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ABSTRACT 

Altered olivine tholeiite basalt on Mauna Ulu Volcano, 

Hawaii was e xamined petrographically and chemically to determine 

the mineralogy of the alteration products. Colour plays an 

important role in determining a general trend of alteration. 

The processes involved in the formation of Mauna 

Ulu have little effect on the alteration. The major influence 

is the type of volcanic gas and its constant interaction with 

the basaltic lava over an eight year period. The gas is 

oxidi zed as it cools, resulting in a zoning of different 

altera tion products in a variety of colours and compositions. 

The major alteration phase was determined to be 

amorp hous opaline silica. Other species present are hematite 

and s ulphur, with minor halides, sulphates and sheet silicate 

(chlorite). 
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CHAPTER I - INTRODUCTION 

.( 1 . 1 ) S t a t em e n t o f t h e P r o b 1 em 

In February - March, 1982, a field trip was taken with 

the De partme nt of Geology, McMaster Un i versity, Hamilton to 

the Hawaiian Islands. A trip to Kilauea Volcano and Mauna Ulu 

was undertaken; and this thesis developed as a result of that 

excursion. 

ihe flanks of Mauna Ulu are comprised of pahoehoe 

and aa type lavas, but the summit around the volcano ' s crater 

is extensive l y altered and decomposed . There are hot gases 

and steam emanating from vents on the summit, and it is 

suggested that the alteration of the lava has resulted from 

the constant interaction with these gaseous phases. 

Initial interest was generated by the obvious contrast 

between the altered products and the original tholeiitic basalt. 

Encr ustati ons are colourful, mostly orange, yellow, brown and 

white; and appear to be partially non-crystalline. Temperatures 

of vent gases on the summit were not accurately measured but are 

estimated to be from 100°C - 250°C. 

The main purpose of this study has been to determine 

wha t these encrustations are; their mineralogy and chemistry; 

exa c tly how they formed; how extens i ve the a l teration has 

progressed, and predictions for future alteration. 

(1 . 2) Location and Accessibility 

~ ~au n a U 1 u ( 11 Grow i n g Mount a i n 11 i n Haw a i i a n ) i s a 7 8 m 

hi gh basaltic shield volcano built up within a period of five 

ye a rs. It i s located on the upper east rift zone of Ki l auea 



Volcano, Hawaii Island, Hawaii; at approximately 19°21 .5' N 

latitude and 155°12.5'W longitude (figure 1 .2.1). On a large 

scale, the vo l cano's location is somewhat isolated in the 

Pacifi c Ocean, yet once on the island of Hawaii, a car, a good 

pair of hiking boots and an observant eye, are a11 that is 

required. Ki lauea and Maun~ Ulu are located within Hawaii 

Volcanoes Na t ional Park. Pahoehoe and aa lavas are found 

2 . 

on the flanks of Mauna Ulu. (figure 1 .2.2). Both types of lava 

are very dangerous to walk across, making the area somewhat 

inaccessible {figure 1 .2.3). 

(1 .3) Previous Work 

The type of study done for this thesis has never 

before been done on Mauna Ulu, although the volcano has been 

extensively studied. Mauna Ulu is unique because it is the 

longest, largest, most varied eruption in Kilauea's recorded 

history; th us volcanologists, seismologists and even structural 

geologists have found interests in this voicano. As yet no 

one has studied the petrology of the altered lava on its summit. 

Since the volcano is within Hawaii Volcanoes National 

Park, persons at the Hawaii Volcano Observatory have carefully 

studied this volcano's history. They have detailed every 

eruption and earthquake, and witnessed close up the volcano's 

activity. Many people have been involved in publishing their 

findings. In particular; D.A. Swanson has studied magma move

ments and lava flows; W.A. Duffield compared Mauna Ulu's lava 



figure 1.2.1 

KILAUEA VOLCANO 

SHOWING LOCATION OF 

MAUNA ULU ON 
EAST RIFT ZONE 
( Hazlett .19 8 2 ) 
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Figure 1.2.2 

Mauna Ulu Volcano 

Grey pahoehoe lava in foreground; biack 
as lava on lower flank; grey pahoehoe 
lava on upper flank; steam, gases and 
altered material on summit. 

Figure 1.2.3 

Contact between black aa lava in 
background and grey pahoehoe lava 
in foreground. Southeast of Mauna 
Ulu•s summit. 

4. 





lakes to global plate tectonics, and the study of lava tubes 

and island growth was done by D.W. Peterson. 

6 . 

When Mount St. Helens erupted in 1980, numerous 

fumaro l es were found in and around the crater. Encrustations 

similar to those on Mauna Ulu surrounded most of these fumaroles. 

These were studied by the United States Geological Survey, in 

particular T.E.C. Keith, D.P. Deltheir and D.R. Pevear. 

R.E. Stoiber and W.I. Rose have extensively studied 

the fumaroies in and around Central American volcanoes. Their 

work involved over eleven years of research on fourteen different 

volcanoes. 

Volcanic gas analyses at Kilauea have been investi

gated principally by J.J. Naughton and T.M. Gerlach at the 

Hawaii Vo1cano Observatory and the Hawaii Institute of Geophysics. 



CHAPTER II - THE FORMATION OF MAUNA ULU 

Since May 24, 1969, Mauna Ulu erupted almost contin

uously over a five year period until July 23, 1974 when 

activity finally ceased. On May 24, 1969, lava fountains 

broke out along an east-northeast trending fissure through 

Alai Crater to north of Alae Crater. The lava fountaining 

became localized between these two craters, over the area where 

Mauna Ulu eventually formed. (figure 2.1.0) 

By the end of 1970, Alae and Aloi Craters were both 

filled with lava by underground lava tubes and crater over-

flow from Mauna Ulu. Lave was able to enter the sea by lava 

tubes in June 1969 and September 1970. 

Small pit craters developed, coalescing to form an 

elongate trench on the eastern flank of the volcano. In 

Apri 1 1971, the trench and summit crater merged to form a 

deep depression. Lava continued to enter the sea until May 

1971. By October, lava completely disappeared from Mauna Ulu. 

Voluminous fumes continued to be emitted from 

7. 

Mauna Ulu but lava did not return until February 1972. Activity 

intensity varied until a stable lava lake finally formed. A 

secondary vent opened at Alae Crater where another basaltic 

shield was built. From February 1972 to April 1973 approxi

mately 125xlo6m3 of lava erupted in t he Alae-Mauna Ulu area, 

building up the shield volcano and the island of Hawaii. 

In April 1973, a 6.2 magnitude earthquake centered 

about 60 km north of Kilauea caused Mauna Ulu 1 S lava lake to 

drain and the summit to deflate. Lava activity became concen

trated upri f t at Pauaki Crater and along the Koae fault zone; 



Figure 2.1.0 

Alai-Alae Thermal Area; area of 
localized lava fountaining, 
January 1969. (Hazlett, 1982) 

Fi gure 2.2.0 

Mauna Ulu Lava Shield; cessation of 
activity, August 1974. (Hazlett, 1982) 

8. 
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fo r a short period of time. Lava never returned to Alae 

Crater though and Mauna Ulu remained fairly quiet. 

In late September 1973, activity slowly started to 

increase at Mauna Ulu. Vigorous fountaining occurred but 

the overflowing lava lake suddenly drained on November 10. 

Within hours lava erupted near Pauaki Crater, but was halted 

by December. 

At this time, activity resumed at Mauna Ulu. 

Eruptions were intense, with fountaining reaching up to 40 m. 

a t _ t imes and overflows spreading over 9 km from the volcano. 

Activ i ty intensified and weakened over a period of six months. 

The s hield volcano grew about 30 m. in height and now stood 

120m. above the original flat lying area. 

Activity quietened down by June and on July 19, 

seismographs reported the summit had deflated. The crater 

was empty of lava but still filled wi t h fumes and vapours. 

Some lava founta i ning occurred upr if t at Ki lauea's Calde r a 

and isolated vents, but after July 23 lava never reappeared 

at Mauna Ulu. The l ong period of activity was over. (figure 

2.2. 0 ) 

For the first time in 150 years, activity on Kilauea's 

flan k had continued for more than a few weeks. Continuous 

obse r vations were able to be made, allowing much improvement 

on t he previous knowledge regarding vo l canic processes. Th ese 

processes include: l ava fountaining , seismically control l ed 

eruptions, volcanic shield growth, crater draining and fi l ling, 

lava tube f ormation and volcanic island growth. 

1 0. 



Hot gases and vapour have been issuing from vents 

on Mauna Ulu throughout its formation. Interaction of these 

gases with the lava on the volcano•s now inactive summit, 

1 1 . 

marke d the initiation of the alteration process. Gcs-rock 

interaction now became the dominant reaction process~ Tempera

tures of the gases were likely much hotter at this time, with 

the volcano just starting to cool. As time passed, temperatures 

slowly decreased. The gases are now l00°-250°C approximately; 

and it has been eight years since Mauna Ulu•s eruptions were 

quietened. 

It is surprising that with a11 the interest generated 

on Ma una Ulu, no one has studied the petrology of its summit 

region recently. The area is very colourful and certainly 

distinctive among the fields of grey and black lava which 

surround it. Actually, this is why t he initial interest was 

generated for this thesis. 



CHAPTER III - PETROGRAPHY 

(3.1) Introduction 

Approximately seventeen hand specimens were sampled 

from the thesis area. Sample 5 is ropy pahoehoe taken from 

the base of the shield volcano. All other samples were taken 

from the summit of Mauna Ulu; each specimen in varying stages 

of alteration. Table 3.1.1 outlines each hand sample and its 

distinguish "ng characteristics. 

Fresh basalt in the Mauna Ulu area consists of both 

ropy pahoehoe and clinkery aa. The summit of the volcano has 

been depressed into a rock-filled crater. It is now about 

1 2. 

120m wide, 150m long and 135m deep (figure 3.1.1). Steam 

i ssues from vents, both in the walls of the crater (figure 3.1.2) 

and on the surrounding summit sur face . Around the crater, across 

the top of the volcano, an alteration and decomposition of the 

basa l tic structure ha s occurred. Little or no a l teration is 

found within the crater where vent activity is at a minimum . 

Exte nsi ve a l teration has pervaded the lava•s structure else

where on the summit, where vent activity is at its maximum. 

A distinctive separation can be seen between altered and fresh 

lava on the upper flanks of the volcano. This boundary also 

marks the degree of vent activity; as it is at its lowest at 

the base of the volcano and within the crater. 

A vent which emits only vapour and gases may be termed 

a f umarole . It is the most common means of venting air, steam 
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(cont ) TABL E 3.1.1 Distingui shing Cha racteri s tics of Hand Samples 
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Figur·e 3.1.1 

Rock filled crater on Mauna U1u. Left 
foreground is altered lava at edge of 
crater. Depth to floor is about 135 m. 

Figure 3.1.2 

Steam issuing from a vent on the inside 
wall of the crater. 





and other gases from a cooling volcanic deposit~ (or in 

this case; a temporari-ly inactive volcano). Fumaroles are 

usually surrounded by colourful encrustations, which may or 

may not be sublimate (a solid phase deposited directly from 

a gaseous phase without becoming a liquid). 

1 7. 

When Mount St. Helens erupted in 1980, numerous 

fumaroles were found, both near the crater, in direct associ

ation with the main vent (rooted) and within some of the lava 

flows (non-rooted). The encrustations surrounding the fumaroles 

were colourful yellow, orange, red and white deposits. A 

distinct similarity can be seen to those deposits on Mauna Ulu. 

The chemistry of fumaroles on volcanoes of Central 

America has been studied extensively by Stoiber and Rose (1974) 

over an eleven year period. From their studies and analyses 

they have determined a generalized sequence of mineral zona

tions in encrustations, which they propose may apply to all 

known volcanic fumaroles. Their results are shown in Table 

3. 1 . 2. 

Fumarolic vents on Mauna Ulu are concentrated only 

on the summit of the volcano, yet are relatively dispersed 

across the entire summit. (figures 3. 1 .3, 3.1.4). This is 

in direct contrast to fumaroles in Central America and Mount 

St. Helens, which are scattered across the volcano and its la va 

flows. 

(3.2) Petrographic Study 

Four thin sections were cut from samples 1 ,2,3~4, 

which were not too crumbly (friable). Initially an epoxy was 

required to be injected into the rock slab to aid in the 



stability of the rock's delicate structure. Principally, 

the sections show how the basaltic lava has reacted to the 

alteration process. All alteration products were not ab l e 

to be r epresented in thin sections. 

The framework is a reddish brown basaltic glass 

which i s opaque and extremely vesicular. Most vesicles are 

not whole but have been damaged through the thin section -

ma king process. Commonly the pieces from some of the broken 

vesicles are found within the remnant vesicles as angular 

shards . (figure 3.2. 1) 

Spherulites are a function of devitrification 

18. 

of the volcanic glass framework, and are common in the altered 

samples. They have a radial pattern, with extinction crosses. 

Small, acicular light crystals, (1 mm in length); possibly 

re l ict plagioclase; are common within these spherulites (figure 

3 . 2 . 2). 

Olivine crystals (0.5 - 3 mm in size) are 

ab undant, although whole euhedral grains are absent. Most 

whole grains are anhedral but several are only partial with 

relict hexagonal olivine outlines (f i gure 3.2.3). Olivine 

seldom alters to iddingsite but more commonly to i ron oxides, 

along cross-cutting fracture-veins ( figure 3 . 2.4). 

Alteration evidence is seen in each sample. 

A rimming of iron oxide (red in ref l ected light-hematite ) . 

The rimming develops into a banding or zoning, very similar 

to that seen i n hand spec i men ( 11 con c ret i on a r y texture 11 sect i on 

3.4). The banding commonly shows colloform-type textures at 



Zone 

A 

B 

c 

E 

F 

TABLE3.1.2 

Generalized zoning oattern of encrustations 
arcund volcanic fumaroles (Stoiber & Rose, 1974) 

Character Colour 

Sulfate Hh i te 

Oxide Gro1vn or 
Black 

Halide \'Jh i te 

Sulfate d u 11 red 
0~ 

du 11 fl ink 

Ha 1 ide Ye l 1 0\•1 or 
orange 

Sulohur- Yeilor cr 
1;yrsum Hhite 

Aonrox 
T (DC) 

900-40() 

3()0 

150-250 

100-200 

~10() 

f-100 

Major ~1i nera l s 

Thenardite 

snecular hematite, 
Shcherbinit e, 
tenorite 

Halite, fluorite 

anhydrite 

ralstonite, 
chloralurninate, 
earthy hemat it e, 
cristobalite 

su1fur, gypsum, 
earthy hematite 

19. 

0 t h e r ~1 i n e r a 1 s 

Langheini te, 
flohthi ta 1 i te 

Cu, Zn vandates? 
ma~netite, 
cassi tcri tc 

sylvite, sa 1 
ammoniac, 
crypt oha 1 i te, 
hydrophyl i te 

cha1cocyanite, 
anglesite, 
lan(jbeinite, 
thenardi':e, 
anhthi ta 1 i te, 
other sulrhate s, 
earthy hematite 

1 -3 '·'' r e n c i t e 

ha 1 otri chi te, 
ilsemannite, 
other hydrated 
sulphates 



Figure 3.1.3 

Altered lava on Mauna Ulu 1 S summit. Note 
steam vents in background. Crater is to the 
left. 

Figure 3. 1 . 4 

Altered lava on Mauna Ulu 1 s summit. Note 
steam and colour of material. Crater is 
to the left. 
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Figure 3.2.1 

Large vesicle contains angular shards of 
the basaltic glass. Note zoning lining 
interior edges of vesicles. Olivine 
crystal at left lies in a sperulitic 
glass matrix (sample 2) (160x) 

Figure 3.2.2 

Spherulites (sample 2) (250x) 

22. 





Figure 3.2 . 3 

Partial olivine grains with relict crystal 
outlines (sample 1) (160x) 

Figure 3.2.4 

Altered ol ivine crystals i n. a plagioclase-rich 
ma trix. Alteration products are iddingsite and 
commonly iron oxides. (sample 4) (63x) 
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the edges of, and within large vesicles (figure 3.2.5). It is 

pa l e brown to light orange in plain light; isotropic or radial 

w i t h a 1
' sa 1 t and pepper 1' texture i n p o 1 a r i zed 1 i g h t. The band i n g 

is likely opal and/or chalcedony, which are replacing both 

fe l dspar a nd olivine crystals from the matrix. 

Sample four is interesting in that its exterior con

sists of altered material, yet its interior (when cut open) is 

fairly fresh, grey basaltic lava with oliv~ne phenocrysts. 

(figure 3.2.6) This thin section shows a dense matrix of 

abundant Na-rich plagioclase feldspar (andesine) with minute olivine 

and possib l y pyroxene grains. (figure 3.2.7). Lamellar iddingsite 

and red-brown iron oxides are also common with olivine in the matrix. 

Larger (0.5-3 mm in size) inclusions of anhedral, altered olivine 

also occur. (figure 3.2.4). 

(3.3) Refractive Index Determination 

From each hand sample, using a binocular microscope, 

isolated mineral and powder samp l es were hand picked from the 

whole rock. Five representative bulk rock samples were also 

hand crushed to a fine powder for use with XRF and for refrac

tive index determination. Each sample was then studied under 

a petrographic microscope with respect to oils with varying 

refract i ve indices. Relative relations between indices of the 

sample and of the oil led to determination of the refractive 

index for the sample. 

Poor resu l ts were obtained due main l y to the composition 

of t he mater i al. Most samples were gl ass y and amorphous, t hus 



Figure 3.2.5 

Pale orange to light brown, colloformal-type 
banding between vesicles (sample 2) (63x) 

Figure 3.2.6 

Cut sample showing interior of fairly fresh 
basalt, and exterior of coloured alteration 
material. Note growths on surface and infilling 
of vesicles (near base). (sample four, top 
direction to upper left corner, base to lower 
right corner). (sample is 5.5 em from top to 
bottom) 
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Figure 3.2.7 

Dense matrix of Na-rich plagioclase laths 
with fine grained olivine and pyroxene. 
(sample 4) (250x) 
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show no crystal structure. All other materials indicated very 

fine grains with poor crystal shape; making crystallographic 

directions (o( ,p, if) impossible to determine. The rare grains 

with good crystal shape which were obtained, were too infre

quent to be able to use this method. 

Data was not obtained for any hand picked samples, 

but crushed bulk rock samples one and five, enabled some 

results to be determined. Both samples are fresh lavas; five 

is grey-black pahoehoe and one is reddish-brown, hard vesicular 

basalt. Sample five contains minerals with refractive index of 

1.660-1 . 664. Possible mineral species may be enstatite (~, 1.650 

- 1 . 6 6 5 ; o , 1 . 6 5 8 - 1 . 6 7 4 ) , d iop s i d e ( d... , 1 . 6 5 0 - 1 . 6 9 8 ) , o r o 1 i v i n e 

( o<. , 1 . 6 51 - 1 . 6 81 ) . Samp 1 e ~ n e con t a i n s m i n era l s of refract i v e i n de x 

1.670-1 . 672. Possible minerals may be enstatite (o, 1.658-1.674), 
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diopside (o<, 1.650-1.698), olivine (a(, 1.651-1.681 and forsterite 

(o, 1.670-1.680). (see Table 3.3.1) All possible minerals are 

either olivine or pyroxenes, but refractive indices are too high 

to include feldspars (i.e. andesine, 1.515-1.530. 

It is interesting to note that before alteration, these 

minerals were large enough and distinct enough to be identified 

with refractive oils, yet, after alteration, no species with crystal 

structure is large enough nor well enough formed to be identified 

by their refractive indices. 

Obviously, the alteration has degraded the mineral •s 

crystal structure; and ultimately destroys it completely, leaving 

only an amorphous mass. 
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TABLE 3.3. 1 

Minerals with similar refractive indices as Samples 
1 and 5 

Sam~1e 1 {1.670-1.672) Sample 5 ~1.660-1.664) 

Anthophyllite 1.623-1.676 ( r) Prochlorite 

Hor-nblende 1.633-1.701 ( a{ ) Hornblende 

Jl.1lanite 1 . 6 4 -1 . 77 ( 0) Chondrite 

Di-opside 1.650-1.698 ( a) .~nthoohyll i te 

Olivine 1.651-1.681 ( 7) Hornblende 

Tourmaline 1.652-1.698 ( 7) Glaucophane 

Enstatite 1.658-1.674 ( "' ) Allanite 

Dumortierite 1.659-1.678 (7) Prehnite 

Al l anite 1 . 6 6 -1 . 80 * ( ~ ) Enstatite 

Cummingtonite 1.664-1.686 * ( ~ ) Diopside 

Jadeite 1.667-1.688 ( o4 ) Spodumene 

Forsterite 1.670-1.680 * ( ~) Olivine 

Lamprobalite 1.670-1.692 ( Ut ) Tourmaline 

( ~) Jadeite 

( 7) f~onti ce 11 i te 

( c;w( ) Sillimanite 

( ~) Grunerite 

* ( 0) Enstatite 

( ~) Dumortierite 

( 0) Allanite 
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1.599-1.667 

1.614-1.675 

1.621-1.570 

1.623-1.676 

1.633-1.701 

1.639-1.668 

1.640-1.770 

1.645-1.665 

1.650-1.665 

1.650-1.698 

1.551-1.668 

1.651-1.681 

1.652-1.698 

1.655-1.666 

1.655-1.669 

1.657-1.661 

1.657-1.663 

1.658-1.674 

1.659-1 . 678 

1.660-1.800 

*Possible mineral occurences in olivine tholeiittc basalt 
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(3.4·) Alteration Development 

The change from fresh lava to an extensively de

composed material, begins with a film of non-crystalline material 

coating the surfaces and vesicles of the lava. This coating 

can be either white or a light reddish-brown colour. It forms 

or is deposited in paths of irregular shapes and sizes (figure 

3.4.1 ). In some cases (figure 3.4.2), the coating is found in 

little rivulets along the surfaces of pahoehoe ropes. The 

surface appears to break down eroding away the tops of the 

vesicles and forming small ridges of more resistant lava, in the 

direct i on of lava flow (sample 11 ). Some of the vesicles 

which are coated, form a thicker coating which is wet-looking, 

and amorphous. It is very hard and is usually white or light 

orange i n colour (figure 3.4.3). 

Often a vesicle is "filled 11 from the bottom up with 

the amorphous material (spirit level), enabling top direction 

to be determined {figure 3.4.4). Fresh lava vesicles are barren 

of this type of texture; partially altered vesicles tend to 

alter from the base up. Extensively altered vesicles are almost 

totally filled with altered material. The interpretation arises 

that the amorphous material was precipitated from a gas as a 

sublimate, into the bowls developed by the lower portions of the 

vesicles. When sample 9 was broken open, interior vesicles 

showed the same type of texture as those on its exterior. (figure 

3.4.5). The process must therefore permeate the porous basalt 

structure. Precipitation from a gas is a very plausible possibility 

for the formation of the amorphous material. 



Figure 3.4.1 

Coating of white and brown material on surface 
and within vesicles. (sample 12) (sample is 3 
c.m. across) 

Figure 3.4.2 

Fresh ropey pahoehoe, with brown coating 
starting to fill in rivulets on surface. 
(sample 5) (sample is 3.5 em from top to 
bottom). 

34. 





Figure 3.4.3 

Underside of fairly fresh vesicular iava. 
Note coatings within vesicles and brown 
coating over surface. (sample 7) (sample 
is 5.5. em from top to bottom) 

Figure 3.4.4 

Cut sample showing minute, vertical growths 
on upper surface and within vesicles; in
filling of vesicles with amorphous material; 
concretionary texture. (especially in lower 
right section of the sample). (sample 2, 
surface at the top of the picture~ base at 
the bottom). (sample is 4.5 em from top to 
bottom). 
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In determining the composition of the amorphous 

substa nce, appearance, form, colour and hardness were all 

considered. It is also known that the solubility of Si0 2 in 

a wate r -rich hot gas is very high (GSA Memoir 97). The gas 

may tend to become super-saturated with Si0 2 , resulting in 

even tua 1 precipitation as a sub 1 i rna te; when temperatures are 

decreased. 

11 Concretionary structure 11 made up of layered or 

banded powdery crystalline material; forms in all altered 

samples. (figure 3.4.4)_ The basalt is altered from the 

exterior to the interior, in layers, as in an oxidation process. 

Every available surface is under attack, and becomes decomposed. 

In nearly fresh samples, basalt is thick between vesicles with 

little or no layering. In altered samples, the layering is 

th i ck, with only thin threads of basalt running between. The 

most decomposed samples are crumbly, consisting only of the 

layere d material, without any basaltic framework. 
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The concretiona~y structure forms in the basalt around 

the vesicles; but within the vesicles, layers of amorphous silica 

are continually being built up. In extensively decomposed 

specimens, the concretionary structure and the amorphous layers 

merge to become indistinguishable from one another. (figure 3.4.5). 

Light green olivine phenocrysts are common in fresh 

lava, but no evidence is seen of them in altered specimens. 

This is due either to their own decomposition and breakdown, thus 

they will not be identifiable after alteration; or, if the 

olivine is very resistant, the inclusions will become 11 Coatedu 



Figure 3.4.5 

Sample broken open to reveal its interior. 
Note yellowish, orange, grey, slightly 
shiny amorphous material. (sample 9) 
(sample is 5 em across) 

Figure 3.4.6 

Surface of sample showing white, orange 
and yellow encrustations. Some globular 
growths are visible. (sample 15) (sample 
is 6 em across) 
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and then hidden. In sample 9, there are several areas where 

the basalt has been broken to expose a 11 fresh'' surface. A deep, 

forest green powder is located in these areas. The presumption 

is that this material is iron-magnesium rich (due to the colour) 

remnant forsteritic olivine, which has been chemically and 

structurally broken down. This suggestion is also reinforced by 

petrographic study (section 3.3). The green powder may thus be 

chloritic. 

Colour is a prime factor in determining the stage 

of alt e ration that the rock has progressed to. In general, 

fresh s amples are grey-black (figure 3.4.2), slightly altered 

sample s are brownish (figures 3.4.1 and 3 . 4.3) more decomposed 

specimens turn orangey (figure 3.4.3) and those extensively 

altered samples have yellowish encrustations (figure 3.4.6) 

( Tab 1 e- 3. 1 . 1 ) . By o b s e r v i n g VJ h i c h s amp 1 e s a r e f res h and tho s e 

which a re altered, and comparing the colours of powdery alteration 

produc t s, one may conclude a pattern of colour change is associated 

wi t h extent of decomposition. Samples 1, 5, 10 are fairly 

fresh a nd have no coloured "powders". Samples 12 and 17 have 

on l y br own or white powders. The more decomposed samples 6, 8, 

11 have brown, white and orange coloured powders but no yellow. 

The most extensively altered samples 2, 3 , 4, 7, 13, 14, 15, 16 

ha ve all four coloured powders form i ng their crumbly crusts. 

( figure 3.4. 7) .. 

To back up this pattern of co l our change, one sees 

t h e e n t i ·r e s e q u e n c e p r e s e r v e d i n w h a t a r e c a l l e d 11 g row t h s '' . 

These are minute, vertical extensions on the surface crusts and 



Figure 3.4.7 

Colourful surface of Mauna Ulu's 
altered deposits. Note variety of 
colours and crumbly texture. 

Figure 3.4.8 

Surface of sample, (note e~tensive 
oxidation as comoared to Fi gure 3.4 . 7) 
s howing boitryoidal spheres. (samp l e 2) 
(sample is 8 em across ) . 
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within some vesicles of many samples (figure 3.4.4). Whether 

all rocks originally had them but the growths were later 

destroyed i s unknown, but the theory is suggested that these 

growths only formed in sheltered or protected local environ

ments. Exposure to the elements may have discouraged growth 

formation in open areas. 

The growths are circular, elongate extensions with 

globular tips. They 11 grow 11 vertically upward from the surface 

of the sample. They are about 1 mm in length by 0.50-0.75 mm 

i n di ameter. The growths seem sturdy; but the y are made up 

of the same powder which makes up the rest of the crumbly 

crust, making them easily erodable. 
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Most growths have been partially broken, and not all 

growths show a continuous colour sequence, some colours being 

omitted; but a full coloured-powder trend can be determined. 

The base of the growths is brown to light brown, then zoned 

vertical l y upward, the colours c~ange as follows: white , 

orange, yellow, white (sample 2) with various shades of these 

co 1 o u r s . I t i s no ted t h a t when a g r o \v t h i s " k no c ked o f f 11 a 

white powder underlies it. Many samples (3, 8, 9, 13, 14, 15) 

do not have fully developed growths on their surfaces. In

stead, globular spheres, almost boitryoidal in appearance 

co ver their altered surfaces (figure 3.4.8). 

Sample ni ne consists of numerous concretionary 

patches of powder 1 ayered into coloured zones. The zon i ng 

is common but in some areas, a coloured la yer may be who l ly 

or partially removed. From the base, vertically upward, 
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l ayering is as follows: white, reddish-orange, pinkish-white, 

red, with orange-yellow powder capping the sequence. Sample 

2 sh ows a similar type of banding. The colours vary from 

reddish brown, light brown, pinkish white, yellowish white 

to white. 

A polygonized fracture system was visible on the 

surface of one sample (8). Various colour zones could be 

seen across its smooth surface (possibly half of the interior 

of a large vesicle), but the surface has been cross-cut by 

very small, narrow vein-filled fractures. It appears that a 

vein consists of a powder of a couple shades darker than the 

colour of the powder which surrounds it. For example, red

brown patches are cut by brown veins; orange patches are cut 

by brown veins; yellow patches are cut by orange veins; and 

light yellow patches are cut by yellow veins. The veins or 

fractures usually form 120° angles with adjacent fractures . 

This polygonization may be due to a dessication or drying 

out process caused by a lack of damp hot gases. 

The colour changes visible in hand sample may 

be due to temperature changes resulting from the cooling 

of the volcano, and cooling gases. Different gaseous temp

eratures will thus result in different alteration products, 

after reaction with the vent wallrock. 



CHAPTER IV - GEOCHEMISTRY 

(4.1) Introduction 

Rock powders used for making the fused powder 

pellets were hand crushed with an agate mortar and pestle. 

Whole rock analyses were obtained using a Phillips Model 

1450 AHP, sequential x-ray fluorescence spectrometer, 

within the Geology Depart~ent, McMaster University. A 

6:1 flux (lithium tetraborate and lithium metaborate) 

to rock powd er ratio was fused in platinum crucibles 
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for 3-5 minutes at l200°C for major element, whole rock analy

ses. Ail samples were ana1yzed by the author. In addition, 

one sample (14) was tested for its sulphur content. A 

value of 0.14% so 2 was obtained using a Leco Corporation 

Sulphur Titrator, also within the McMaster Geology Depart

ment. 

X-ray diffraction methods were attempted with 

several hand picked samples and crushed whole rock samples. 

The specimens are characterized by very high background 

levels without any dominant peaks obtained. This is indi

cative of amorphous substances within the altered deposits 

( Delthier, Pevear & Frank, 1980). 

The data from the x-ray fluorescence work was 

analyzed by a McMaster University computer programme, which 

calculated and printed information such as: weight percents 

of ox i des and C I P t~ norms , (_Tab 1 e s 4 . 1 . 1 , 4 . 3 . 1 ) . I n order 

to compare the coliected samples with fresh samples coilected 

by oth er persons in and around Mauna Ulu, included are the 



averages of 39 samples from Wright et al, 1975 in Table 

4 . 1 . 1 , for fresh tho 1 ei it i c bas a 1 t . 

(4.2) Major Elements and Comoonent Ratios 

Figures 4.2.1, 4.2.2, 4.2.3, 4.2.4~ 4.2.5 are 

graphical representations of changes in the weight per

cents of the oxides as alteration proceeds. Both s;o 2 and 

Ti0 2 are increased in relative proportions to other oxides 

with increased alteration. Ti 4+ is likely an impure minor 

t · th s·o -4- t h d 'th r,· 4+~ s,· 4+. It ,·s componen 1n . e 1 2 t..e ra e ron, w1 ~ 

assumed that any processes operating on the Si-0 bonds in the 

tetrahedron will also react with the Ti-0 bonds. 

Figure 4.2.2 shows a large increase in A1 2o3 

and Fe 2o3 in sample 9AA. This sample is rich in brown 

altered material compared to sample 988 which is rich in 

amorphous material. 

Note in sample 9BB the large sudden increase in 

weight percent Si0 2 , as compared to the slight decrease in 

4.7. 

samp l e 9AA. The increase of Al~O~ indicates that it must a l so 
L ..J 

be incorporated into sample 9AA. Note that Al 2o3 decreases 

cons i dera.bly in sample 988 but Fe 2o3 is only slightly decreased, 

i ndicating the inclusion of Fe-oxides with the amorphous opaline 

silica. MgO decreases in samp l e 9BB, and has about the same 

amount in samples 9AA and 13AA. Overall, increasing altera

tion shows a decrease in weight percent of these oxides. 
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SiO') I 
'- I 

Al2031 

* Fe2031 
MgO I 

i 
CaO 1 

! 

TABLE4 .1.1 X-Ray Fluorescence Results (normalized to 100): 
Weight Percents of Oxides 

t·J i t h o u t P r i o r I g n i t i o n 

( 1:Jri £1ht) 1 
~~a una 
Ul u 1 AA SAA 9P..A 13AA 

49.37,~48.47 9.22 r6.19,71 .29 

12.56 11.63 12.03,20.08 7.02 

11.61 13.23 13.23 19.44 9.91 

11 . 03 1 2. 78 HL nl 6. 34 6. 06 

10.19 

2. 10 

0 . 42 

2.30 

0.18 

0.23 

9.15 ho.26 4.oo 1 1.53 

1.61 , 1.87 1.46 10.881 
n.38 I o.38 0.22 I o.o6 

2.16 1 2.21 11.921 2.99 

0.21 10.2210.13, 0.04 ! 

0.37 1 0.42 I 0.221 0.21 I 

!gnited 2 Prior to Analysis 

l4AA 1AA SAA 988 13AA 

88.65 1
149.24 ~9.30 !70.96171.34 

1 . 98 12.01 ~ 1. 94 6. 97 7.18 

2. 1s 13. gz ll13. 33112.96 I 9. 94 

~ . 20 9. 84 1 0 . 23 2 . 4 916 . 02 I 

0.671 9.57 110 .37,2.60 1.63 1 

o.41 2.15J1.59,o.s1 o.4n l 

14AA 

88.16 

2.19 

2.14 

2.19 

0.70 

0.58 

0.05 

3.76 

o.os 
1 
I o. 451 a.38l a.1o o.o7 l 

3.7r. ll 2.27 1 2.22,2.33 3.071 
o.03j 0.17 1 0.201 o.n7 o.o3 1 o.o?. 
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*Total Iron 

o.o7J / 0.37 1 o.Jsl o.2oj o.2s ,_o_.z_z_ 

-0.42 l1.-n.72J 9.91,18.74 !1 0.09 Loss on 3 
----'-----..------'---'------I gn i t ion 

1. Av erage of 39 samples of fresh tholeiitic Mauna Ul 1J Rasalt (\·!right et al, 1975) 
2. Samples were ignited at high temperatures prior to x- ray analysis 
3. Material lost due to ignition; omitted from sample normalization 

Sample Descriptions 

1AA -
5AA-
9AA -
9 [3[3-

1 'JAA -
14/\A.-

fresh red-brown basaltic l ava 
fresh grey-black, pahoehnP lava 
i ron oxide-rich material from sam9le 9 
amorphous-r i ch mater ia l from sample 9 
extensively altered lava 
extensively altered lava 



Figure 4.2.1 

Weight percent (SiO ) vs sample 
(M.U. is Wright's M~unu Ulu basait). 
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Figure 4.2.2 

Weight percent (A1 2o3 , Fe 2o3) vs sample. 

Figure 4.2.3 

Weight percent (MgO, CaO) vs sample. 
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Figure 4.2.4 

Weight percent (MnO, P2o5 ) vs sample. 

Figure 4.2.5 

Weight percent (TiD~, Na~o, K20) vs samole. 
~ ~ . 
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The alteration appears to involve both a break

down and an addition of material. The hard basaltic structure 

has been degraded to a crumbly powder, during the alteration 

process. At the same time, vesicles are being filled with 

dominantly amorphous material. From Graph 2.1, 2.5, s;o 2 
and Ti0 2 increase in relative proportion to the other oxides. 

The proposed process of alteration involves the breakdown 

of the hard framework (breaking of strong Si-0 bonds) to a 

material which goes into a gaseous solution (hot gases are 

reacting with the lava) to be later deposited as an amor

phous sublimate (no liquid phases are observed in hand 

samples or field studies) within the porous, crumbly, remnant 

lava structure. 

Component ratios are shown in Table 4.2.1. From 

this data one can easily compare one oxide with proportions 

of several different oxides. Assume alteration trends pro

ceed from left to right, from fresh to altered samples. 

Two samples (9AA and 9BB) were taken from hand 

specimen nine. Sample 9AA is poor in amorphous material and 

comparatively richer in the red-brown iron oxides. Sample 

9BB is rich in the amorphous substance. This information 

is reflected in the Si0 2/oxide ratios; that for 9AA being very 

low, bu t that for 988 is much higher (about the same as for 

sample l3AA, the next sample in the alteration pattern). 

The impression is that the amorphous substance is in fact 

silica, as the amorphous occurrences correlate with the occur

rence of Sio 2 . 
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The alteration appears to involve both a break

down and a n addi t ion of material. The hard basal tic structure 

has been degraded to a crumbly powder, during the alteration 

process. At the same time, vesicles are being filled with 

dominantly amorphous material. From Graph 2.1, 2.5, s;o 2 
and Ti0 2 increase in relative proportion to the other oxides. 

The proposed process of alteration involves the breakdown 

of the hard framework (breaking of strong Si-0 bonds) to a 

material which goes into a gaseous solution (hot gases are 

reacting with the lava) to be later deposited as an amor

phous sublimate ( no liquid phases are observed in hand 

samples or field studies) within the porous, crumbly, remnant 

lava structure . 

. Component ratios are shown in Table 4.2.1. From 

this data one can easily compare one oxide with proportions 

of several different oxides. Assume alteration trends pro

ceed from left to right, from fresh to altered samples. 

Two samples (9AA and 9BB) were taken from hand 

s pecimen nine. Sample 9AA is poor in amorphous materia l and 

comparatively richer in the red-brown iron oxides. Sample 

9BB is rich in the amorphous substance. Th i s information 

is reflected in the Si0 2/oxide ratios; that for 9AA being very 

low, but that for 9BB is much higher (about the same as f or 

sample 13AA, the next sample in the alteration patter n). 

The impression is that the amorphous substance is in fact 

silica, as the amorphous occurrences correlate with the occur-

renee of S i o 2 . 
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Si0 2/Al 2o3 ratio increases as alteration increases, 

except for 9AA which is low in Si0 2 and high in Al 2o3 . 

Si0 2/Fe 2o3 ratio increases except 9AA which again shows a low 

i n Sio 2 and is high in Fe 2o3 . Si0 2/ MgO ratio increases 

gradationally except with 9BB which shows a sharp increase 

i n s; o2 as compared to MgO. Mg0/A1 2o3 and Mg0/Fe 2o3 ratios 

decrease except with 13AA and 14AA (very altered samples) 

which are low in Fe 2o3 and Al 2o3 . Fe 203/Al 2o3 ratio is 

fair l y constant as alteration proceeds, except 988 which is 

high in Fe 2o3 . CaO/MgO decreases except 988 which is low 

in MgO. Ca0/K 20 ratio is slightly decreased except for sample 

SAA ( fresh) which is high in CaO and K2o (CaO K20) and samples 

9AA and 14AA (altered) which are low in CaO and K2o (CaO K2o). 
Na 2o; cao ratio increases except 988 which is low in Na 2o. 
Ti0 2/ MnO ratio increases and Na 20/Ti0 2 , K20/Ti0 2 ratios de

crease as alteration proceeds. 

rn summary; fresh samples are high in K2o, CaO, 

MgO, Na 2o, MnO, and relatively lower in Sio 2 and Ti0 2 . 

Samples which have undergone alterat i on, become richer in s;o 2 , 

Ti0 2 ; while K2o, CaO, MgO, Na 2o, MnO abundances decrease. 

Fe 2o3 (total iron) and Al 2o3 show an initial increase with 

alteration but are subsequently then decreased in amount 

as alteration i ncreases. 

It may be interpreted that alteration proceeds 

and mineralogy). 
(altered lava) ~~ 
Rich in: Si, Ti 

step wise, with continually changing chemistry 

[
fre s hl _____.,.~-Fe-r i c hl.l 
lava J Al-richj 

rooor in: l 
__ 7~ l K,Na,Ca,~1gj --->~ poor in: Al, Fe,Mg, 

Ca,Na,K,Mn 
(Na Ca K) 



TABLE 4.2. 1 COMPONENT RATIOS 57 . 

1 I I ! 

I 
I 

I 
( Jri ght )' 

1A.A2 I I Mauna 5AA 9AP.. 988 l3AA l4AA 

! 
Ulu I I I 

s;o21 I 

I 
l 3.93 4.17 4.09 2.30 I 10.18 10.16 44.77 A1 2o3 

I I 
Si02/r- I 

j 

' l 4.25 3.66 
I 

3.72 2.38 I 5.48 7.19 
I 

41.23 I re2o3 I 
I I I 

Si02, 

I I ! 
I I I t~gO 4.48 3.79 4.84 I 7.28 28.50 11.76 40.30 

f 

I 
' l 

I I MgO/ 

I I 
,... !"\ 0.95 0.97 0.77 0.33 0.19 0.61 1. 02 I re2u3 I I I I 

MgO/ 

I 

I l I 
I 

A1 2o3 0.88 1.10 0.84 0. 32 I 0.36 0.86 l .11 
I 

I I 
Fe?o31 

I 0.92 I 1.14 
I 

1.10 0.97 I 1.86 l 1. 41 1. 09 I - Al
2
o3 

l 
I 
I l 

I ! ' j ! 

Ce 

I 
I MgO 0.92 0.72 1 . 01 0.63 1. 04 I 0.25 0.30 I 

0/ 

! I 

l CaO/ 

I 
K20 24.26 24.08 26.76 18 . 18 26.00 25.50 

I 
13 . 40 

Na2o; i 
l l I 

0. 21 0.18 0.18 0.37 I 0. 31 0.58 0.61 
I 

CaO 
I l 

I 

l 

Na 2o; l l I 

5.00 4.24 4.92 6.64 I 8. 10 14.67 8.20 K
2
o l l 

Ti 02/MnO I 
! I 

12.78 10.29 10.05 14.77 1 40.43 1 74.75 126.00 
I 

Na2o; 
I I 

l I 

I 0.91 0.75 0.85 0.76 0.29 I 0.29 I 0. 11 Ti02 

I 
I I I 

I I K2o; I 0. 18 0. 18 0.17 0. 11 I 0.04 0.02 0. 01 Ti02 
I I I I 

1-see Table 4.1.1 for explanation 
2-see Table 4.1 . 1 for sample descri ptions 



Keep i ng fresh lava as the standard, the steps of 

chemical changes upon alteration are shown above. This 

implies both ga i ns and losses of these oxides but only in 

relative pr opor t ions to other elements (section 4.4). 

(4.3) CIPW Norms 

58. 

Weight percents of oxides were initially calcu

lated with total iron as Fe 2o3 . These were all re-calculated 

on a computer programme to obtain total iron as Fe 2o3 and FeO; 

as follows: 

~~ Fe 2o3 = % Ti0 2 + 1.5 = 3.640 

% FeO = (% Fe 2o3 - % Ti0 2 - 1.5) x 0.8998 = 8.521 

It is assumed that Ti0 2 is an occurring phase. Almost all 

samples had Fe 2o3 FeO in amount. Sample 13 (altered) has 

slightly less FeO and sample 14 (altered) had FeO Fe 2o3 ; 

so that the amount of FeO becomes negative in the computer 

programme. The programme was not designed for any type of 

alteration; thus, sample 14•s data has been omitted . Norma

tive calculatio ns are listed in Table 4.3.1, with the under

sta nding t hat t hese calculations are for unaltered rocks of 

the given compositions. 

With reference to t he normative ca l culations, 

the r e is little or no quartz (Si0 2 ) in fresh samp l es, yet it 

is a bundant in altered samples. Orthoclase norm is high in 

f r e s h samples and decreases in altered ones. Albite ( Na) and 

ano r thite (Ca) show similar effects. All forms of dio pside 



Si0
2 

P\1203 

Fe
2
o

3 

FeO 

MgO 

CaO 

Na
2
o 

K20 

Ti02 

MnO 

Or 

Ab 

An 

Di(Wo) 

Di (En) 

Di ( F s) 

Hyp(En) 

Hyp ( Fs) 

01 (Fo) 

01 (Fa) 

Mt 
!1 

Ap 
Cor 

Hem 

TABLE 4.3.1: CIPW NORMS 

1AA I SAA I 9AA i 988 I l3AA 

I 48.945 I 49.699 I 46.928 I 71.571 71.664 

111.739 12.152 20.4011 7.0321 7.053 

3.709 3.773 3.722 4.461 4.741 

8.683 

12. 90i 

9.243 

1.630 

8.622 
I 

10.261 l 
I 

10.363
1 

1. 881 

14.425 7. 749 4.703 

6.443 2.508 6.093 

4.064 2.614 1 1.538 

1.484 0.822 0.879 

0. 3771 o. 3so 1 
I 

0.224 0. i07 I 0.058! 
I 

2 018 2. 231 l 

0.214 0.216 

0. 3771 0.422 

1 . 95 51· 2. 860 3. 006 

0.130 0.0751 0.046 

0.224 0.203 0.220 

I 
2.110 10.455 54.898 54.si3 I 

' 2.2281 2.246 1 1.324 0.5321· 0.343 1 

13.793 15.917 12.557 6.956 7.4381 

23.602 23.594!18.700 11.643 6.1941 

8.264 10.4651-- 1-- I 

5.811 I 7.0621-- , __ 

1. ?so I z.6o7 --

26.090 18.492 16.045 6.246 15.174 
7.858 6.826 20.427 5.961 
0.159 I 

0.053 

5.378 5.470 5.397 6.468 6.595 
4.142 4-.237 l 3.713 5.-432 5. 7091 
0.873 0.978 o. sl9 1 0.470 0.~10 

11 0~~64 1.297 3.274 

0.192 

I 
I 

59. 

1-Sample 14AA is omitted due 
to type of computer programme 
used (see text) · 

2(quartz) 
(orthoclase) 
(albite) 
(anorthite) 
(Ca-pure diopside) 
(Mg-pure diopside) 
(Fe-pure diopside) 
(Mg-pure hypersthene) 
(Fe-pure Hypersthene) 
(Mg- pure olivine) 
(Fe-pure olivine) 
(magnetite) 
( i1 meni te) 
(apatite) 
(corundun) 
(hematite) 



(Ca , Mg or Fe-rich) may occur in fresh samples but are 

unlikely to form in altered samoles, implying that t hese 

60 

are poor in ( Ca, Mg, Fe)-silicates; in diopsitic proportions. 

Hypersthene res ults imply that Mg-rich forms dominate in 

amo unt in all samples; except 9AA, which is high in Fe (there

fore Fe-rich hy persthene dominates). Olivine is not expected 

to form in any altered samples. Magnetite, ilmenite and 

apatite are all calculated to occur in similar proportions 

in each sa ~ple. 

Normative corundum seems like l y to be found only in 

altered samples, due to the availability of free Al. The 

alteration has probably broken down alumino-silicate minerals, 

releasing free Al. This is indicated by the occurence of 

cor undum i n the norm calculations. Hematite is only calculated 

to occur i n sample 13AA which is altered. This may also be due to 

the fact t .at in previously altered sample, the Fe has been used 

in forming ot he r compounds; and only in the most extensively 

altered samples does free Fe become avai l able to react on l y 

with oxyge n ; to form hematite. 

( 4. l .4) Composition - Volume Relationships 

A metasomatic alteration involves the introduction of 

material f r om an external source; and depend i ng on the conditions, 

a corresponding amount may be lost from the system. Under some 

circumstances, metasomat i sm may result in the comp l ete rep l ace

ment of one minera l by anot her without loss of the origina l 

texture. Recrystall i zation may also occur i f t he f l uids 

involved are energet i c enough; to continue t o r eact with the 

mineral species . 
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Figures 4.4. l, 4.4.2, 4.4.3, 4.4.4 indicate the actual amount 

of ma t erial lost or gained in the alteration process, assuming 

it was metasomatic. The method followed is from Gresens (1967). 

In a meta so matic replacement aA + ~(X)~~ bB, a, b are amounts 

(in gr ams) of each mineral (A,B); X= x 1+ x~ + ... x X is 
L n , 

the total amount of material lost or gained (in g},xn are the 

constituent components; C~ is the weight percent of component n 

i·n mineral ·z; fv is the volume factor change (VB/v ); gn is the 

specific gravity of mineral n. x1 = a[fv (gB/gA)\ 1B- c/] 

It is convenient to assume a = 100 g, and fv = l (no volume 

change, although this is only the ideal case). The Mauna Ulu 

basalt composition determined by Wright (M.U.) is assumed to be 

the f r esh basalt, and its density is assumed to be 2.772 g/cm 3 

(Tilley, 1922). 

Specific gravities of each crushed whole rock sample 

were found using a water displacement method (Hutchison, 1974) 

whe r e speci f ic gravity = mass/volume. (T ables 4.4. 1 and 4.4.2; 

and Appendix A for sample calculation). 

In the graphs the components which simultaneously cross 

the gain-loss zero line are immobile components in the reaction 

process. Tho se components which vary somewhat from the zero 

line are s lig htly mobile, and components which vary cons i derably 

from this gai n-loss zero line are mobile components in the 

metas omatic process. From the graph, the mobile components are: 

Si0 2 , Al 2o3 _ Fe 2o3 , MgO, CaO; slightly mobile components are : Ti0 2 , 

Na 2o, and immobile co mponents are K2o, MnO, P2o5. ( note scales ). 



Figure 4.4. 1 

Gain and Loss (grams) (Si0 0 ) vs sample 
(.. 

(very mobile) 
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Figure 4.4.2 

Gain and Loss (grams) (Al 2o3 , Fe 2o3 , MgO, CaO) 
vs sample. 

(mo bile) 
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Figure 4.4.3 

Gain and Loss (grams) (Ti0
2

, Na
2

o) vs sample. 

(slightly mobile) 

Figure 4.4.4 

Gain and Loss (grams) (K 2o, MnO, P2o5 ) vs sample. 

(immobile) 
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Table 4.4 .1 

Specific gravities of samoles used for gain-loss determination (determined 
by displacement method, Hutchison, 1974) 

Samoie Specific qravity (g/cm3 

fresh basalt 
5AA 
lAA 

1 jAA 
14AA 

2.772 (Ti l ley , 1922) 
3.330 
3.330 
2.860 
3.330 

Table 4.4. 2 Absolute Gains and Losses (qrams) 

fn:sh basalt {Hright's M.U. 1) + 1 (x)~ ...-,. (samole shown below) 

Xi 13AA 14AA 

xs;o2 - 1a . o2 1 -1 oa. j 2 . 2261.59 4718.70 I . I I 
-571.59 I -1270.97 1 X -63.b7 j -111.72 1 A1 2o

3 l I 

-175 . 40 l - li 36.43

1 
I 

X 1%.61 1 194.61 Fe 2o3 I 

xr~go -103.31,210.23 -512.78 , - 1060.75 

8.41 1 -124.94 xcao I 
-893.49 , -1143.64 

XNa 20 -27.63 , -58.86 -125.87 I -203.02 

XK20 -4.81 1 -4.81 -37. 14 ' -44.45 
! 

XTiOZ - 1 0 . 82 ! -1 6 . 82 71. 19 177.79 
I 

xi~ no 4. 81 I 3. 60 -14. 44 1 - 18. 02 I 
Xp 0 22.82 1 16 .82 -2.06 - 19. 22 

2 5 
l 

1-See Table 4. 1.1 for exf)lanation 
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This implies that K2o, MnO, P2o5 play no part as 

reacta nts in the alteration process, yet all other components 

do so in varying degrees. The most reactive is obviously SiO?, 
~ 

seen by the large increase on Graph 4.2.1. 

Relating the variances in amounts to the mineralogy 

of the samples, one concludes the following. Al is 1ike1y 

found i n the plagioclase feldspar structure, with Ca and Na 

cations. Mg and Fe are cations in the olivine and pyroxene 

structure. Si is ubiquitous in the structure of all feldspars, 

pyroxenes and olivines, thus it is the most like l y to react 
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under t he proper conditions. (i.e. source of Si is not a problem). 

When these minerals are chemically and physically 

broken down, the cations (including Si and Al) are free to 

react with any available phases. The gain-loss results are 

thus possible evidence of mineral destruction and alteration. 



CHAPTER V - VOLCANIC GAS COMPOSITIONS 

In understanding the nature of fumarolic alteration 

deposits it is necessary to have a knowledge of the volcanic 

gases emanating from the fumaroles. The composition of the 

gas relays much information about a volcano, the evolution 

of its magma and the resultant lava composition. 

The gas compositions from basaltic volcanoes are all 

approximately similar, excluding minor regional variances. 

70. 

The chemistry of gases emanating from Mount St. Helens has been 

studied by Casadevall and Greenland (1980). They sampled from 

both low and high temperature fumaroles with the following 

results: 96 % of the gas at low temperature fumaroles(~l50°C) 

was air (including H2o), with minor amounts of co 2 , CO, so 2 , H2S, 

CH 4 . (CH 4 content is about the same as in air). 68-85% air 

(including H2o) was found at high temperature fumaroles (828°C) 

with minor C0 2 , CO, CH 4 , so 2 , H2S, COS, in the gas. 

H2s is the dominant sulphur gas at high temperatures, 

and S0 2 is dominant at low temperatures. They suggest that sulphur 

is released f rom the melt as H2S but is rapidly oxidized. 

H S + 3/20 =SO ~ H 0 (1) 2 2 2 I 2 

so 2 will become oxidized by reaction with steam, ground water 

etc., to form sulphurous acid droplets. (or aerosols). 

( 2 ) 

These drople t s may become oxidized by the atmosphere to form 

sulphuric acid. 

H2so 3 + 1/20 2 = H2so
4 

(3 ) 

They believe that these · reactions lead to the formation of 

abundant sulphates, wh i ch are common around fumaroles on 
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Mount St. Helens. 

Stoiber and Rose (1974)(section 3.1) considered 

volcanic gas equilibria in their extensive studies of Central 

American volcanoes. They noted that high temperature gases 

are emitted at the fumarole opening. Direct field measurements 

ind i ca te that as distance from the opening increases, the gases 

become cooled and P0 2 is increased. Under certain conditions 

changing temperatures and oxygen partial pressures will thus 

enable material to be deposited as a sublimate, from the 

fumarolic gases. 

They also found that H2s and H2so 4 gases dominate 

over so 2 gas at high temperature (800°K) fumaroles for a total 

pressure of 1 atm and a range of P0 2 . At 500°K, so 2 gases 

dominate over H2s gases for a range of Po 2 . They noted that 

at temperatures below 608°K (boiling point of H2so 4 ), sulphuric 

acid liquid aerosols in the gas wili form; (even more like l y 

below 500°K) and tend to coat the wallrock, resulting in an acid 

alteration. As temperature decreases, the aerosols will become 

dilute enough to dissolve other gaseous components. These 

reactions may be represented as follows: (150°C). 

6Fe 3o4 + H2so 4 (J) = 9 Fe 2o3 + H20(l) + S (4) 

CaAl 2 s; 2o8 + H2so 4 (J ) + 3H20 + 02 = Caso 4·2H 20 + 
(anorthite) (gypsum) 

( 5) 

(dickite, kaolinite or halloysite) 

These reactions are the effects of reaction of 

su l phur i c acid with the wallrock. Halogen aci d a l teration of 

the wallrock may result in the formation of ch l oraluminate 



(AlC1 3 · 6H 20) and ralstonite (NaMgAl(F,OH) ·H 2o), which are 

common as fumarole encrustations. Stoi·ber and Rose concluded 

that the fumarolic gas consisted of H2o, so 2 ~ HCl, HF, co 2 with 

minor volatile cations. 

Naughton (1980) collected gas and condensate samples 

along the southeast rift of Kilauea volcano in 1977. The gas 

samples consisted mostly of air with co 2 , H2 and so 2 , (and 

minor H2S)ga.ses also occurring. Condensate samples were character

ized by high contents of fluoride and chloride in an acid medium 

(pH 2). Minor amounts of Na, Mg, .K, Ca~ Cu, also occurred. 

Gerlach (1980) studied gas analyses from Kila~ea Volcano 

also. His recent ana l yses contained N2 , H2o, o2 ; co 2 , H2S and 

so 2 . He also no t ed that H2s was the dominant sulphur gas at 

higher temperatures, whereas so2 dominated at lower temperatures. 

Naughton et al (1974) studied the chemistry of sub

l imates on ~auna Ulu (Table 5.1.1). The sublimates were collected 

i n t he fumes directly above the active lava fou ntain in the 

volc ano's crater. Dilute sulphuric acid droplets were common, as 

was t he deposition of opaline s i lica directly from the fumes. 

Pers i stent gases in the fume clouds were C0 2 , so 2 , HCl and HF. 

It is believed that reactions (2) and ( 3) were occurring. Both 

reac t ions probably occur easily an d are probably catalyzed by 

metallic ions in the fume cloud. 

The subl i mates contain a large proportion of so 4
2- in 

addition to Na+, ca 2+; which is most li kely the source for the 

f ormation of sulphates. Sulphates ( Na2so 4 , Caso 4 ) should thus 

be common constituents in the alteration deposits of Mauna Ulu. 
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TABLE 5.1.1 

Chemistry of the sublimate collected above Mauna 

Ulu's lava fountain i n January, 1970 (Naughton et al, 1974) 

weiaht %, moisture excluded 

Major Cations Minor Cations . An io ns and other 

Na 4. 1 NH 4 
+ 0.22 so 4 

2- 74.0 

K 1 . 5 Ti 0.33 Cl 5. 4 

Ca 3. 5 Zn 0.25 F 1 . 6 

Mg 2 . 2 H+ 0.22 B 0.59 

Al 2.8 Cu 0. 12 Si0
2 

0.39 

Fe 2.6 Ni 0.04 
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Hawaiian oceanic volcanoes do not usually contain 

+ very large amounts of Cl, F, B, NH 4 , yet these constituents 

have relatively larger proportions on Mauna Ulu. This is 

indicative of the formation of halides as alteration deposits. 

Naughton et al detailed the vaporization process 

near a lava fountain into three steps: (1) vaporization from 

the lava of all species to form gases; (2) particulates 11 QrOW 11 

as the gas becomes supersaturated and condenses; (3) cooling, 

further condensation and further reaction. Assume equilibrium 

for all steps. 

Results of gas analyses are shown in Table 5.1.2 and 
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figure 5.1.1 !t in terms of the three va porization steps. Several 

items may be noted from this figure. Water and co 2 are approxi

mately constant as are Na
2

so
4 

and caso 4 ; once they are formed. 

The most changes occur with so 2 , so
3 

and H
2

so 4 over the range 

of conditions. Halides tend to dominate at higher temperatures 

whereas sulfates are dominate at lower temperatures, possibly 

due to react i on with H
2

0 and S0
3

. 

(i.e. 2NaCl + H
2
o + so

3 
= 2HC1 + Na

2
so 4 ) (6) 

For simplicity, several reactions were omitted from 

figure 5. 1 .1 .. From a reduced environment at 1400°K to an 

oxidized one at 400°K, the reactions are 

FeC1 2 Fe 2o3 (c) ( 7 ) (c)-crystalline form 

AlO,AlFO A1 2o3(c) ( 8) 

SiO, s i 0 '") ,_ Si0 2 (c ) ( 9 ) 

HB0 2 , NaBO,.> 
'- H3B306 ( 1 0) 
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TABLE 5.1.2 Calculated equilibrium composition of major 
(controlling) gaseous components under various 
conditions of· oxidation and temperature. 
(Naughton et al, 1974) 

Mole Fractions. 

1400°K 
1 

1400°K 
2 

400°K 2 Reduced Ox i.d i ze.d Oxidized 

H20 0.95 0.63 0.63 

H2 2. 6 X 10- 3 2. 1 X 10-B 1 . 6 X 10-29 

02 2.6 X 10-s 0.070 0.067 

C0 2 0 .. 040 0.027 0.027 

co 2.4 X 10- 4 2.2 X 10-10 4.4 X 10-34 

so 3 . 6 X 10- 6 1 . 4 X 10-18 3.0 X 10-53 

so2 0 .. 010 6.4 X lo- 3 3.8 X 10-18 

so3 1 .. 2 X 10- 7 2.0 X 1 0- 4 7.8 X 1 0-11 

H2so 4 
3 1 . 1 X 1 0-11 1 . 3 10- 8 6. 6 X 10- 3 

X 

HC 1 2 . 8 X lo- 4 1 . 9 X 10- 4 1 . 1 X 10- 4 

HF 1 . 7 X 10- 4 1 . l X 10- 4 9. 6 X 10- 5 

N2 1 . 8 X l0- 5 0.27 0.27 

1- 11 Reduced 11 refers to 8 condition of equilibrium with Hawaiian 
lava at 14000K (1127 C), with oxygen fugacity approximately 
equal to lo-8 atm. (Fudali, 1965) . 

2. 110xidized'' refers to a mixture with atmospheric oxy0en with the 
oxygen co ntent reduced to about 7 percent by the predominant 
water vapour from the fume. 

3. H2so 4 , liquid phase; condenses at 476°K 



Figure 5.1.1 

Calculated equilibrium compositions of compounds 
of the elements H, 0 C, S, Cl, Na, Ca, Mg and 
Cu present above lo-16 mole fraction (Naughton et 
a1, 1974) 

1- Reduced refers to p0 2 = 10-8 

2- Oxidized refers to air which is assumed to be 
diluted about half (10 % o2) with the water 
vapour of the fume 

c- crystalline form (solid curves) 

1- liquid form (solid line) 

all others are gases (dashed curves) 
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The constituents of the sublimates and gases from 

Mauna Ulu are thus, Caso 4(c), Naso 4(c), Caso 4(c), Si0 2(c), 

H 2 so 4 (~), S02(g), HCl(g) and HF(g). 

The data from all volcanic gas and sublimate infor

mati on may be used to aid in the estimation of the conditions 

occurring on Mauna Ulu in March 1982. 
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CHAPTER VI - SUMMARY OF CONCLUSIONS: 

(6.1 ) Summary 

(1) X-ray diffraction methods yield very high background levels 

indicating an amorphous major phase. 

(2) Major element analyses provide that SiO? and TiO? increase 
~ -

with alteration. Samples high in brown altered material are 

rich in Fe 2o3 (total iron) and Al 2o3 . Samples high in amor

phous material are rich in Sio 2 and Fe 2o3 (total iron). 

(3) CIPW norms show that altered samples are high in 

normative quartz and lower in orthoclase, albite, anorthite 

than in fresh samples. Olivine is absent in altered samples. 

Normative corun dum is common only in altered samples. 

(4) Composition - volume calculations determine that in the 

alteration reaction Si0 2 is the most reactive. Fe 2o3 , Al 2o3 , 

MgO, CaO are a l so reactive in the alteration process. Ti0 2 and 

Na 2o are s l ight l y reactive while K2o, MnO, r2o5 are not involved 

in the reaction process at all . 

(5) 0.14% so 2 was determined in one altered sample by a 

sulphur ti t ration method. The occurrence of bright yellow 

powder also indicates pure sulphur may be present. Ox i dation 

prevalence supports the probability of sulphate occurrence. 

(6) The volcanic gases of Mauna Ul u consist mostly of air 

and water. As distance from fumarole increases , Po 2 increases 

and temperature decreases; thus components become oxid i zed as 

the gas coo l s. At higher temperatures ( 400°C) ha li des are 
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dominant, while at lower temperatures. ( 400°C), sulphates 

dominate. H2S is common at very ~igh ·temperatures but becomes 

rapidly oxidized to so 2 . 

From these conclusions, using the chemical and 

physical evidence determined in this thesis, and the type 

of gases found at Mauna Ulu; a table of probable mineral species 

has developed (Table 6.1 .1). The major alteration phase is 

opaline silica. Other species are hematite and sulphur, with 

minor halides, sulphates and chlorite. 

The alteration is an oxidation process, occurring 

by the constant reaction of basaltic lava with volcanic gases. 

Changing temperatures, oxidation states and acidity result in 

acid alteration of the lava. The alteration products are 

complex, yet distinctively brightly coloured. 

(6.2)- Suggestions for Further Work 

The work done for this thesis has been very broad 

and general. Time and field work constraints did not allow 

for detaiied analyses to be performed. Future work in 

fumarolic alteration on Mauna Ulu should include extensive 

sampling of volcanic gases, their temperatures, condensates and 

altered materials. Laboratory analysis would thus encompass 

gas analyses, trace element studies, extensive x-ray diffraction 

and scanning electron microscope work, to provide more detailed 

information. All work could then be extended to fumarolic 

alterations on other Hawaiian volcanoes. 



TABLE 6. 1 . 1 Possible Alteration Products on 

Mauna Ulu1 
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T em p • (° C ) C o 1 o u r Chemical Evidence Possible Occurring Mineral~ 

Brown 

150-300 

t~h i te 

Orange 
or 

Yellow 
- 100 

Yellow 
or 

Hhite 

Fe-rich + o2 Fe
2
o

3 
(Hematite) 

( + 8 ) [F eCl 
2 

( 1 a1Nrenc i te) J + Cl + F + NH
4 

+ 
[NH

4
Cl (sal ammoniac)] 

Al-rich +o2+(Cl+F+NH4++B) AlC1 3-6H 2o (chloroaluminate) 

+ (Ca + ~~g + Na) NaMgAl(F,OH)·H20 (ralstonite) 
NaCl (Halite) 

Si-rich + o2 
+Fe 

s + 02 

+ (Na+Ca+Mg+Al ) 

Ca F 
2 

( fl uo ri te) 

[ ( J~g,Al ,Fe)
6 

(Si ,Al )
4
o
10 

(OH)8 

(green) (chlorite : 

Si02 (amorpho~s · opaline silica 

Fe 2o3 (hematite) 

S (sulphur) 

[Na 2so4 (thenardite)J 

[Caso4 .2H2o (gypsum2) J 

lFeAl2 (S04)4. 22H
2
o (Halotrich 

1-information in square brackets indicates minor phases 

2-due to H20-rich vo l canic gases, it i s doubtful that anhydrite would form . 

3-evidenced · in on ly one sample,but probably common to all. 



APPENDIX A: 

Comp osition - Volume Sample Calculation: 

(Wright's fresh basalt)+ 1 (x)~ ----"?~(sample 13AA) 

B c, 

82. 

assume: a = 100 g 
f = 1 

v 3 
g ( fresh basal t ) = 2 • 7 7 2 g I em 

- data for weight percents of 
components (c . ) are found in 

1· Ta ble 4.1.1. 

100 r ( 1) (2.860) c1 
B x; = 

(2.772) L 

Xs;o2 = 103.1746 (71.29--49.37) 

X 103.1746 (7.02-12.56) A1 2o3 = 

XFe 2o3 
= 103.1746 (9.91-11.61) 

XMg 'o = 103.1746 (6.06-11.03) 

Xcao = 103 . 1746 (1.53-10.19) 

X Na 2o= 103.1746 (0.88-2.10) 

X 103.1746 (0.06-0.42) K20 = 

XT i 0
2 = 103.1746 (2.99-2.30) 

XMn O = 1 0 3 . 1 7 46 (0.04-0. 18) 

X 
Pz Os= 103 .1746 (0.21-0.23) 

g (sample 13AA) = 2.860 g/cm3 

c1AJ 103.1746 ( c 1 
B r A) = - '-'1 

= 2261.59 

= -571.59 

= -175.40 

= -512 .. 78 

= -893.49 

= -125.87 

= -37.14 

= 71 . 1 9 

= - 14 . 44 

= -2.06 

Resu ts are shown in Table 4.4.2 and Graph 4. 2 
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