X, 2. 7 mm. 
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Photo 7.(c)-Dunite nodule (KV 23-1), sharp con
tact with host hawaiite, pol., 
2.5X, 2.7mm. 

Photo 8.-Altered olivine (KV 14-1), opaque in
clusions, pol., 25X, 0.30mm. 
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Photo 9.-Corroded augite (KV 21-2A) oxide rim, 
pol., 2.5X, 2.7mm. 

Photo 10.-Corroded opaques (KV 21-2A), pol., 
lOX, 0. 71 mm. 
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Cone 1 

Cone 2 

Cone 3 

Cone 4 

Cone 5 

Cone 6 

Cone 7 

Cone 8 

Cone 9 

Cone 10 

APPENDIX II 
Sample Localities 

Quadrangle maps divided into nine 
sections and nine subsections; for 
example, Section 5-3. 

Hokuula-Kamuela Quad, Section 9-2 
Samples A-C Upper levels, hand-sized rocks in a cindery 

matrix 
Samples D-E- Lower level, loose boulders 

Puu Owaowaka Satillitic Cone- Kamuela, Section 9-3 
Samples A,B - Collected on cone slope next to reservoir 

Puu Ki - Kamuela, Section 9-3 
Sample A - Road cut 
Sample B - Road cut 
Sample 3-2 A,B - Strewn field, on slope 

Puu Manu - Kamuela Section 9-3 
Samples A,B,C - Collected from an exposed soil level at 

the head of a landslide 

Puu Kakaniha - Kamuela Section 9-2 
Sample 5-1 A,B, - From 3/4 way up cone, large boulders 
Sample 5-2 - Boulder at foot of cone 

Puu Lanikepu - Kamuela, Section 5-7 
Sample 6-1 - Boulder near hillside exposure 
Sample 6-2- Wall outcrop 
Sample 6-3 - Boulder rubble, on slope 

Puu Kamoa - Kamuela, Section 4-6,9 
Samples 7-1 A,B - From on-slope boulders 
Sample 7-2 - From top section of cone 

Puu Kehena - Hawi, Section 8-1 
Samples 8-1 Series - Rock fragments on top and embedded in 

ground at the top of the cinder cone 
Sample 8-2 - Boulder rubble on slope 

Puu Lahikiola- Hawi, Section 8-6 
Sample 9-1 - Boulder embedded in ground, on slope 

Puu Aiea- Hawi, Section 8-9 
Sample 10-1 -Boulders along hill exposure 
Sample 10-2A - Boulder on slope inside top of cone summit 
Sample 10-2B - On slope, boulder 
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Cone 11 

Cone 12 

APPENDIX II (Continued) 

Puu Kawaiwai - Kamuela, Section 4-7 
Sample 11-1 - From a bed approximately four feet off floor 

of excavation exposure 
Sample 11-2 Series - Longitudinal sampling (45 m) of an E-W 

trending excavated wall 

Puu Lala Kamuela, Section 6-9 
Sample 12-1 - Sample from soil horizon on hillside 
Sample 12-2 - Along foot trail along hillside 

Cone 13 Eke - Kamuela, Section 6-2 
Samples 13-1,2 - Embedded in mud 

Cone 14 Puu Loa-Kawaihae, Section 6-3 
Sample 14-1 - Outcrop along slope 
Sample 14-2- Stream gully slope outcrop 

Sample 15 Found along foot trail of Upper Hamakua ditch trail, at the 
head of Alakahi Valley, Section 5, 3 Kamuela Quad. 

Sample 16 Puu Pelu - Kamuela, Section 5-8 

Cone 17 

Cone 18 

Cone 19 

Cone 20 

Cone 21 

Cone 22 

Cone 23 

Sample collected along ridge, south part of a lava flow 
from P. Pelu (Cone 17) 

Puu Pelu - Kamuela, Section 5-8 
Boulders on east side of cone slope 

Puu Lep-Hawi, Section 6-7 
Sample westward slope boulder 

Puu o Lani-Hawi, Section 5-9 
Samples 19-1 -Outcrop on hill 
Samples 19-2 - Boulder on slope 

Puu Mala-Kawaihae, Section 3-6 
Samples 20-1 A,B - Boulder outcrop on slope 

Puu Lapalapa-Kawaihae, Section 3-6 
Sample 21-1 - Fragment embedded in soil of an on-slope ero-

sion scarp 
Sample 21-2A - Outcrop on a hill 
Sample 21-28 - Stream outcrop, from horizon below 21-2A 
Sample 21-3 - Outcrop on slope 

Puu Pala-Kav1aihae, Section 3-6 
Sample from on-slope boulder 

Puu Pili-Kawaihae, Section 3-2 
Sample 23-1 - Hillside scarp outcrop 
Sample 23-2 - Flat lavaflow outcrop 
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Cone 24 

Cone 25 

Cone 26 

Cone 27 

APPENDIX II (Continued) 

Puu Iki-Kawaihae, Section 3-5 
Samples 24-1,2- On-slope boulders 

Puu Honu-Kawaihae, Section 3-5 
Samples 25-1 - On-slope boulder 
Samples 25-2 - On-slope boulder inside cone summit 

Ahu Noa-Hawi, Section 9-8 
Sample from scarp exposure 

Waia Kanonula-Hawi, Section 9-7 
Sample from scarp exposure 
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KV 1-1A 

KV 1-1B 

KV 1-1C 

KV 1-1D 

KV 1-1E 

KV 2-1A 

KV 2-1B 

KV 3-1 

KV 3-2B 

KV 4-1 

KV 5-2 

APPENDIX III 
Sample Petrography 

Holocrystalline, fine-grained, allotriomorphic to hypidio
morphic (groundmass) with idiomorphic phenocrysts of oli
vine and plagioclase, porphyritic, localized flow textures, 
plag.-cpx-opaques-olivine. 

Holocrystalline, medium-grained, allotriomorphic (ground
mass) to idiomorphic (amphibole, apatite, some plagio
clase), porphyritic (amphibole), localized flow textures, 
plag.-amphibole-opaques-olivine-apatite, An 22 to An 19 . 

Holocrystalline, medium-grained, allotriomorphic to hypi
diomorphic (plagioclase, olivine), slightly porphyritic 
(plagioclase, opaques, olivine), plag.-opaques-olivine
apatite, An 25 . 

Holocrystalline, coarse, allotriomorphic to hypidiomorphic 
(olivine, plagioclase, cpx, opaques), slightly vesicular, 
plag.-opaques-cpx-olivine, An 44 to An 37 . 

Holocrystalline, medium-grained, allotriomorphic to idio
morphic (apatite), porphyritic (olivine, plagioclase), 
slightly vesicular, plag.-cpx-opaques-olivine-apatite, 
An 39 to An 24 . 

Hypocrystalline, fine-grained, hypidiomorphic, slightly 
porphyritic (olivine, cpx, plagioclase), plag.-opaques
olivine-cpx. 

Holocrystalline, medium-grained, hypidiomorphic, vesicular, 
porphyritic (olivine), flow textures, plag.-opaques
olivine-cpx, An 32 . 

Holocrystalline, fine-grained, allotriomorphic to idiomor
phic (olivine), porphyritic (olivine), flow textures, plag
opaques-olivine. 

Holocrystalline, medium-grained, hypidiomorphic to idio
morphic (apatite), porphyritic (olivine), slightly vesicu
lar, plag.-opaques-olivine-apatite, An33 . 

Hypocrystalline, fine-grained, hypidiomorphic, oxidized, 
vesicular, slightly porphyritic (plagioclase, olivine), 
plag.-glass-opaques-olivine-apatite. 

Holocrystalline, medium-grained, allotriomorphic to hypi
diomorphic, vesicular, porphyritic (olivine), flow tex
tures, plag.-cpx-opaques-olivine-apatite, An40 to An 28 . 
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APPENDIX III (Continued) 

KV 6-1 Holocrystalline, fine-grained, hypidiomorphic, slightly 
oxidized, plag.-cpx-opaques-olivine, An46 . 

KV 6-2 Holocrystalline, medium-grained, allotriomorphic to hypidi
omorphic, slightly oxidized, slightly vesicular, slightly 
porphyritic (olivine, cpx, plagioclase), plag.-opaques
cpx-olivine-biotite, An24 . 

KV 6-3 Holocrystalline, fine-grained, allotriomorphic to hypidio
morphic, slightly vesicular, resorption of plagioclase 
cores, porphyritic (plagioclase), plag.-opaques-olivine
amphibole, An 21 . 

KV 7-2 Holocrystalline, fine-grained, allotriomorphic to hypidio
morphic, slightly vesicular, flow texture, plag.-olivine
cpx-apatite. 

KV 8-1#2B Hypocrystalline, medium-grained, allotriomorphic to idio
morphic (olivine), vesicular, porphyritic (olivine, plagi
oclase, opaques), plag.-opaques-olivine-cpx-glass-K-spar, 
An47' 

KV 8-1#2C Holocrystalline, fine-grained, hypidiomorphic, vesicular, 
flow texture, slightly porphyritic (plagioclase, olivine, 
cpx), plag.-cpx-opaques-olivine-apatite, An 23 . 

KV 8-2 Hypocrystalline, medium-grained, hypidiomorphic, vesicular, 
porphyritic (olivine), plag.-glass-olivine-cpx-alkali 
feldspar, An 43 to An38 . Glass obscures detail. 

KV 9-1 Hypocrystalline, fine-grained, allotriomorphic to hypidio
morphic, vesicular, slightly porphyritic (plagioclse), 
plag.-opaques-glass-cpx-olivine-alkali feldspar. 

KV 11-1A Hypocrystalline, medium-grained, hypidiomorphic to idio
morphic (olivine), quite vesicular, plag.-glass-opaques
olivine-apatite, An38 . 

KV 11-2E Hypocrystalline, fine-grained, hypidiomorphic, quite vesi
cular, slightly porphyritic (opaques), plag.-opaques-cpx
apatite-K-feldspar-biotite. 

KV 11-2H Hypocrystalline, medium-grained, hypidiomorphic, quite 
vesicular, porphyritic (olivine, plagioclase), plag.
opaques-olivine-cpx-apatite, An 38 to An33 . 

KV 12-1A Holocrystalline, fine-grained but equant, allotriomorphic, 
nonporphyritic, plag.-cpx-opaques-apatite-olivine-biotite. 
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KV 13-1 

KV 14-1 

KV 14-2 

KV 15-1 

KV 16-1 

KV 17-1 

KV 18-1 

KV 19-1 

KV 21-1 

KV 21-2A 

APPENDIX III (Continued) 

Holocrystalline, medium-grained, basically hypidiomorphic, 
porphyritic (olivine, plagioclase, cpx), plag.-opaques
cpx-olivine-K-feldspar, An41 to An35 . 

Holocrystalline, fine- to medium-grained, hypidiomorphic 
to idiomorphic (olivine), slightly vesicular, slightly 
porphyritic (microphenocrysts of olivine, plagioclase, 
opaques), plag.-opaques-olivine-cpx-apatite, An 47 . 

Hypocrystalline, fine- to medium-grained, hypidiomorphicto 
idiomorphic (olivine, opaques, cpx?), vesicular, slightly 
porphyritic (olivine, opaques, cpx?), plag.-opaques-oli
vine-cpx-apatite-K-feldspar, An 29 , oxidized, splotchy ap
pearance. 

Holocrystalline, medium- to coarse-grained, hypidiomorphic 
to idiomorphic (olivine, opaques, apatite), slightly vesi
cular, porphyritic (olivine, plagioclase), plag.-opaques
olivine-cpx-apatite, An24 phenocrysts to An 37 groundmass. 

Hypocrystalline, medium-grained, hypidiomorphic to idio
morphic (kaersutite), pilotaxitic, slightly porphyritic 
(kaersutite, plagioclase, olivine), plag.-kaersutite
opaques-olivine, An 20 . 

Holocrystalline, medium-grained, hypidiomorphic to idio
morphic (kaersutite), opacite rims, some resorption, por
phyritic (kaersutite, plagioclase, olivine), plag.-opaques
cpx-kaersutite-olivine-apatite, An 23 . 

Holocrystalline, medium-grained, hypidiomorphic to idio
morphic (olivine), slightly vesicular, very porphyritic 
(olivine, plagioclase, opaques), plag.-opaques-olivine
cpx-K-feldspar, An 51 (phenocrysts) to An 42 -An 32 ground
mass. 

Hypocrystalline, fine-grained, hypidiomorphic, very vesi
cular, slightly porphyritic (olivine), oxidized, altered 
look, plag.-olivine-opaques-K-feldspar. Minerals obscured 
by alteration. 

Hypocrystalline, very fine-grained, hypidiomorphic to idi
omorphic (olivine), pilotaxitic, vesicular, slightly por
phyritic (opaques), oxidized, plag.-opaques-olivine-cpx
apatite-zircon(?). 

Holocrystalline, medium-grained, hypidiomorphic to idio
morphic (kaersutite, plagioclase), relict mineral struc
tures (kaersutite), porphyritic (plagioclase, one large 
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APPENDIX III (Continued) 

cpx, kaersutite), pilotaxitic, plag.-opaques-cpx-kaersu
tite-olivine, An 28 to An 22 . 

Hypocrystalline, fine-grained, hypidiomorphic, vesicular, 
pilotaxitic, and slightly porphyritic (opaques, olivine), 
plag.-cpx-opaques-olivine-apatite, An 30 to An 27 . 

Hypocrystalline, fine-grained, hypidiomorphic, vesicular, 
pilotaxitic, oxidized, slightly porphyritic (micropheno
crysts of olivine, plagioclase, opaques), plag.-opaques
olivine-K-feldspar, slide rather altered. 

Hypocrystalline, fine-grained, hypidiomorphic, vesicular, 
oxidized, altered, splotchy appearance, plag.-opaques
olivine-K-feldspar. 

Holocrystalline, fine- to medium-grained, hypidiomorphic to 
idiomorphic (olivine, K-feldspar), quite vesicular, 
slightly porphyritic (microphenocrysts of olivine), plag.
opaques-olivine-apatite-K-feldspar, An 47 . 

Holocrystalline, fine-grained, hypidiomorphic, quite vesi
cular, porphyritic (microphenocrysts, plagioclase, oli
vine}, plag.-opaques-olivine-apatite-K-feldspar-cpx, An41 to An 28 (groundmass), slight oxidation. 

Hypocrystalline, fine-grained, hypidiomorphic, vesicular, 
oxidized, altered, slightly porphyritic (microphenocrysts
olivine, opaques, plagioclase), plag.-opaques-olivine-cpx
apatite. 

Holocrystalline, medium-grained, hypidiomorphic, vesicu
lar, pilotaxitic, slightly porphyritic (plagioclase, cpx}, 
plag.-cpx-opaques-apatite-biotite-zircon(?}, An 23 . 

Hypocrystalline, medium-grained, hypidiomorphic to idio
morphic (olivine), vesicular, porphyritic (olivine), 
plagioclase-cpx-opaques-glass-olivine-apatite. 

Hypocrystalline, medium-grained, hypidiomorphic, vesicu
lar, pilotaxitic, porphyritic (olivine?), Fe-Mg minerals 
are quite altered with heavy opaque rims obscurring iden
tification, plag.-opaques-ferromagnesian minerals-apatite. 

Hypocrystalline, medium-grained, hypidiomorphic to idio
morphic (olivine}, vesicular, oxidized, grungy slide, 
plag.-olivine-opaques-apatite. 
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Holocrystalline, medium-grained, hypidiomorphic to allotri
omorphic (olivine, opaques), vesicular, porphyritic (mi
crophenocrysts of plagioclase}, plag.-opaques-olivine
apatite-biotite, An 29 . 
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APPENDIX IV 
Instrumental Parameters for Geochemical Analysis 

XRF 

• Analyzing Counting 
Oxide X-Ra:t Tube 28 Peak (A) Kv mA Cr:ts ta 1 Time (sec.) 
Si02 Cr 79.225 44 30 PET 20 
Ti02 Cr 6.600 25 20 PET 10 
FeOT Cr 57.350 45 9 PET 10 
CaO Cr 15.150 24 11 PET 10 
K20 Cr 20.625 20 20 PET 10 

ATOMIC ABSORPTION 
Lamp Detector 51 it 

Oxide Wavelength (nm) Current Voltage Width Oxidizer 

Al203 309.00-309.3 10 530 160 N20 +acetylene 
MnO 279.2 16 700 80 air 
MgO 284.80-285.4 5 530 320 air 
Na20 588.75-589.4 530 160 air 
Rb 780.0 150 air 
Ni 232.0 5 800 80 air 

SPECTROPHOTOMETRY 

Oxide Wavelength (nm) 

P205 42o.o 



APPENDIX V 
Dissolving Procedure for Atomic Absorption Analysis 

1. Prepare the following solutions: 
A. 1:3 HCl:HF (50 ml/sample) 
B. 1:1:8 HCl:HN03:H20 (50 ml/sample) 

2. Weigh 0.500 gm powdered sample into Teflon beaker. 

3. Measure 50 ml solution A into plastic graduated cylinder. Add 10 
ml to sample, swirl to ensure wetting, then add rest. 

4. Cover with Teflon watchglass and heat for 12 hours (i.e., over
night). 

5. Remove watchglass, increase heat to just below boiling point and 
remove beaker from heat after sample evaporates to dryness (3-4 
hours). Do not burn or sample will be difficult to redissolve. 

6. ~1easure 50 ml solution B into graduated cylinder. Add approximate
ly 100 ml to dried sample, wetting well, and break up sample with 
Teflon rod. Add remaining solution while rinsing rod. 

7. Replace beaker on hot plate and evaporate to 35 ml (approximately 
1 hour). 

8. Let cool, then transfer to 50 ml volumetric flask. Rinse beaker 
twice with deionized water, adding rinse to flask. 

9. Dilute to 50 ml with deionized water, mix well, and store solutions 
in plastic bottles. 

10. Run a blank (add all reagents but no sample) with each set of 
samples. 

Full strength, 1% by weight, rock solutions used for trace-element 
analyses. Solutions diluted by 50 times (2 ml diluted to 100 ml) 
used for major-element analyses. All determinations must be cor
rected for weight by dividing by the factor (sample wt). 

0.5000 
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APPENDIX VI 

Partial Chemical Analyses 

l-IB 3-2A 5-lB 7-IA 7-lB 8-1#1 
----· 

Si02 50.55 48.94 50.31 52.58 52.77 49.44 
Ti02 - 2.85 2.48 2.14 2.11 3.61 
FeOT 10.84 10.98 10.00 9.41 9.09 13.60 
CaO 7.01 11.04 5.87 5.42 5.44 9.10 
K20 1.82 0.86 1. 96 2.14 2.14 0.83 
Rock Type H-M H(-AOB) M ~1 M H(-AOB) 

11-20 11-2G 12-2 12-2F 12-2A 15-1 

Si02 48.72 48.81 48.15 48.90 48.79 51.70 
Ti02 - 2.88 2.89 2.82 2.91 2.30 
FeOT 11.60 11.71 12.14 11.81 11.69 9.91 
CaO 7.23 7.04 6.64 7.11 7.10 -
K20 1. 54 1. 64 1. 55 1.61 1.60 2.02 
Rock Type H H H H H ~1 

10-1 10-28 -- ---
48.96 48.03 
3.02 3.17 

11.53 11.89 
7.75 7.35 
1.59 1.37 

H H 

16-1 20-1 

51.89 47.90 
1.71 2.66 
7.44 11.03 
2.13 5.67 
2.60 1. 75 
M-B H-M 

11-28 

48.90 
2.80 

11.60 
7.01 
1.63 

H 

25-1 

51.44 
2. 21' 
9.97 
4.67 
2.06 

M 

11-2C 

48.84 
2.85 

11.96 
6.94 
1. 70 

H 

25-2 

51.59 
2.14 
9.89 
4.90 
2.07 

M 

.... .., 
0 
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APPENDIX VII 
Published Sr I so tope Ratios for Hawaiian Rocks 

Rock Ty~e Sr87/Sr86 Reference 
ISLAND OF HAWAII 

Kilauea Volcano 
1955 ol. basa 1t 0. 7033 1 
1955 basalt 0. 7035 1 
Prehistoric basa 1t 0.7034 1 
3 Kilauea Iki basa 1t 0.7032 1 
Kahuku Pa 1 i basa 1t 0.7035 1 
Kilauea Iki tholeiite 0. 7024 2 
Kilauea Iki tholeiite 0.7032 2 
Kilauea Iki tho 1 ei ite 0. 7032 2 
H-11-61 1960 Kapoho tholeiite 0.7046 3 
H-15-61 1959 Kilauea Iki tholeiite 0.7056 3 
Kilauea Rift-Tholeiites 1 tholeiite 0.70364 7 
Kilauea Rift-Tholeiites 2 tholeiite 0.70357 7 
Kilauea Rift-Tholeiites 4,5 tho 1 e i ite 0.70358 7 
Kilauea Rift-Tholeiites 6 tholeiite 0.70357 7 

Mauna Loa 
1881 Flow (JP-12) tho 1 ei ite 0.7041 5 

Hualalai 
Puu Waawaa trachyte 0.7028 1 
Puu Anahulu trachyte 0.7029 1 
Puu Anahulu (JP-15) trachyte 0.7043 5 
Puu Anahulu H-8-61 trachyte 0. 7059 3 
Puu Anahulu 17 trachyte 0.7054 3 
Puu Waawaa 18 trachyte glass 0.7052 3 
Puu Waawaa H-8-61 trachyte glass 0. 7072 3 

Mauna Kea 
JP-10 hawaiite 0.7043 5 
H-6-61 hawaiite 0.7048 3 
H-7-61 hawaiite 0.7043 3 
Paau i 1 o Quarry hawaiite 0.7046 3 
No Locality pic rite 0.7026 1 
No Locality hawaiite 0.7027 1 

Koha la 

16 mugearite 0. 7045 3 
61-104 Puu Makea mugearite 0.7052 3 
No Locality mugearite 0. 7028 1 



APPENDIX VII (Continued) 

ISLAND OF MAUI 

Haleakala 
H-5-61 

ISLAND OF OAHU 

Waianae V.S. 
C-16 
C-47 
C-170 

Koolau V.S. 

Honolulu V.S. 
JP-16 
JF-30 
JP-13 
JP-11 
61-66 
61-127 
61-131 

68-SAL-7 
68-SAL-25 
68-SAL-24 
68-KEE-1 
68-PY-1 
Sea Water 
Diamond Head, Oahu 

ISLAND OF MOLOKAI 

East Mol oka i 
Mo-12-72 
Mo-10-72 

REFERENCES 
1. Gast ( 1967) 

Rock Type 

ankaramite 

average 
tholeiite 
alkalic basalt 
hawaiite 
rhyodacite 

7 thd., 1 alk. 

neph. basalts 
mel. neph. I 
mel. neph. II 
neph. basalt 
basanitoid 
linosaite 
tuff 
neph. basalt 
mel il ite basalt 
mel i l i te basalt 
xenolith 
xenolith 
xenolith 
nephe lin ite 
nephelinite 
gulf stream 
shell & coral rock 

mugearite 
mugearite 

2. Hedge and Walthall (1963) 
3. Lessing and Cantanzaro (1964) 
4. Powell and Delong (1966) 
5. Powell et al. (1965) 

Sr87;sr86 Reference 

0.7033 

0.7030 
0.7029 
0.70305 
0.7033 
0. 70285 

0. 70385 

0.7029 
0.7030 
0. 7031 
0.7031 
0.7033 
0. 7045 
0.7038 
0.7044 
0.7026 
0. 7026 
0.7031 
0.7035 
0.7029 
0.7036 
0.7033 
0.7081 
0. 7088 

0.7035 
0.7024 

2 

4 

4 
4 
4 
4 

4 

4 

5 
5 
5 
5 
3 
3 
3 
1 
1 
8 
8 
8 
8 
8 
2 
4 

6 
6 

142 



143 

APPENDIX VII (Continued) 

REFERENCES (Continued) 
6. Hlava (1974) 
7. Hart (1973) 
8. O'Neill et al. (1970) 
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APPENDIX VIII 

Non-conclusive fractionation diagrams. See text and Fig. 18. 
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