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ABSTRACT

Two hundred and thirty-two polished sections representing ninety-
four flow units, three agglomerates and three intrusions from a 981l m
borehole drilled in the northern flank of the active volcano Agua de Pau
were studied. Opaque minerais were found to be titanomagnetite and
ilmenite and their alteration products. Mineralogical and microprobe
studies show that both titanomagnetite and ilmenite were subjected to
high iemperature oxidation and hydrothermal alteration of different
degrees in most of‘tﬁe drill core., A new classification for hydro-
thermal alteration of titanomagnetite and ilmenite in active geothermal

areas is proposed.

One hundred and eleven samples were used for rock and paleomag-
netic studies. The high Curie temperatures in the drill core indicate
a high degree of overall oxidation and alteration, The variation in
the magnetic parameters were related to the effect of oxidation and
alteration on the magnetic phases. All the magnetic inclinations were
normal, indicating a magnetization during Brunhes polarity. The pos-

sibility of self-reversal in the drill core was discussed and rejected.
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CHAPTER 1

INTRODUCTION

Opaque minerals are minor components of volcanic rocks, but their
presence can yield information regarding the history of rocks in which
they occur. These opague minerals include iron-titanium oxides and

iron-copper-nickel sulfides.

The magnetic properties of wvolcanic rocks are highly sensitive to.
the mineralogy of their iron-titanium oxides. Therefore the study of
mineralogy of the system FeO~Fez03~Ti0; is of prime importance. A wide
variety of minerals can be located within this system but the three
most important groups are those of the solid solution series: magne-

tite~ulvospinel, ilmenite~hematite and pseudobrookite~ferropseudobrookite.

1. Mineralogy of the FeO-Fe;03~Ti02 ternary system

The mineralogy of this system has been subjected to extensive in-
vestigations by many scientists. Elsdon (1975), gives an excellent
review of the literature and the progress in this field. The system,

figure 1, includes the following series:~

1.1. Magnetite~ulvdspinel series (FeO*PFer03-2Fe0*Ti0;): This is known

as the B series. It shows complete solid solution above 600°C (Vincent

et al. 1957) and Basta (1960), figure 2. The two end members possess
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Figure 1. Fe0-Fe;03~Ti02 ternary diagram of the composition of iron-
titanium oxides.
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Figure 2. Possible form of the solvus in the magnetite-ulvospinel
series, After Basta (1960) from Nagata (1961).
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inverse spinel structure. In magnetite, Fe and half Fe3* ions occupy

the octahedral sites while the remaining Fe * ions are in the tetra-

4* into the magnetite lattice in~

hedral sites. The introduction of Ti
creases the cell dimension from a = 8.395£ to a = 8.535£ (O'Reilly 1976).
Banerjee et al. (1967), Stephenson (1969), Bleil (1971) and Jensen and
Shive (1973) studied the cation distribution for intermediate composi=-
tions in the series. They concluded that, in contrast with Fej0,, both

Fe2¥ and rFe3t ions are present in the tetrahedral sites throughout most

of the series. Ti%" has a strong preference for the octahedral sites.

Magnetite often contains small amounts of Al3+, v3* and cr3* in

3t and M92+, Ca2+, Mn2+ and C02+ for Fe?t., The

substitution for Fe
variations in minor elements in the magnetite-ulvospinel series and
their role in the properties of the series have been examined by many
researchers. Vincent and Phillips (1954) and Ade-Hall (1964) detected
small amounts of §i in magnetite, but this may represent contamination.
Oshima (1971), on his study of dacites from Haruna volcano, Japan, has
shown that in magnetite t&at crystallized before and after erxruption,
while Fe, Al and Mg decreased, Ti, V and Mn increased as crystallization
proceeded. ' In addition, Prevot and Mergoil (1973), described successive
crystallization of magnetite from alkali basalt at Saint-Clement, France,
with large increases in Ti, a slight rise in Mn and falling Al and Mg as
crystallization proceeds. The same trend, with the absence of Mn, has
been observed by Abdel-Aal et al. (1976) in a study of basalts from
Mid-Atlantic Ridge {(MAR) at 37°N. The increase in titanium is attri-

buted to decreasing oxygen fugacity in the magma during its ascent.




Experimental work on the stability of Fe~Ti oxides has shown that
in the presence of oxygen, ulVospinel is unstable with respect to ilmen- .
ite. Although unmixing is extremely slow at ambient temperature in the
magnetite~ulvospinel series, intergrowths of magnetite and ulvospinel
have been reported by Vincent and Phillips (1954), Anderson (1966} and

Ramdohr (1969).

1.2. Hematite-Ilmentite series (Fe,0,-Fe0.Ti0,): This is referred to

as the o series by Verhoogen (1962). The series shows complete solid
solution above 950°C but unmixing occurs at lower temperatures. The
members of the series possess rhombohedral structure, in hematite, Fe3+
fills two-thirds of the octahedral sites within the hexagonally close-~
packed oxygen lattice, while in ilmenite, the oxyéen positions are
slightly irregular. The cell dimensions increase with Ti content (a =
5.427A in hematite and a = 5.534A in ilmenite). Carmichael (1967) and
Elsdon (1972) have shown that subsgtitution of Mg and Mn for Fe and Ti

in ilmenite occurs. Small amounts of Fe T and Mn are usually present in

hematite (Elsdon 1975).

Various experimental studies have been carried out to deduce the
shape of the solvus for the hematite-ilmenite solid solution, figure 3,
(Nicholls 1955, Uyeda 1958, Carmichael 1960, ‘Ramdohr 1969 and Lindh
1972). 'The results of these investigators are rather contradictory and
none agree well with the predictions of thermodynamic analysis (Rumble
1972). Rumble predicted that rutile + magnetite is stable with respect

to hematite + ilmenite. However, the former assemblage is less common
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Pigure 3. Two possible forms of hematite-ilmenite solvus curve as
deduced by Carmichael (1960) and Lindh (1972}, from
Elsdon (1975).




in nature than the latter.

1.3. Pseudobrookite~Ferropseudobrookite (Fep03°Ti0~Fe0*2Ti02) series:

Pseudobrookite has an orthorhombic structure. The structure of ferro-
pseudobrookite has been described by Lind and Housley (1972) as related
to pseudobrookite, ri*t ions occupy the octahedral sites while re?t
and Mg®* ions are randomly distributed over the tetrahedral sites.
Ferropseudobrookite is not known to occur in terrestrial rocks. It has
been described in lunar rocks by Haggerty (1973b). Solid solution
between pseudobrookite and ferropseudobrookite is complete above 1150°C
(Akimoto et al. 1957, Haggerty and Lindsley 1969) figure 4 , but ferro-
pseudobrockite decomposes at 1140°C and pseudobroockite breaks down at
585°C (Haggerty and Lindsley 1969). Considerable variation in composi-
tion of the naturally occurring members of this series has been reported

by Otteman and Frenzel (1965).

1.4. Polymorphs of TiOo: Rutile, anatase and brookite are polymorphs

of TiO;. Rutile is the most common and is stable over a wide range of
pressure and temperatures (Dachille et al. 1968). The inversion
anatase ™ rutile depends on pressure (Dachille et al. 1968), tempera-
tures (Schroder 1928) and chemical environment (Iida and Ozaki 1961 and
Shannon 19645. Brookite is formed preferentially in the presence of
traces of Fep 03 and low oxygen fugacity (Shannon and Pask 1964 and Heald

and Weiss 1972).

Although these minerals are formed as the product of oxida-
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Figure 4. Stability relations in the pseudobrookite*—f?rropseudo—
brookite series. (After Haggerty and Lindsley 1969),




tion of iron-~titanium minerals in basalts, they are also formed as
primary minerals under a considerable range of conditions (Lerz 1968,

Ramdohr 1969 and Elsdon 1975).

1.5. Wustite (FeQ): Wustite has a cubic structure (Walenta 1960).

The stability field for this mineral in the system Fe-0 is such that
the formation of the mineral is very unlikely under geologic conditions
(Ramdohr 1968). However, Walenta (1960) has identified wustite which
was formed in a tuff products of volcanic activity in Stuttgart. Rapid

cooling produced and preserved this wistite.

1.6. Cation deficient phases (FeyTiprqc04, atbt+c = 3 and e denotes

vacancy: This series has a spinel structure and is called titanomaghe-
mite., Vacancies are present on the octahedral sites {Hagg 1935). This
conclusion was verified by the x-ray work of Verwey (1935) and measure-

ments of saturation magnetization (Ozima and Sakamotc 1971, Readman and

O'Reilly 1972 and O'Donovan and O'Reilly 1977a). Properties of titanomag-

hemite have been determined using synthetic materials. At atmospheric
pressure the upper temperature limit to the stabilit§ field of titanomag-
hemites is about 350-400°C (Hauptman 1974), Heating titanomaghemites to
above 350°C in vacuum produces a variety of inversion products depending
on the composition of the spinel phase prior to inversion (0'Reilly 1976).
Studies of natural occurrenceé demonstrate that the normal mode of

formation is by oxidation of titanomagnetite (Katsura and Kushiroc 1961,

Prévot et al. 1968, and others in the study of deep sea drilling pro-
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ject materials). However, Harrison and Peterson (1965), described a
occurrence of primary titanomaghemite in deep-sea cores from the Indian

Ocean.

2., Oxidation and alteration of iron-titanium oxide minerals:

The composition of the magma and the conditions of cooling, de-
termine the iron-titanium oxide formation. 'Quenching the melt from
above 1000°C, results in the crystallization of homogeneous titanomag-
netites (Fe;_ ¢ TiX Oy D'< x < 1). When the rate of cooling becomes
slow, the iron-titanium system equilibrates with the oxygen fugacities
pressure corresponding to each temperature. At high temperatures
(above 600°C), intergrowths of oxides of spinel and rhombohedral struc-
tﬁre will form. This process is known as deuteric oxidation. At low
temperatures ( < 300°C) oxidation of titanomagnetite results in the
formation of titanomaghemite, sphene and hematite. A mixture of both
types of oxidation may take place between 300-600°C {intermediate tem-

peratures).

2.;. Oxidation at high temperatures: The oxidation of titanomagne-
tites is a compleé process. It has received intensive study during
the last decade because of its importance in rock magnetism and its
use as geological thermometer. Deuteric oxidation of titanomagnetite
is clagsified into successive stages of increasing degree of oxidation
by Wilson and Haggerty (1966), Watkins and Haggerty (1967), Ade~Hall

et al. (1968a) and Wilson et al. (1968). The classification depends
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on the formation of a sequential series of a Fe~Ti oxide assemblage
in which ilmenite, rutile and hematite are intermediate stages and
pseudobrockite solid solutions are end products. However, Haggerty
and Lindsley (1969) have studied experimentally the stability of
pseudobrookite and concluded that pseudobrookite is unstable with
respect to rutile + ilmenite ~ hematite solid solution at low temper-

atures (< 585°(Q).

The oxidation of ilmenite at high temperatures has been classified
into six stages by Haggerty (1971). 1In his classification: rutile +
tiianohematite is an intermediate stage while pseudobrookite solid
solutions are end products. The evidence for his classification was
derived from vertical traverses through Icelandic lavas (Watkins and
Haggerty 1967)'and from variable oxidation zones in Makaopuhi lava lake,

Hawaii (Sato and Wright 1966).

Many researchers have studied the stability field of the iron-
titanium oxide phases and their temperature of formation. Verhoogen
{1962), suggested that spinel and rhombohedral phases may be stable at
high temperatures in the presence of reducing magmatic gas phases. The

work by Vincent et al. (1957), Akimoto et al. (1957), Webster and

*
(

Bright (1961), Carmichael and Nicholls (1967),KHaggerty and Lindsley

(19698) , Haggerty (1971) and others, indicated that deuteric oxidation
assemblages are functions of‘temperature {above 600°C) at high oxygen
fugacity. If the oxidation products of oxide minerals do not include

pseudobrookite, oxidation very likely took place below 600°C.
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The mechanism by which deuteric oxidation occurs is not fully
understood. However, some light has been thrown on this problem by
Sato and Wright (1966). They suggest that high temperature oxidation
may take place when part of the cooling lava behaves as a semi-~
permeable membrane, permeable to hydrogen but not to oxygen. Then
dissociated water vapour would lose its hydrogen so leaving the re-
maining oxygen free to react with the Fe?t of titanomagnetite, il-

menite and olivine.

2.2. Oxidation at low temperatures: The second type of oxidation of

Fe-Ti oxides described in the literature, involves the formation of a
cation deficient material of spinel structure at low temperatures

(< 300°C). In this type of oxidation, titanomagnetites may react in the
lava with residual, oxygen rich, ligquids or later with ground water so
that their bulk composition, but not structure, changes toward the
ilmenite~hematite series. This low temperature oxidation of titano-
magnetite yields non-stoichiometric titanomagnetites of general com-
position Fey Tip O, 04 where at+bt+c = 3 and [ indicates a vacant lat-

tice site occupied in a stoichiometric spinel.

A mechanism for the prodﬁction of cation deficient iron—titanium
spinel oxides has been suggested by Readman and O'Reilly (1970). They
suggested that prolonged oxidation of titanomagnetite at low tempera-
tures (< 300°C) may be the process responsible for the formation of
cation deficient titanomagnetite. The evidence for their mechanism
came from the discovery of such materials in little altered continental

and submarine igneous rocks.

4




The composition of the original titanomagnetite, temperature of
oxidation, degree of oxidation, rate of coocling and the presence of
foreign ions as stabilizers all play an important role in the type of

intermediate mineral produced.

The inversion of titanomaghemites takes place by heating to
temperatures above 350°C (O'Reilly 1976). The products of inversion
depend largely on the composition of the spinel phase prior to inver-
sion. Any Fe?* in titanomaghemite appears in an iron-rich spinel
phase. Depending on the degree of oxidation, it goes towards the
formation of ilmenite or, in more highly oxidized samples, anatase,
Ti0; or pseudobrookite, Fez TiOs. Hematite is a constituent of the

inversion products of more highly oxidized compositions.

Low temperature oxidation of titanomagnetite has been observed
also in the cold, deep ocean environment. The process is actually a
chemical exchange between lava and sea floor at temperatures close to
0°C. Ade-Hall et al. (1976a) in their work on Deep Sea Drilling Project
(DSDP) samples, Leg 34 and other legs have describled changes in titano-
magnetites such as color lightening, reflectivity increase, volume
change cracks and replacement of titanomagnetite by a grey phase with
very finé grain size. These features have been observed also by others,
Hall and Fischer (1977) and Johnson (in press) and were related to

halmyrolytic alteration process of the whole rock (Hart 1973).

The oxidation of magnetite to maghemite Y Fes0s3 is a special

24

case of cation deficient oxidation type, in which Fe“’ occurs only in
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octahedral sites of magnetite and thus vacancies occur only in octahedral
sites of maghemite. The question of whether magnetite will be oxi-
dized to maghemite or hematite is still unresolved. It has been

studied by many workers but contrasting results obtained. Barlier,
Geidth (1952) and Schmidt and Vermaas (1955) have shown that natural
(impure} magnetite is oxidized directly to hematite with no intermediate
formation of maghemite. However, David and Welch (1956) have shown in
the laboratory that oxidation product depends on the reaction conditions.
They performed "dry (no moisture)" oxidation experiments which yielded,.
with difficulty, hematite by a single-stage reaction ({(2Fe30, + 0z *3

0 Fes03), while under wet conditions maghemite formed with relative
ease. The two stage reaction has been suggested by Lepp (1957) and
confirmed by Davis et al. (1968). Lepp has demonstrated experimental-
ly that when natural magnetite is heated in air, in the range 200° to
275°, maghemite is formed. BAbove 550°C hematite is the product of
oxidation, while at intermediate temperatures magnetite is changed to
maghemite which then inverts to hematite. Later, Basta (1959) concluded
that there are two different processes in the oxidation of magnetite;

a continuous process which results in thé formation of maghemite and a
discontinuous process which forms hematite and is called the marti-
tization process. Colombo et al. (1968) argued on the basis of their
experiment‘that hematite is never formed directly from magnetite un-
less hematite nucleil are already present. Recently, Johnson and

Merrill (1972) have successfully produced maghemite and hematite by
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oxidizing pure magnetite at temperatures of between 50°C and 200°C,
depending on the water content of the initial material. In conclusion,
it seems that the conditions governing the oxidation of magnetite to
either maghemite or hematite are not fully studied. More work is
needed. The instability of maghemite at moderate temperatures (400°C)
suggests that hematite rather than maghemite might form as a result of
oxidation of magnetite, However, impurities may play an important role

in raising the stability of maghemite to higher temperatures.

The oxidation of ilmenite has been in dispute for many years.
Most of the previous workers (Lynd et al. 1954, Bailey et al. 1956,
Flinter 1959, Temple 1966 and Grey and Reid 1975) are agreed that il-
menite undergoes alterationj(oxidation and leaching) during which, iron
is removed from the structure, resulting in a relative enrichment in
TiO3. The nature of alteration product has not yet decided. The very
fine grain size of alteration products make positive ldentification
extremely difficult. Lynd et al. (1954) indicated that the alteration
products are either a mixture of ilmenite and hematite or rutile.
Bailey et al. (1956) reported the progressive breakdown of the ilmenite
lattice in weathering to an amorphous material identified by them as
leucoxene. ﬁ~ray studies of two different leucoxenes, brown and white,
gave a rutile pattern. However, they also recorded both brookite and
anatase in leucoxene from the black sands of Mozambigque. Flinter
(1959) studied the alteration of ilmenite and concluded that rutile is

the product of alteration. He used the term "diffuse rutile" to prevent

any confusion with primary rutile. Three different types of leucoxenes




have been studied by Karkhanavala et al. (1959). Type 1, white
leucoxene, congisted of rutile and only small numbers consisted of

rutile and anatase. On the other hand brown and black leucoxene

contained a pseudobrookite as the main constituent. Teufer and Temple

{1966) introduced pseudorutile as a new mineral intermediate between
ilmenite and rutile. This led Temple (1966) to suggest that rutile
and pseudorutile are the end products of ilmenite alterxation. Grey
and Reid (1975) agreed with Temple and they proposed a mechanism for
alteration of ilmenite to rutile with pseudorutile as an intermediate
minefal. In spite of all these various studies, the stages of
alteration of ilmenite still need more investigation. The stability
of the various phases as well as the role of water in ilmenite
alteration and the removal of iron from ilmenite to form rutile, all
are important factors which must be taken into consideration for any

proposed mechanism of ilmenite alteration,

2.3. Oxidation at intermediate temperatures: This type of oxidation

has not fully been considered in the literature. In this type, which
takes place between 600~300°C, a mixture of high and low temperature
oxidation of Fe-Ti oxides may take place. Verhoogen (1962} has con-
cluded on thermodynamic grounds that none of ilmenite, ulvospinel or
magnetite are stable with respect to oxidation by magmatic gases at
temperatures of less than 600°C. Rutile and hematite are the only
stable phases., Haggerty and Lindsley (1969) have reported the break-
down of pseudobrookite to rutile and hematite at temperatureg < 585°C.

Oxidation of magnetite to hematite may occur in this intermediate

1s
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stage. However, the overlap and the mix between low and high tempera-
ture oxidation may be the reason for the lack of study in this range of

temperatures.

2.4, Combined action between regional hydrothermal alteration and

other oxidation processes: This combined action comes from reheating

of the Fe-Ti oxides as a result of the burial of lavas by subsequent
flows., Heated ground water is the major factor in regional hydro-
thermal alteration. Ade-Hall et al. (1971) have described a combined
action of two alteration processes, deuteric oxidation and regional
hydrothermal alteration on basaltic lava at a maximum temperature of
300°C and pressure of 1 kb. They described the variations in titano-
magnetite and ilmenite features due to this combined action. However,
gsome parts of thelr classification need to be revised. The necessity
for revision comes from the instability at low temperatures in the

presence of water of some of the phases identified by them.

3. The relation between magnetization and the mineralogy of iron=-
titanium oxides:

3.1. Introduction: A small number of magnetic minerals are responsible

for the magnetization of rocks during their formation or later by the
action of oxidation and alteration processes. Measurements of the

remanent magnetization of these minerals are used in determining the
nature of the ancient geomagnetic field, while other magnetic studies

describe the alteration history of the rocks containing these minerals.
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The properties of the most important magnetic minerals, the
titanomagnetites have been established mainly using synthetic minerals.
Magnetite is ferrimagnetic due to the unbalanced Fe?t in its octa-
hedral lattice. The change in composition from magnetite towards
ulvospinel is marked by an increase in size and distortion, but still
cubic, of the unit cell. Ulvospinel itself is antiferromagnetic as it

" has equal amounts of Fe2t

in both sub~lattices. However, the Curie
temperature, the temperature above which a magnetic mineral loses its
magnetism, of the ferrite solid solution falls to below room temperature
before the composition ulvospinel is reached. The presence of greater
strains, imperfections and impurities, other than titanium, in natural
minerals generally slightly lower their Curie temperature and reduce
their saturation moments (Tarling 1971)., Ilmenite and hematite have the
same amount of iron in each antiparallel crystal lattice and therefore
basically antiferromagnetic. Hematite carries a weak, but very hard,
parasitic ferromagnetism. The origin of this parasitic ferromagnetism
could be explained as the oppositely magnetized Fe’t ions in the two
sub~lattices are canted at small angle (McElhinny 1973). A great deal
of vatiation is found in the reported magnetic properties of hematite
(Jacobs et al. 1971) and thus only generalization about the magnetic

properties of hematite is possible (O'Reilly 1976). Figure 5 shows

the system FeO-Fe,03~Ti0Oe with magnetic parameters for end members.

The opaque mineralogy of basalts has been correlated with such
magnetic properties as stability, intensity and polarity of natural
remanent magnetization (NRM), saturation magnetization and Curie tem-

peratures.
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3.2. Opague mineralogy and stability of remanence: The relationship

between the alteration of titanomagnetite and the stability of the
remanence has been establishéd since Graham (1953) suggested that al-
teration could result in increased coercive force. This has been con-
firmed by the work of Watkins and Haggerty (1965), Larson et al. (1966),
Strangway et al. (1968b), Ade-Hall et al. (1968b) and Ade-Hall (1969).
These workers related the increase in stability with oxidation to the
development of sub-solidus exsolution of ilmenite lamellae following
oxidation of primary ulvospinel rich titanomagnetite. This exsolutioﬁ
model has been criticized by Stacey and Banerjee (1974). They suggested
that the observed high stability of NRM in rocks could be due to hematite
and not subdivided magnetite. Watkins and Haggerty (1965) suggested that
the strong stable remanence may be associlated with small magnetite
particles produced by oxidation of ferromagnesian silicates. However,
Hargraves and Ade~Hall (1975) concluded, from their study on unoxidized
and oxidized Icelandic basalts, that the natural remanence is associated
with original Fe-~Ti oxide graing and not with the breakdown products

of ferromagnesian silicates. Whether titanomagnetite granulation in-
fluences remanence stability, is answered by Ade-Hall (1969). He stated
that titanomagnetite granulation when unusually highly developed seems
to increase the stability of the remanence. It seems that the problem
of stability involves other factors than grain division by oxidation.
Merrill (1975) listed these factors as: grain shape, gfain volume,
saturation magnetization, exchange energy and the grain environment.

All these factors must be properly evaluated in any viable explanation

of change in stability with oxidation.
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3.3. Opague mineralogy and the intensity of NRM: This relation has

been studied by many scientists. High remanence intensity always being
associated with initial deuteric oxidation of titanomagnetite (Watkins
and Haggerty 1965, 1967, Wilson et al. 1968, Ade-Hall et al. 1968b,
Gromme et al. 1969 and Lawley and Ade-Hall 1971). On the other hand,
the effect of low temperature oxidaﬁion of titanomagnetite on the in-
tensity of NRM is still in debate. Many investigators have shown that
low temperature oxidation of titanomagnetite reduces the intensity of
remanence (Ozima and Larson 1968, Carmichael 1970, Irving et al. 1970,
Marshall and Cox 1971lb, Ozima et al. 1974, Johnson and Atwater 1977
and others). However, other workers have reported contrasting results.
Marshall and Cox (1971la) indicated experimentally that oxidation of
titanomagnetites near 200°C actually increased the intensity of NRM.
Later Johnson and Merrill (1972, 1973, 1975) have shown in laboratory
that the intensity of titanomagnetite is reduced on oxidation at low
temperatures (50°C or below), but that is increased at 150°C or so.

One possible explanation could be the nature of oxidation products. At
low temperatures (50°C or below) only cation deficient phases (y)
appears as product of oxidation which have shown by Ade-Hall et al.
(1976a) and others to decrease the NRM intensity. At temperatures =
150°C, Y phases, titanohematite phases and other non-magnetic oxides

formed.

3.4. Opaque mineralogy and the polarity of NRM: Many rocks are mag-

netized in the opposite direction to that of the Earth's present
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magnetic field., This means that either the geomagnetic field reverses
its polarity or the magnetization in the rock can be acquired in a
direction opposite to that of the ambient field. It has been argued
that there is a correlation between magnetic polarity and oxidation
state. A strong correlation has been found in several igneous rock
sequences between the polarity and the degree of oxidation of.their
iron-titanium oxides (Wilson 1966, Wilson and Watkins 1967, wWatkins

and Haggerty 1968 and Ade-Hall and Wilson 1969}, where reverse polarity
samples were associated with high oxidation state. Conversely, Larson
and Strangway (1966), Watkins and Haggerty (1968) and Ade-Hall and
Watkins (1970) in other samples have shown no correlation between opaque
minerals and the NRM polarity in basaltic rocks. Although there is
experimental evidence of self~reversal in minerals (Ozima and Larson
1968, Peterson and Bleil 1973, Ryall and Ade-Hall 197% and Hoffman
1975), only few cases have been found in nature. It appears that
further work is necessary to approach satisfactory conclusion and to
assess the meaning and importance of relationship between opaque

mineralogy and natural remanence polarity.

3.5. Opaque Mineralogy and Saturation Magnetizationand Curie

temperatures: The relation betwsen opagque mineralogy and magnetic pro-

perties of rocks have been established since Ade-Hall et al. (1965)
correlated the oxidation of titanomagnetite with all the features of
Curie temperatures distribution. High strong-field Curie points have

always been found associated with high deuteric oxidation of titano-
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magnetite (Wilson et al., 1968 , Ade-Hall et al., 1968b , Grommé

et al., 1969 and Lawley and Ade-Hall 1971). The relationship be-
tween mineralogy and magnetic properties of non-stoichiometric (cation
deficient) titanomagnetite has been examined experimentally by Readman
and O'Reilly (1972). They found that Curie temperature increases with
degree of oxidation. They construct contours of equal cell edge and
Curie temperature for spinels in the Fe0-Fe203~TiOz system, figure 6.
The contours are useful in the identification of naturally occurring
cation deficient phases, provided they don't contain appreciable amounts
of other impurity cations. Ade-Hall et al. 1976b and Ryall et al.
{1977) have shown, on the study of DSDP samples, that all magnetic
properties change by oxidation of titanomagnetite at low temperatures.
The Curie temperature increased and the saturation magnetization de-
creased when the parameter z (degree of oxidation of titanomagnetite)

increased.

In order to separate the effects of deuteric oxidation and
regional hydrothermal alteration, Ade-Hall et al. (1971) have examined
.
the Curie point curves for some basaltic lavas. Both processes pro-
duced marked changes from the single-low-Curie point thermomagnetic
curve of recently erupted basalts. Extreme action of both processes
results in indistinguishable single high~-Curie point curves. Double
Curie points in partly deuterically oxidized samples are taken as an
indication of an intermediate degree of alteration by the deuteric pro-

cess. Regional hydrothermal alteration results in single-Curie point

curves; the Curie peoint being proportional to the degree of alteration.
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FPigure 6. Contours of equal cell edge and Curie temperature for
spinels in the Fe0~Fe03-Ti0,; system (after Readman and
O'Reilly 1972).
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4. Analytical methods and other techniques in the study of Fe-Ti oxides:

Ade~Hall (1964), has pointed out that ordinary chemical analyses
of naturally occurring magnetic phases should be abandoned due to the
difficulties in obtaining pure extracts. He used the electron probe micro-
analyzer to obtain the weight percent of elements present inthe area of
few microns. Creer and Ibbetson (1970) used a combination of micro-
probe and magnetic studies of non-stoichiometric titanomagnetites in
basaltic rocks. They defined the compositional point of titanomagnetite
as the point of intersection between oxidation line and a Curie point
contour. Gidskehaug (1975) adopted a method to determine the degree of
non stoichiometry of iron-titanium oxides using electron probe micro-
analyses. His method provides a new way to study the effects of oxida-
tion and forms the basis of a procedure to test the phase uniformity
of optically homogeneous cation deficient spinels. Recently, Hoblitt
and Larson (1975) described a combination of techniques for determina-
tion of the ultrafine structure of magnetic minerals. A variety of
submicroscopic inclusions and structures have been observed in etched
magnetite using scanning electron microscope and up to 50,000 X

magnification.

5. Sulfide minerals in basalts:

Sulfides are minor opaque minerals in basalts. Although their
presence could add more information about the history of the rocks in

which they occur, they have been neglected in the literature. Since
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the excellent work by Desborough et al. (1968) and Skinner and Peck
(1969) no valuable information has been added. Several sulfide min~
erals have been described by Abdel-Aal et al. (1976), Ade-Hall et al.
{1976a) and MacLean {(1977) but the origin of these phases has not

fully been discussed. Desborough et al. (1968) described polymineralic
sulfide grains composed principally of Pe, Cu, 8 and small amount of

Ni in tholeiitic basalts of Kilauea volcano, Hawaii. The grains appear
to represent a once-immiscible sulfide droplets in a basaltic crystal
mush or a glass that was partially crystallized during rapid cocoling
after the la&as were extruded. Skinner and Peck (1969), identified
"solid sulfide globules" from lava lake in Hawaii. These globules

were characterized by a lack of magnetite and by pyrrhotite and chal-
copyrite with more Ni than the "immiscible sulfide liguid" globules.
Enrichment in sulfur of the interstitial material from the lava lake

could be the reason.

BExcept for pyrrhotite, most sulfide minerals are non-magnetic.
Pyrrhotite has been investigated by Bhimasankaram (1964) and Schwartz
and Vaughan (1972). As mentioned by Tarling (1971), pyrrhotite can
spontaneously self-reverse in extremely weak fields if it contains
appropriate variations in vacancy distribution within its lattice to
give different Curie temperatures'in different locations within the

same structure.

However, more study on sulfide mineralogy and their magnetic

properties are needed.
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6. Aim of the present work:

The study of rocks from an active geothermal system is of interest
because of the analogies that may be drawn between these and the well-~
known hydrothermal ore-forming systems. The rocks in hydrothermal areas
are altered with many secondary minerals, the nature of which depends
on the chemical composition of the rock, temperature, water composition,
rate of water flow and the availability of gases. Some of these are

known for the 1973 Azores drill hole in the island of Sac Miguel.

The differences in petrology and geochemistry between island rocks‘
and deep écean crustal rocks and the geophysical data suggest that
special processes operate beneath oceanic islands. The information £rom
deep drilling is essential to understand the process of island formation
and its relation to the ocean floor spreading process. The study of
981 m core of subaerial and submarine lavas, pyroclastic and volcanic
sediments from the Azores has given an insight of the process of island

formation.

The importance of an opaque mineralogy study of the Azores rock is
to follow alteration in an active geothermal system~--~a situation which
has not been studied before, and to relate the wvariation in mineralogical
phases to known temperatures and pressures instead of guessing at past
temperatures. An essential part of the alteration study is the identi-
fication of low temperature phases, which aré relatively poorly known in
experimental petrology. The compariéon between the oxidation state of

opaque phases and the state of silicate alteration (unpublished report
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by Sarkar 1976 and McGraw 1976) is an assessment in understanding the
alteration history of the Azores rocks, since silicates provide con-
ventional hydrothexrmal alteration indicators. The behavior of the minor
elements in the opague phases during hydrothermal alteration and the
partitioning of these elements during phase splitting following deuteric
oxidation, are further aims of the opaque mineralogy study. In addition
this study includes the use of gquantitative reflectivity technique t§
measure the reflectivity of mineral phases at certain wavelengths and
correlate these measurements with oxidation state., This is the first
application of this technique to oxidized samples in geothermal areas.
Sulfide minerals, their absence or presence, are interesting as hydro~
thermal alteration indicators. Their absence may indicate that sulfur
has suffered considerable redistribution subsequent to the initial
crystallization of their host rocks, or that sulfur may have escaped

as gases, or sulfides have been subjected to extreme action éf hydro-

thermal alteration.

This ﬁpudy also adds more information to our knowledge of the
relation between opaque mineralogy and magnetic properties of rocks and
may assist in better understanding of this relation in hydrothermally

altered areas.

From all these studies a general model for the crystallization and
alteration of a volcanic sequence in active geothermal areas is pro=-

posed.
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CHAPTER 2

GEOLOGY OF THE AREA

1. Introduction and literature review:

The Azores archipelago consists of nine islands aligned broadly
in the NW-SE direction. Their alignment intersects the MAR at 39°N,
figure 7. The islands are divided by the MAR into two groups: Corvo
and Plores on the west flank of the ridge and Santa Maria, Sao Miguel,
Terceira, Graciosa, Sdao Jorge, Pico and Faial on the eastern side of

the ridge.

Morphologically, the Azores platform, of which the islands are
the subaerial expression, appears to represent a broadening of the MAR.
Machado (1959 and 1969) suggested that the trends of most of the
islands were controlled by the Azores-Gibraltar Alpine contraction
belt. LePichon (1968) pointed out that the Azores region may represent
the junction of the European, African and North American plates.
Banghar and Sykes (1969) and Dewey and Bird (1%70) indicated the pos-~
sibility that Alpine contraction might be replaced by expansion from
over the Azores islands segment of the Azores-Gibraltar line. Krause
and Watkins (1970) identified five features which they say must be
taken in consideration if any model of the genesis of the Azores is
to be constructed (figure 8). These are: (i) the seismically active
East Azores Fracture Zone (EAFZ) extending from Gibraltar to the MAR;

(ii) the transversgse island chain of the Azores which trends southeast~
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FPigure 7. Location map of Deep Drill 1973. Site coordinates 25°
31.4'W, 37° 48,9°N at 5 km from the caldera wall of Agua
de Pau volcano, Sao Miguel, 1,000 m bathymetric contours
are shown. (After Muecke et al. 1974).
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northwest across the MAR; (iii) the marked change in direction of the
MAR at 38°N from northeast-southwest to north-south (iv) +the broadening
of the MAR to the east; and (v) the seismically inactive West Azores
Fracture Zone (WAFZ) which is off northwards from the trend of the

EAFZ. However, there is no evidence to support the existence of WAFZ
and Krause (1977) (quoted in Schilling 1977 personal communication)

no longer believe that it exists.

Various models to describe the genesis of the Azores have been
proposed (Cloos 1939, Krause and Watkins 1970, Morgan 1971, 1972,
McKenzie 1972, Machado et al. 1972, Ridley et al. 1974 and Schiiling
1975a). Earlier, Cloos (1939) has attributed the tectonic features of
the Azores to a series of folds developed across the MAR. Recently,
the development of crustal plate tectonic models has led Krause and
Watkins (1970) to characterize the tectonic evolution of the Azores
area as a triple junction. In their model, the two principal MAR
segments trending N-~S and SW, act as major spreading centers, whereas
the Terceira Trough plays the role of a secondary spreading center.
The complexity of the Krause and Watkins model has been critized by
McKenzie (1972). He suggested a much simpler triple-junction system,
resulting from ignoring both the existence and northward offset of
the WAFZ. Moxgan (1971, 1972) proposed that the Azores region is under-
lain by a rising mantle "plume"”, Another model has been proposed by
Machado et al., (1972). They envisage the MAR to be locally offset

to the east by a series of eight major east-west transform faults, so
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that the islands occupy oxial positions over the offset ridge segments.
However, Ridley et al. (1974) disagree with both McKenzie and Machado
et al. models. Ridley et al. in critizing McKenzie's model, consider
it egsential that any model provides a triggering mechanism to bring
the secondary spreading center into existence. Ridley et al. indicated
that Machado et al. model requires the MAR to be absent between Flores
and Graciosa and Falal, but the ridge axis is actually present and there
is no evidence to support the preferred ridge configuration of Machado
et al. Ridiey et al. prefered another model, which consists of a ridge
migrating eastward as its own crustal spreading rate. This is followed
by a change in the direction of crustal spreading which leads to the
development of a leaky transform fault with the resulting growth of a
secondary spreading center along the Terceira Trough. Schilling (1975)
presented rare—earth abundance data to support the presence of a major
plume upwelling under the Azores. The data also suggest two distinct
mantle sources and an intermediate zone of mixing. Schilling proposed
that the appearance of a plume beneath the Azores region and its

doming effect on the lithosphere may have generated the triple junction.

In general, none of the models for the excess topography of the
Azores platform, triple junction, secondary spreading centers, change
of direction and distinct spreading rate higtory north and south of
the Azores, took into accouﬁt the rare-earth data and the two distinct
mantle sources for basalts. There is no convincing model that has been

proposed vyet.
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2. Geology of Sao Miguel Island

Sao Miguel consists of four volcanoes, figure 9. Three volcanoes,
Agua de Pau, Furnas and Sete Cidades are dormant while Povagcgo is

supposed to be extinct.

Age determinations for Saoc Miguel have been carried out using K-Ar
method by Abdel-Monem et al. (1968) and Muecke et al. (1974). Abdel-
Monem et al. date the oldest exposed lava as 4.0l m.y. and the youngest
flows of the andesite series as 0.95 m.y. More recently Muecke et al.
gave an age of (117 % 24) x lOSyrfor a sanidine sample concentrated from
a fresh subaerial trachytic flow located at 57 m depth in the drill
core from Agua de Pau. A second sample of a relatively fresh submarine
lava from the 350 m level has an apparent whole .rock age of (280 = 140)

x 10° vr. Prom paleomagnetic measurements on the drill core rocks, the
normally magnetized rocks suggest an upper age limit of 0.69 m.y. for

the formation of the rock sequences (Muecke et al. 1974).

Petrological study has been carried out on Sao Miguel by Assunggo
and Canilho (1970), Boone and Fernandez (1971), Schmincke and Weibel
(1972), schmincke (1973}, Fernandez (1973) and McGraw (1976). Most of
the analyses of the Azorean rocks indicate that they belong to an
alkaline olivine-basalt series. This is different from Iceland where
both the tholeiitic and the alkaline series are present. However,
Assungdo and Canilho (1970) reported in S3o Miguel a tholeiitic differ-
entiation trend besides the predominant alkaline olivine-basaltic one.

Boone and Fernandez (1971) studied the olivine in different rocks in
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Sao Miguel. They recognized an overlap in olivine compositions between
nodules, ankaramites and alkali olivine-basalts, but all were more
iron-rich than typical olivine in Hawaiian lherzolites. They suggested
a shallow-level origin for all the olivine-bearing samples on the

basis of low Ni and high Ca contents and distinct zonation in all the
olivine samples. Schmincke and Weibel (1972) and Schmincke (1973)
analysed ankaramites, alkali olivine-basalts, trachytes and comenditic
trachytes from Sao Miguel. The analyses indicate that the Azores
volcanics are all strongly alkaline. Fernandez {1973) studied the
Nordeste Complex in Sao Miguel and concluded that the alkali basalt-
trachyte series of Nordeste Complex results from a fractional crystalliza-
tion of plagioclase + titanomagnetite * Ti-Al clinopyroxene * olivine.
The presence of mildly alkaline, sub-alkaline and alkali basalts sug-
gests varying degrees of partial melting within the mantle produced
this spectrum of basaltic rocks. McGraw (1976) described the petrology
and chemistry of the drill core from the flank of Agua de Pau volcano.
Basalts, trachybasalts and trachytes were identified and analysed. 1In
the basalts, Al;0;, Nb and Zr increased with depth in the drill core
while Ca0, TiO; and MgO all decreased. McGraw suggested an alkaline
magmatism for the area and related the tholeiitic nature of some of the

rocks to the effect of hydrothermal alteration.

The magnetic anomalies map of Sac Miguel, figure 10, shows the
central area between long. 25°20' and 25°40' west is an area of positive

anomaly. On either side, there are equally large areas of negative
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‘ancmaly which are followed both to the east and west by strong positive
areas which continue offshore on the eastern end. The magnetic anomaly
map is based on the geomagnetic survey by Quintino (1962).

Ridley et al. (1974) present a Bouguer anomaly gravity map for
SEO'Miguel, figure 11. In this map, two centers of high positive
Bouguer gravity are aligned in an approximately east-west direction.
The larger center is located near the extinct volcano Povoacao and has
a maximum value of 203 m gal. In the west, a positive anomaly is
centered to the southeast of the volcano Sete Cidades. Ridley et al.
(1974) suggested that the low Bouger anomaly across the west center of
the island may represent a northwest-southeast trending fracture zone.
Such a possibility is in agreement with the topographic and fault trends

and with numerous adventive cones in this area.

3. Source of the rocks used in the present study

In 1972, a joint program was initiated by Dalhousie University and
the Lamont-Doherty Geological Observatory. The aim of the program was
to drill into the oceanic islands to aid in the discovery of the pro-
cesses of their formation and the role they play in the sea-floor
spreading process. The project started in 1972 with a 800 m drillhole
on the island of Bermuda in the western Atlantic. This was followed in

1973 by a drillhole on the island of Sao Miguel, in the Azores.

The drillhole was located at 37°48.9'N and 25°31.4'W on the lower

northern flank of the dormant volcano Agua de Pau, figure 9. The vol~-
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cano rises to a maximum height of 950 m above sea level and has a
diameter at sea level of approximately 15 km. Trachytic ash and asso-
ciated basaltic lavas, intercalated with occasional trachytic extru-~
gives occur at the surface in the vicinity of the drillhole. Several
hot springs are located on the flanks of the volcano. The rig floor
was at 72 m above sea level and drilling terminated at depth of 981 m
below the rig floor following steam production. The recovered core
consisted of subaerial and submarine lavas and pyroclastic materials.
The present study deals with the opagque mineralogy and magnetic proper-

ties of the recovered rocks.




CHAPTER 3

EQUIPMENT AND TECHNIQUES

In this work, 232 polished surfaces of rocks from the Azores drill
core were prepared for opague mineralogy study. Fifty-one polished
sections were selected for microprcbe analysis. Ninety-gix mini-core
sub-gamples and 111 chip samples were taken for paleomagnetic and rock
magnetism studies. The preparation of the samples, analytical techniques

and equipment used for the various studies are described below.

1. Opaque mineralogy

1.1. Preparation of samples: Polished surfaces of the rock samples

were prepared in four steps; cutting, mounting, grinding and polishing,
First a small slice was cut from the original sample using a diamond
saw. Then, the specimens were mounted using cold-setting quick mount
resin. Grinding was carried out in two stages using 15 Y alumina in
water as abrasive. When a satisfac%ory flat and smooth surface was
obtained, the final step of sample preparation toock place. In this
final step, the specimens were polished in two stages using respectively
6 U and 1 U diamond abrasive in kerosene. Specimens were usually
polished for 10 hours before they were ready for examination. In all
grinding and polishing stages, cleanliness is essential before trans-
ferring from coarse to fine abrasive stages. The specimens were

cleaned with diluted socap in an ultrasonic cleaner. The polished surface
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- were extra-polished by hand before reflectivities were measured. Alumina

polishing suspension of 1.0, 0.3 and 0.05 microns were used.

1.2. Equipment: The assembly for opaque mineralogy study, plate 1l(a)
consists of a zetopan polarized reflected light microscope, manufactured
by the Reichert company of Austria, for examination of polished surfaces.
The microscope is supplied with an air 28X and oil 90X objectives. A
10X eye piece was used, throughout the present work, providing a total
magnification of 420 and 1350 diameters in air and oil respectively. An
Ultraphot II Carl Zeiss microscope, plate I{b), with an oil 100X objecti%e
provides a total magnification of 2500 diameter, was also used. Both
microscopes are provided with 35 mm cameras. For measuring the reflec-
tivity of opaque minerals, a microphotometer is fitted behind the eye
piece of the Zetopan microscope. The microphotometer consists of a
magnifying lens system, wedge filter, aperture diaphragm and a Phillips
type 150 AVP photomultiplier for which the spectral sensitivity curve

is shown in figure 12. The photomultiplier is attached by a cable to the
control unit which is also connected to an 120 V a.c. supply. The con-
trol unit contains a step transformer which supplies the voltage for

the LUX FNI low-voltage illuminator of the microscope. This arrangement
achieves more constant light intensity than does a regulating trans~
former whose sliding contact may cause variations in the operating cur-
rent. The control unit is connected to a chart recorder which has a
range of 10 mv. Figure 13, shows a schematic layout of the reflectigity

measuring system,
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1.3. Instrumental factors in reflectivity measurements: Standardiza-

tion of the apparatus used in determining reflectivity of opaque
minerals is very important. Abdel-Aal (1973) studied the effect of
instrumental factors on the accuracy of the apparatus. These factors
are:
i) Angle of incidence and the numerical aperture of the ob-
jective
ii) Linearity of the apparatus during the warm-up period
iii) Spectral characters and wave length
iv) Size of the aperture
Tests on these factors were carried out in the present study and the
apparatus was used in all reflectivity measurements under the following
standardized conditions:
i) Plane~polarized light with the polarizer in 45° pogition,
28X and 90X objectives in air and oil respectively were
used.

Apparatus was allowed 30 minutes to warm-up before any

|
t_l;

measurements were taken.
iii)} All reflectivity values reported in this research were mea-
sured in air at wave length 546 nm.

iv) Aperture used was equal to 1.0 mm.

1.4. Reflectivity measuring procedure: The procedure used involved

measurements of an unknown specimen between two sets of measurements on
standards of known reflectivities., There was a negligible variation

when measuring at different points on each standard. The mean value of
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five readings has been found to be sufficient for an accurate estimation
of the standard deflection. The unknown specimens had less homogeneous
surfaces than the standard, so the accuracy of the calculated reflec-
tivity value is partly a function of the number of determinations made
on the specimen. It has been found that 10 readings are usually the
appropriate number of determinations required for accurate estimation
of the deflection of unknown specimen (Abdel-Aal 1973). Measurements
were carried in blocks of 10 readings on unknown samples interspersed

by 5 measurements on the standards.

The reflectivity of the unknown is determined by the direct com~

parison with standards of known reflectivity. The following equation

is applied:
= B
Ry = Ry % p
where R, = unknown reflectivity value of specimen

fl

Rg = known reflectivity value of standard
1 and s are scale deflections for unknown and standard

measured in units of chart recorder respectively.

1.5. Standards in reflectivity measurements: Three standards were

used in the present study. They are black glass, black silicon-carbide
and tungsten-carbide. These are the only standards acceptable to the
Commission for Ore Microscopy of the International Mineralogical Asso-
ciation (COM/IMA). The spectral calibration data for each standard (as

supplied by the manufacturer) is shown in figure 14.
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1.6. Errors and accuracy of reflectivity measurements: Regardless of

 the method of reflectivity measurement used, there are some sources of
error that affect the accuracy of results. These €rrors are:

i) ° systematic errors which include instrumental errors,
variation in composition of the sample and errors due to
polishing technique.

ii) non systematic erroxs, which are the variation in the re-
flectivity value of the same area of a grain from repeated
measurements.

iii) errors in the standard values.

These errors and their effect on the accuracy of reflectivity measure-
ments, have been studied in detail by Abdel-Aal (1973). Precautions
were taken to minimize these errors in the present measurements. A
relative accuracy of 1% is assumedvthroughout the present measurements
and calculated as follows. The relative standard deviation in measure-
ments of the unknown varies from 0.3% to 0.5%. Assuming normal dis-
tribution of the variation, the confidence interval at the 95% level
for the mean value of 10 measurements is almost equal to £ ¢ (0 =
standard deviation). Taking into account the resulting reflectivity
values of more than one grain, a relative precision of the order of

+* 0.5% seems probable. Pillar (1972) measured the variation in reflec-
tivity in S8iC standards and found that the relative standard deviation
from the macroscopically calibrated value was of the order of * 0.4%.
The relative accuracy, taken as 20, is * 0.8%. The relative accuracy
of the reflectivity measurements = resultant nonsystematic error + error

in the standard value + systematic errors. Assume that the systematic
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error = * 0.5% (Abdel-Aal 1973}, the relative accuracy = * (0.52 +

0.8% + 0.5%) = 1.1s.

2. Paleomagnetism and Rock Magnetism

2.1 Preparation of samples: For paleomagnetic studies and initial

susceptibility measurements, mini-~core sub-samples were prepared by
using a diamond crowned coring bit of 1" (2.54 an) inside diameter. The
cores were cut to a maximum of 1" (2.54cm) length using the diamond

saw, then the samples were oriented for paleomagnetic studies.

To measure Curie temperatures and saturation magnetization, a small

chip from each sub-sample was used.

2.2. Equipment and Technigques: The natural remanence magnetization

{NRM) , inclination and declination for each sample were measured using

a Schonstedt SSM 1A spinner magnetometer.

An alternating field demagnetizer capable of reaching peak fields

of 1300 oe was used for samples demagnetization.

A MS-3 magnetic susceptibility bridge was used for measuring the

initial susceptibility of the samples.

Saturation magnetization and Curie temperature were measured using
a Cahn R-100 electrobalance for 10-30 mg. rock chip taken from each
sample. The apparatus was modified by Ryall (1974) and Clark (personal

comm., 1976). The sample was placed in a quartz bucket suspended
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between the pole pieces of 7 kG electromagnet. The force measured by
the balance was the sum of the sample weight and the downwards di~
rected magnetic force due to the magnetic field gradient acting on
the sample. The magnetic force (ordinate) was plotted against tem-
perature {abscissa) on a BBN 815 M x~y plotter to produce a magnetiza=~
tion-temperature curve for the sample. Heating can be done up to 700°C

using a nichrome furnace element.

3. Microprobe analysis

The selected polished surfaces were coated with carbon, then the
minerals were analysed by a Cambridge MK V electron microprobe using
synthetic and natural standards. Measured X-ray intensities were
corrected for atomic number, fluorescence and absgorption effects by
correction program EMPAD VII (Rucklidge 1967). The use of microprobe
analyses allowed the analyses of grains as small as 5 U. Some altera-
tion and exsolution phases were less than 3 U in their grain size so
contamination with other minerals had occurred and resulted in a high
calculation of these phases, Other than that, there was no doubt about
the nature of minerals being analysed as most of the grains were in
20~80 U size range. The analyses of different titanomagnetite and
ilmenite grains in a sample were found to contain very similar major
and minor elements, so the calculated compositions of the grains are

likely to represent the whole sample.




CHAPTER IV

QOPAQUE MINERALOGY

In this chapter, the description of opaque mineral phaées, their
structures and textures are given. The variations in chemical com-
pogition in the’opaque phases and its effect on other parameters such
as reflectivity are discussed. An attempt to follow the paragenesis of

the various opaque minerals, whenever possible, is given.

1. Description of the core log

The rocks of the 981 m drill core are degcribed in detail in the
core log (Scientific party,1973). McGraw (1976), added more observa-
tions and interpretations to the core log from her study of petrology

and geochemistry of drill core rocks.

Five different letters in the core log refer to a specific rock
type. AUL (lava flow), AUA (pyroclasticts), AUG ?agglomerates), AUB

{(brecciag) and AUS (intrusive).

Muecke et al. (1974) have studied the drill core and found that
extrusive lavas constitute 72% of the drill core. They occur in 140
separate flow units. The flows are massive basaltic or trachytic rock
units. They are usually separated from one another by ash beds or
brecciated tops. Pyroclastic deposits represent 22% of the core and

they include ignimbrites, which are common in the depth interval 262 m
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to 508 m. The pyroclastics consist of fine~grained to medium-grained
ash materials, The agglomerate units composed of fragments of trachytic
or basaltic rock in fine grained ash. The few intrusives are fine
grained and frequently contain large feldspar phenocrysts. Basaltic
breccias consist of angular basalt fragments in chloritic, calcitic,

hematitic and clayey matrixes.

Muecke et al. (1974) recognized the division of the core into
five major parts, figure 15, subaerial sequence III, 0O - 268.4 m,
subaerial sequence 1I, 268.4 - 428.6 m, subaerial sequence I, 428.6 =~
762.8 m, transition sequence, 762.8 - 856.8 m and subaqueous sequence
856.8 ~ 980.5 m. However, as described later the presence of some sub-
aerial types of titanomagnetite in the subaqueous sequence in the
present study, suggests an increase in the thickness of transition

sequence.

2. Opague Mineral Phases

Examination of 232 polished sections of the drill core rocks in-
dicates that various iron-titanium oxide phases are present. The
mineral phases in the core were subjected to both deuteric oxidation and
hydrothermal alteration. A detailed mineralogical description of each

polished section is given in Appendix I,

2.1. Primary opague oxide phases: Although most of the rocks in the

drill core were subjected to various degrees of oxidation and hydro-
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thermal alteration, some unaltered primary opaque phases were recognized
at many levels in the core. Primary oxide phases comprise titanomag-

netite, ilmenite and spinel.

2.1.1. Titanomagnetite: Titanomagnetite with its alteration products

ig the dominant opaque phase in the core. Three types of titanomagne-
tite were identified which varied in size, color and composition.
Plate 2 shows an example of each type and a brief description of each is

given below.

{1) Titanomagnetite type l: This type includes large euhedral to

subhedral grains larger than 50 U . It is randomly distributed in the
core. The grains are all homogeneous and either included in clino-
pyroxene phenocrysts or occur separately in the groundmass. The large
groundmass crystals show peripheral corrosion, plate 2(d). Microprobe
data of five samples of titanomagnetite type 1 indicates that titanium
{Ti) repfesents between 12.0-16,0 by weight of the total elements.
Table 1 gives microprobe data, together with reflectivity perxcentage
measured in air at wavelength 546 nm for this type of titanomagnetite.
Relations between the various elements in titanomagnetite type 1, re-
flectivity and the molecular proportion of ulvospinel in titanomagnetite
are given in figures 16 and 17. From the study of Table 1 and figures
16 and 17, (i)} it seems that titanomagnetite included in clinopyroxene
phenocrysts has a higher reflectivity value than titanomagnetite in the

groundmass, {(ii) it is clear from figures 16 a and b, that Al and Mg




Table 1: Microprobe and reflectivity data of titanomagnetite type 1.
1 h 2
Depth . Total :
SAMPLE , in m Fe Ti Al Mg Cr Mn Cations X Fe/FetTi R% Remarki
AUL 1.1.2 §9.5 51.2 13.4 3.1 2.2 1.5 1.4 72.8 0.63 6.79 16.9  |I® Pheno-
crysts
AUL 2.1.5 99.1 51.8 13.0 3.2 2.2 0.8 1.7 72.7 0.61 0.80 16.1 In pheno-
crysts
AUL 8.1.2 170.1 50.3 16.0 2.7 1.9 0.5 0.7 72.1 0.75 6.75 15.2 In ground-
mass
AUL 19.2.6 235.5 53.6 i5.0 2.0 1.9 0.0 0.0 72.5 0.71 0.78 14.9 In ground-
mass
AUL 142.1.6 940 52.1 12.1 3.2 2.4 0.3 0.6 70.7 0.57 0.81 14.3 In ground-
nass
AVERAGE 51.881.2 13.9*1.6 2.920.5 2.1+, 2 0.6+0.6 ¢.910.,7 72.2 0.7x0.1 0.79£.02 ] 15,5%1.0

*1 X is the molecular proportion of u1v3spinel in titanomagnetite X Fe,TiO, (1-X)Fe;0,

other than Ti.

without taking into consideratica impurities

*2 R is the reflectivity percentage of titanomagnetite measured in air at wavelength 546 nm.

4%
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contents decrease as Ti content increases, while such correlation does
not exist with Cr and Mn, (iii) the ratio Fe/Fe+Ti is constant (0.8) for

all the samples.

{2) Titanomagnetite type 2: This type always occurs as fine to medium

euhedral grains. Grain size ranges from 5 to 20U, plate 2(b). No ap-
parent oxidation texture has been observed with or without etching.
Fe/FPe+Ti ratios are slightly lower and reflectivity values are higher
than those for type 1 titanomagnetite. Table 2 shows the microprobe

data together with reflectivity measurements in air at wavelength 546 ﬂm
while figures 18 and 19 gives the relations between the variocus components

of titanomagnetite type 2,

From the study of Table 2 and figures 18 and 19, the following

are noted:

(i) reflectivity of titanomagnetite from the one agglomerate unit
AUG 5.1 studied is higher than that of titanomagnetite from
lava flow units.

(ii) as Ti content increases, Mg and Al contents generally decrease
while Cr and Mn contents do not show regular distribution.

{iii) reflectivity decreases as the ulvdspinel content increases until
it reaches a minimum value of 15% when the ulvospinel content is
equal to 0.65, After this value is reached, an increase in re-
flectivity follows increase in X, see figure 19,

{(iv) it must be noted that sample AUL 24.1.1. has a (8i) content of

2.1 and (Ca) content of 2.4.




Table 2. Microprobe and reflectivity data of titanomagnetite type 2.

SAMPLE 2:?2? Fe i A Mg cr Mo C:::zis X Fe/FetTi | =n Remarks
AUG 5.1.1 155 49.1 18.4 1.1 1.0 0.8 2.0 72.4 0.86 0.73 | 18.5 |Agglome-
rate
AUL 6.1.7 165 49.6 16.6 1.9 1.9 0.4 3.0 73.4 0.78 0.75 | 16.a
AUL 19.2.6 215.5 | 46.5 10.1 3.5 2.8 3.4 3.7 70.0 0.48 0.82 | 15.5
AUL 24.1.1 257.4 | 44.3 17.6 0.4 0.8 0.0 0.0 63.1 0.82 0.72 16.7
AUL 51.2.1 396.3 | 49.6 16.0 2.5 2.0 0.6 2.2 72.9 0.75 0.76 | 16.1
AUL 69.7.3 230.7 | 50.6 14.2 2.6 1.9 0.0 2.3 71.6 0.67 0.78 | 1s.1
AUL 138.1.10 | 924.2 | 49.9 12.5 2.8 2.0 0.4 3.1 70.7 0.59 6.80 | 15.4
AVERAGE 48.5+2.3 |15.143.0 | 2.1#1.1 |1.620.7 |o.8#1.2 | 2.3¢1.2| 70.6 |0.7¢.1 |0.77%0.04| 16.341.2
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(3) Titanomagnetite type 3: Type 3 titanomagnetite is close to type 2

in chemical composition and reflectivity value (Table 3), but it is
significantly different in structure and cooling history. This type

occurs as skeletal form, plate 2(c), with grain size ranging from 15-18u.

The differences and similarities between type 1 and type 2 titano-

magnetite are as follows:

(1) type 1 is larger in grain size (> 50U} than type 2 (5-201).

(ii) average reflectivity value for type 1 (15.5% % 1.0) is not
significantly different from the average value for type 2
(16.3% + 1.2).

(iii) the Fe/Fe+Ti ratios of both type 1 and type 2 are not signi-
ficantly different.

(iv) type 1 and type 2 are similar in crystallization trend, during
which Al and Mg decrease with increasing Ti content and in the

irregularity of relationships between Mn, Cr and Ti.

Type 3 is very similar to type 2, the only difference which oc-
&
curred was in the cooling history where type 3 represented rapid ccoling

and hence the skeletal form of titanomagnetite was observed.

2.1.2. Ilmenite: Two types of ilmenite were observed; equidimensional
type 1 and separate elongate single crystal type 2, plate 2 (e and f).

Both types are similar in chemical composition {(see Table 4) but type 1
is very strongly anisotropic, lower in reflectivity and darker in color

than type 2.




Table 3.

Microprche and reflectivity data of titanomagnetite type 3.

SAHPLE Dl":f e Fe T4 AL Mg cr Mn C:t::r];s x Fe/Fe+Ti Rt Remarks
AUL 122.3.2 | 833.2 49.3 16.0 2.1 1.8 0.3 2.0 71.5 0.75 0.75 16.4 -
AUL 138.14 917.8 47.1 17.2 1.6 1.5 0.5 1.8 69.7 0.81 0.73 16.6
AVERAGE 48.221.6 116.6%0.9 11.920,.4 1.720.2 0.4%0.1 1.9+0.1 76.7 0,.7820.04}0.7420.01[16.5x0.14

19
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Ilmenites of type 1 are fine-medium grained. Grain size ranges be-
tween 15-30U. Grains of this type always occurred together with titano-
magnetite, however, sometimes (but not often) with geikielite, plate 2(f).
Geikielite is MgTiOs3, dark brown, very strongly anisotropic and has a bi-
reflectance value of 11.9-14.6%. This mineral is found in sample AUL 20.3.2
which is stated by McGraw (1976) to be a basalt with plagioclase, olivine
and augite as phenccryst phases. This sample is relatively high in MgO
{6.5%) in the drill core., Microprobe data for geikielite is given in
Table 4. Geikielite is not known to occur as an indepen&ént mineral in
basaltic lavas, it occurs as the product of exsolution in many magnetiﬁe

ores (Ramdohr 1969) and in kimberlites (Haggerty 1975).

Ilmenites of type 2 are fine to coarse grained. Grain size varies

beﬁween fine 5-10u and coarse > 40u.

From Table 4, it is clear that the variations in the element con~
tents in all analysed ilmenites are nearly constant. FPe/Fe+Ti ratios are
equal to 0.6. The similarity in chemical composition between type 1
and 2 ilmenites may indicate a crystallization from the same source but
the contrast in physical properties could reflect a change in the envir-

onment and cooling history of the magma.

2.1.3. Spinel s.1l. (Sensu Lato): Primary spinel occurs either as xeno-

crystic crystals or as a groundmass phase throughout the drill core. Xeno-
crysts are coarse euhedral grains (> 50U) often containing cracks and
are greyish white in their color, while groundmass spinels are medium-

coarse (20-40U) with a grey color. Some of the grains show a primary




Table 4. Microprobe and reflectivity data of ilmenites

SAMPLE D:f"i‘ Fe 7L Mg Al .¢x Mn c:::‘:}m Fe/Fe+Ti | Ry - R, | Remarks
AUL 20.1.2 236.2 35.7 29.3 1.2 0.6 0.6 0.8 68.2 0.55 14.7-16.3 Type 1
AUL 20.3.2 241.9 36.0 29.2 1.1 0.6 0.6 a.6 68.1 0.55 14.4-16.8 Type 1
AUL 6.1.7 165 35.8 29.7 1.4 0.7 0.4 0.7 68.7 0.55 15.0-17.3 Type 2
AUL 18.2.6 235.5 35.7 25.7 1.1 0.6 0.6 0.7 68.4 0.58% 15.1~17.0 Type 2
AVERAGE 35.8%0.1 29.5%0.3 1.2+0.1 0.6+0.1} 0.630.1 0.7+0,1 68.4 0.55 ig:i:ig:i
AUL 20.3.2 241.9 1.1 3B.7 1%.0 0.4 6.0 0.0 59.2 11.9-14.6 Geikielitj
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zoning, plate 3(a) and others exhibit oscillatory zoning, plate 3(b).
However, oxidation textures cannot be excluded. The chemical and
textural criteria for distinction between primary and secondary phases
is rather difficult. Table 5 shows microprobe and reflectivity data
of spinels while figure 20 illustrates the relation between the various
elements in spinel and figure 21 gives the relation between reflecti-
vity of spinels and their titanium contents. From the study of Table 5

and figures 20 and 21, the following are noted:

(1) the range of chemical variation of spinels indicates enrichement .
in titanium and iron with crystallization.

(2) the increase in (Ti) contenf in spinels by crystallization is
followed by a decrease in Al and Mg contents and a slight increase
in Mn content, figure 20.

(3) the increase in (Ti) content in spinels is accompanied by an in-

crease in reflectivity, figure 21.

The study of primary opaque oxide phases has shown the following

interesting points:

(1) there are at least three different crystallization histories,’for
the primary phases; an early crystallization before eruption which
can be seen in the formation of titanomagnetite phenocryst, some
of them show a magmatic corrosion, and in the formation of spinel
xenocryst which exhibits primary growth zoning with Fe and Ti en-
riched peripherally, plate 3(a). After eruption, two different

lava cooling histories occurred; a slow cooling resulted in formation




~ Table 5. Microprobe and reflectivity data of spinels.

SAMPLE Dfn?:h Pe T Al Mg cr Mn ’ C::'i‘;}w R& Remarks
AUL 1.1.2 36.7 35.4 11.7 10.2 8.7 4.2 3.7 73.9 16.8 Xenocrysts
UG 5.1.1 155 37.0 17.8 6.0 4.7 3.3 3.9 72.7 17.8 z;;‘;‘;igizz&
AUL 6.1.7 .65 38.7 12.7 8.8 7.3 2.0 3.9 73.4 17.1 Xenocrysts
AUL 8.1.2 170.1 29.2 2.2 21.1 10.0 1.2 6.0 63.0 16.0 Groundmass
AUL 77.4.6 | 534.1 34.6 10.9 3.9 9.6 4.4 3.6 73.0 16.5 Groundmass
AVERAGE * 36.4%1.8 13.3%3.1 8.7t1.9 | 7.6%2.1 3.5%1.1 3.840.2 73.3 17.1%0.6

* average of spinels is taken excluding sample AUL 8.1.2 which is Al rich spinel

g9
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of subhedral-euhedral medium~coarse grains of opaque phases and a
rapid cooling which formed skeletal and fine grains.

(2) in all oxide phases, generally as crystallization proceeds, Ti
content increases, Al and Mg contents decrease.

(3) the increase in ulvodspinel contents is followed by an increase
in reflectivity of titanomagnetite and spinel, However, when

X is less than 0.7 no fixed relation can be constructed.

2.2. Primary sulphides: Few sulphides were detected in the drill core.

Chalcopyrite was identified in sample Aul 11.2.7 at 195.5 m depth in
sequence III and a few examples of pyrrhotite have been recognized in

the subaqueeous section, plate 3(c).

The depletion of sulphides in the drill core is guite ihteresting.
Generally sulphides are easily destroved by oxidation and alteration,
Possibly their rare occurrence in the core can be attributed to their

alteration to oxide and hydroxide phases.

2.3. Secondary phases: These are the products of oxidation and

alteration effects on the primary phases. They represent the majority
of op%que phases in the drill core and they include various types of
iron and titanium oxides. Their composition, distribution in the core,
mineralogical properties and optical behavior will be dealt with in

Chapter V, the Alteration Sequences,
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3. Structure and Texture

The terms structure and texture have wide definitions which are
applied differently by every school. Here I follow exactly the German
definitions and classifications (Rehwald 1966) where structure describe
mineral grain shape, its size and mutual surface boundaries, and the
term texture is applied to space lattice, space arrangement and dis-
tribution of the various constituents. The American school use the
term fabric to describe spatial relations'of the components which is
by no means the same as structure in the German sense. The classifica-
tion of textures by Schneiderhchn (1952) and Ramdohr (1969), although
presenting a good approach, is rather confusing. There is a great
overlap in their classifications. The work on texture by Schwartz
(1951) which the American school follows uses rather descriptive terms

of which some are difficult to understand.

3.1. Structure:

(i) Grain shape (form): Most of the grain shapes have been

described before. Generally they are euhedral to subhedral crystals.
Begides, skeletal, tabular and elongated grains, two other shapeé have
been recognized. First, is a radial growth shape, plate 3(d), which has
been identified in lepidocrocite and in some hematite. Secondly,
spheroidal grains occur, plate 3(e), which were recognized in crystal-

lization of some pyrrhotites.
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{ii). Grain size: Examination of opaque phases in the drill core
rocks reveals that medium to coarse (20->50 |) grain size is one of
the characteristic features of the core. Mineral grain sizes can be in-
fluenced by different factors; the physico-chemical concepts of rate
of nucleation and rate of crystallization and most commonly concentra-
tion. Most of the plates show the variation of grain size in the core.
Phencocrysts are also detected in many sections. However, it must be
noted that a "phenocryst" is not necessarily a product of early
crystallization brought up from depth. They simple indicate that in

this instance an idiomorphic mineral grain occurs in the midst of suxr~

rounding fine grains and that it is older than its surrounding minerals.

3.2 Texture:

(i) 2Zoning: Various types of zoning were recognized in the
opaque phases of the drilled core, (Plate 3(f and g). They were de-
tected by the differences in color and hardness between phases with or
without etching with HCl concentration for a period between 10 second
and 3 minutes. Zoning may originate from crystallizing magma as a re-
sult of changes in equilibrium conditions. Other possible cause of
zoning may be an interruption of growth and deposition of successive

bands with inclusions of foreign minerals.

In many cases original zoning was completely or partly destroyed
by diffusion processes that accompanied the continued heating in hydro-~

thermal solution as seen in many of the plates (next chapter).
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(ii) Twinning: This feature is uncommon and was only detected in

gome ilmenite grains in sequence III of the subaerial part of the core.

(iii) Secondary or transform textures: These include all tex-

tures which show any evidence that primary opaque mineral content has
been changed. The Azores drill core shows that the majority of opaque
mineral textures are transform textures {(see Appendix I). Transform
textures recognized in the drill core are: Ex-solution, decomposition,
replacement and oxidation textures. These textures will be discussed

in detail in next chapter (Alteration Sequences).

The study of the texture and structure of various grains of 4if-
ferent minerals in the Azores core yielded much information on the
origin of the minerals, nature of the lava and the processes which af-
fected the minerals after their formation. The following general points
were derived from examination of structure and texture of opague min-

erals (Appendix I):

1. The absence of hydrothermal alteration texture in some minerals
does not mean that they necessarily have a magmatic origin, be-
cause certain high temperature replacements may take place without
destroying the form of the unaltered minerals.

2. Minerals can be stable in contact with each other at high temper~
ature but react with each other at lower temperature to form
complex compounds.

3. The minerals in this core are capable of reacting in part in the

solid state and, of course, readily in the presence of a hydrothermal

solution.




It is difficult to explain why some mineral grains are oxidized
and altered while others in the same section show no sign of
oxidation and alteration. Also, why in one case the unmixing
textures have been preserved while others in similar cases
obliterated. A different rate of cooling within the temperature
range in which the mobility is still very large may be one of the

reasons but is certainly not the only one.
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CHAPTER V

ALTERATION SEQUENCES OF THE OPAQUE MINERALS

This chapter deals with the secondary iron~titanium oxides,
their composition, optical properties, structures, textures and
paragenesis. The distribution of the secondary oxide minerals in
the core is given. A new classification of titanomagnetite and il-

menite alteration in the hydrothermal environment is proposed.

1. Secondary phases

The products of oxidation and alteration of the opague minerals
in the drill core comprise various phases. Description of the phases
in all 232 polished sections, as identified by thelr optical properties

is given in Appendix I and a summary is given here.

1.1. Titanomaghemites: These form as the result of low hydrothermal

alteration of titanomagnetite. Under the microscope, in oil at mag-
nification of 1350 X, they occur as bluish grey patches and off-white

thin irregular lines in titanomagnetite grains.

1.2, Titanohematites: These are the products of the high temperature

oxidation of titanomagnetite and ilmenite. They also develop during
medium-high hydrothermal alteration of titanbmagnetite. Decomposition

of pseudobrookite at low temperatures may result in the formation of
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titanchematite. Titanohematite is a single phase mineral grain con-
sisting of various molecular proportions of hematite and ilmenite,

(F ‘I‘iy o, (0<y<1)). The color is greyish white with green tint

ez_y
in oil and they have a strong bireflectance. WNo internal reflection

has been noticed.

1.3. Hematites: These occur as the products of oxidation of magnetite,
as well as crystallizing directly from hydrothermal solution. Hematite

is distinctly anisotropic, espécially in oil. Internal reflections are

frequent and the deep-red reflection is one of the diagnostic features;

The color in air is greyish-white and greyish white with bluish tint

in oil.

1.4. Ilmenites: Lamellae of ilmenite are common in high temperature
oxidation of titanomagnetite. The lamellae vary in thickness from 8 U
to less than 1 U and most likely submicroscopic size. Their color
ranges from light to dark brown. They are very strongly anisotropic
but they have no internal reflection. Secondary ilmenite results also

from decomposition of pseudobrookite at low temperatures.

1.5. Crichtonite: Hey et al., (1967) gave a chemical compositdon of
crichtonite as (Fe?i Feft Ti . O .,)+ It is relatively common as a
product of oxidation at high temperatures of ilmenite and occurs as

irregular thin light brown lamellae in the ilmenite. It is slightly

anisotropic. Little is known of its thermodynamic properties.
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1.6. Pseudobrookites (FPe,;TiOs ): These are the end products of titano~

magnetite and ilmenite high temperature oxidation. The color is daxk

grey in oil. They are anisotropic with weak bireflectance.

1.7. Rutiles (Ti0O2): Rutiles are the intermediate mineral assemblages

between titanomagnetite and ilmenite and pseudobrookite in high tem-
perature oxidation of titanomagnetite and ilmenite. They also form
the decomposition of pseudobrookite at low temperatures. Hydrothermal

alteration of ilmenite also produces secondary rutile.

1.8. Sphenes (CaTiSiOg): Sphenes have a variety of colors. Yellow

orange tinted color when ret? replaces Ti and blue color if no iron
is present. They occur as an end product of the alteration of ilmenite
at low temperatures. They are also a product of the alteration of

pseudobrockite and ilmenite networks replacing titanomagnetite.

1.9, Pseudorutiles: The composition of these phases are close to

FesTi30s. These are intermediate stage phases derived from the low
temperature oxidation of ilmenite and have been named by Teufer and
Temple (1966). The color ranges from light grey to yellowish white.
Pseudorutile is slightly anisotropic and has a higher reflectivity

than ilmenite but lower than that of rutile.

1.10. 8Spinels: The general chemical formula for spinel is (M2+M§+On)
where M°T is mostly Mg and Fe and M**t is Fe and Al. Secondary spinel

occurs as a fine dark lamellae in {100} planes in high temperature.
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oxidation of titanomagnetite. The fine size (less than 1l ) prevents

the analysis and the observation of the diagnostic properties.

1.11. Goethites (0 Fey03°*H20): Goethite is a replacement of magnetite

and sometimes ilmenite in the hydrothermal environment. The color is

grey with bluish tint. Anisotropy occurs but is masked by internal

reflection which is a reddish brown color.

1.12. Lepidocrocites (Y Fe,03*Ho0): Lepidocrocite is associated with

the medium and high hydrothermal alteration of titanomagnetite and
sometimes ilmenite. It has a green tinted greyish white color. Aniso-
tropy is very high but the color is masked by brownish red high internal

reflection.

2. Textures

Textures described in this section comprise all those that result

from transformations from the primary state. They are: ex-solution,

decomposition and replacement textures.

2.1. Ex-solution textures: Many of the opaque minerals, in the pre-
sent study, are capable of solid solution. The stability 6f the solid
solution depends on many factors such as ionic radii, lattice structure
and bonding strength in the two components of a solid solution. With
decreasing temperature and with large changes in the factors con-

trolling solid solution, unmixing takes place giving rise to ex-solution
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textures. At first the ex-sclution bodies are extremely small but they
grow to microscopic size by collection crystallization. Unmixing of a
solid solution takes place b§ the diffusion of the solute ions through
the lattice of the solvent substance. EBEdward (1960) listed five factors

which influence the diffusion process. These are: '

(i) low solubility of the solute.

(ii) large differences of melting point between solute and
solvent.

(iii) 1large differences in atomic radii of solute and solvent.

(iv) increasing separation of solute and solvent in the
periodic table.

(v} the diffusion rate increases with increasing concentration

of the solute.

The mechanism of ex-solution is siﬁple; if the crystal lattices are in
general very similar, the original texture will be irregular. On the
other hand, if only one plane of the lattices corresponds closely,
strong directional preferences will appear, as an example ilmenite
lamellae in {111} plane of magnetite and hematite in {0001} direction of
ilmenite host. The oriented intergrowth of ilmenite in magnetite is
attributed to the sharing of oxygen planes. Intergrowth of hematite in
ilmenite reflects the presence in both crystal structures of pronounced
oxygen planes parallel to their {0001} direction, in which the oxygen

atoms have practically identical spacing.

Lamellae of ilmenite in titanomagnetite, plate 4(a), are common
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in high temperature oxidation sections of the drill core, figure 22.
Possibly this could be formed first as an exsolution of ulvospinel,
then it oxidized to ilmenite as no one has ye£ proven any existence

of solid solution between magnetite and ilmenite (Lindsley 1962 and
Buddington and Lindsley 1964). From a study of natural specimens and
from the common occurrences of ilmenite lamellae in titanomagnetite

of many volcanic and plutonic rocks, Ramdohr (1953 and 1969)

emphasized the existence of solid solution between ilmenite and mag-
netite. Experimental work by Ramdohr (1926), Wilson (1953) and Roy
(1954) also supported the existence of such solid solution. However,
these workers did not demonstrate that the bulk composition of the
heated sample rocks remained unchanged. Several authors have doubted
the existence of solid solution between magnetite and ilmenite. Vincent
et al. (1957) and Basta (1960) have found it experimentally impossible
to homogenize ilmenite-magnetite intergrowths of mixtures if the bulk
composition is maintained; instead, an exchange reaction took place
with ilmenite gaining Fe,03 and magnetite gaining FesTiOy. The
oxidation hypothesis of ulvospinel to ilmenite has been supported by
phase equilibrium studies (Webster and Bright 1961, Taylor 1961,

Verhoogen 1962 and Lindsley 1962).

The exscolution bodies which separate at relatively high temperature
are themselves still solid solutions which, with further decrease in
temperature, tend to exsolve the contained portions of the guest com-

ponent. Plate 4(b}), shows an example of this multistage exsolution with




exsolution bodies of spinel in magnetite which itself has separated
from titanomagnetite. Plate 4(c¢), is an analogous rutile exsolution
in titanchematite., The small size of these fine bodies of spinel

and rutile hinder any sophisticated studies.

2.2. Decomposition textures: These textures were observed in the

medium and high hydrothermal alteration sections of the drill core.

Two types of decompgsition were identified. Type 1, where the products
of decomposition are crystallographically different from the original
minerals but the chemical composition of the products still somewhat
related to the original mineral. Example of this type is the decom-
position of pseudobrockite to rutile and titanohematite. Plate 4(d4)
shows a second type of decomposition where olivine is chemically decom-
posed to a secondary magnetite as a result of chemical reaction with

the hot solutions.

2.3. Replacement textures: Replacement textures were very common in

all iron-titanium oxide minerals in the drill core and especially the
medium~hydrothermal alteration section. This texture may result from
the subsequent variations in the temperature of hydrothermal solution
and possibly from a change in pH of the solutioné.'ﬁPlate 4{e), shows

a replacement in spinel by a chloritic mineral (?).

3. Oxidation and alteration of iron-titanium oxides

Several types of oxidation and alteration of iron-titanium oxides
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were identified in the Azores drill rocks. Each type is a function of
a specific cooling history of the rocks to which they belong. A de-

tailled study of each type follows.

3.1. High Temperature (deuteric) Oxidation:

(1) Titanomagnetite: Deuteric oxidation in basaltic rocks is a

well known process. It has been investigated in the field from oxygen
fugacity measﬁrements in lava lake drill holes (Sato and Wright 1966)
and by the metheds of experiméntal petrology (Lindsley 1962, 1965 and
Haggerty and Lindsley 1969). The changes in opaque mineralogy by this
process were studied by Wilson and Haggerty (1966), Wilson and Watkins
(1967), Ade-Hall et al. (1968a) and Gromme et al. (1969). The process
takes place during initial cooling of lava in 900-600°C temperature
range (Lindsley 1962, 1965, Sato and Wright 1966 and Haggerty and

Lindsley 1969),

The clagsification of degree of high temperature oxidation in
terms of titanomagnetite oxidation (Watkins and Haggerty 1967 and

Ade-Hall et al. (1968a) depends on:

(i) the formation of a series of iron-titanium oxide assem-—
blages in which ilmenite, rutile and titanchematite are
intermediate forms

{(ii) pseudobrookite solid sclutions are the end products of

high temperature oxidation.
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According to Haggerty (1971), these assemblages vary with the degree
of solubility that is possible in the pseudobrookite series and the
degree of immiscibility that exists in the ilmenite-hematite solid
solution series at temperatures between 600-900°C. As a result of this
limited solid solubilities, rutile and hematite form a distinct
oxidation assemblage as end products and do not necessarily result

from the breakdown of pseudobrookite solid solution.

The chemical composition of high temperature oxidation titano-
magnetite phases was determined by microprobe analysis. Reflectivity -
of each phases was meésured in air at wavelength of 546 nm. Table 6
gives the reflectivity data together with the analyses for titano~-

magnetite of high temperature oxidation.

Deuteric oxidation of titanomagnetite occurs in various parts of
the Azores drill core from sample AUL 8.1.1 at depth 170 m of sequence
ITI in the drill core, figure 22 , and comprises all oxidation classes
of Watkins and Haggerty (1967) and Ade-Hall et al. (1968a), Plate 5.
Deuteric oxidation was observed also in two samples in the subaqueous
section, with oxidation up to class 4 of Adel-Hall et al. (1968a)
classification, Plate 5(f). The presence of deuteric oxidation in the
subaqueous section is quite interesting because this oxidation is
known to occur preferentially in slow cooliné environments, such as
subaerial environment (Grommé et al. 1969 and Ade-Hall et al. (1976a).
Some other few examples of deuteric oxidation in submarine lavas have

been reported (Irving et al. 1970, Ade-Hall 1974 and Ade-Hall et al.

79




80

Table 6. Reflectivity data and microprobs anslyses for titanonagnetite of high temperature oxidation
I8 [t
SAMPLE Duepth Class Fe k1) AY My Cr Ha Ca si Total Fe/Feets  Raflectivity
Cationg 3oin aiy
Aut 8.1.1 | 17041 1 52.3 1.2 3.5 2.4 0.2 0.4 0.5 o7 L2 0.82 16.0
AUL 20,3.4 | 2418 1 55,2 1.0 2.7 1.6 0.0 0.2 0.0 0.1 72.9 0.8t 15,0
AUL 82.1.8 | 553.8 1 54, 10,6 1.6 2.7 0.2 0.3 0.3 0.3 12,2 0.84 16.0
ojnaid 1 53,9005 11.620,3) 1,300.5 [2,2:0,6 [9.120.1 | 0.3:0,1{ 0,3e0.3 0, 420.3 72,1 0.83:0.0 | 16.0:0.¢
ML 14101 | 200.9 2 5.5 13.7 1.2 2.1 | 0.4 0.4 0.4 0.4 7.1 0.79 n b, )
ilzenite . .15
| et 35,6 10.8 0.7 1.2 0.4 0.5 0.2 0.0 69.8 0.54 14.3~1578
AUL 89.1.7 | 611.0 2 50.6 14.2 3.1 2.0 0.3 0.6 0.4 0.2 .4 v.78 16.9
AVERAGE
€LA85 2 2 50.600.1 | 14.040.4/3.2¢0.1 [2,320.1 [0.4=0.1 | 0.520.1| 0.426.0/0.3¢0.1 71,5 0.7920.0 | 17.0%0.1
AL 14.3.2 | 205.9 3 48.9 15.9 2.3 1.7 0.4 1.2 0.3 0.2 70.9 0.75 TN
ADL 98.2.4 | 665.3 3 48.4 15.8 2. 1.8 0.5 N 0.2 0.3 70.5 0.75 18,0
i ilmenite
Voot . 32,7 0.7 1.3 . 1.4 . 0.0 6.7 0.51 15.2+17.0
bt 3 48.720.4 | 15.920,1]2,320.1 |1.820.1 {0.5:20.1 | 1.320.1| ©.320.1[0,3%0,1 71.1 0.75:0.0 | 17.320.1
Ry R2
UL 45,1.2 | 386.5 4 43,3 17.4 2.4 0.5 1.2 . . 68,1 0.73 20,2~ 22.8
Brown
1) | fotands 5.9 16.8 2.6 0.3 0.5 . 69.4 0.74 19.5
AUL $2.4.5 | 402.7 4 44,2 17.6 | -2.5 1.8 0.5 3.4 0.3 0.5 68.8 0.72 20,1 -22.5
L $6.1.3 | 651.1 N 4.9 16.5 2.6 1.8 0.5 1.3 0.3 0.5 58,4 0,73 20,5-22.8
RUERAGE ‘ ; " " N PR WITT=E -
- i 1 44.120.8 | 17,2:0.6{2.520.1 [1.820.1 10.5:0.0 "11.320.1 | 0.420.2 |0.620.2 68.4 o.72:0.0 | {20
AL 9B.1.2 | 336.8 | isﬁiﬁ‘;’;m (] 2.4 1.6 3.3 3.4 G4 0.0 0.9 §7.7 3.35 .4
Browm )
ADL 113.1.8{ 757.2 |, SO0 59.9 3.9 1. ‘1.0 9.5 . 0.0 0.0 68.4 0.94 2.8
AUL 78.1.2 |536.8| 5 white 47.7 18,9 1.6 0.6 0.3 1.4 0.0 0.0 70.5 0.72 22,8 - 25.2
AL 113.1.8 | 757.1 5 44.4 19,2 1.8 1.0 0.4 1.4 0.0 0.0 68.2 0.70 22,4~ 25.0
Brown
AL 7812|5368 | CORE L 7.3 | e.8 . 0.8 0.5 1.3 0.0 0.4 60.4 0.12 18.2-19.4
AUT, 113.1.8 | 7571 5.1 52.1 . 0.8 0.6 1.7 0.0 0.4 61.3 .09 18.8 - 20.3
Brown " . R . ’
() | jootromic | S1-%518 13,211 11.800.2 [0.820.4 [0.520.1 |0.820.6 0.0 0.0 68,3 0.95:0.0 | 21,6%0.3
AVERASE White " : 22.8 - 25.1
Cirss 5 (61 b 46.1¢2.3 1 19.1£0.2{1,720.1 }0.820.3 |0.420.1 |1.420.0 0.0 0.0 §9.5 s.ms0,0 | 725725
Brown " » . 18.5 - 19.8
| icoreaaic | 5-141:¢ | 51.001.6]0.620.1 [0.820.0 |o.620.1 [1.520.3 0.0 [0.4%0.0 s1.0 a.xz0.0 | 03000
Pseudo~ R T
ast sz fi7,s | SonT 39.8 20,3 1.3 1.9 0.3 2.1 0.9 0.9 67.9 6.6% 15.1~16.3
AL 46.2.7 | 3ve.n “ 4.5 24.2 0.8 0.7 0.2 1.0 0.0 0.0 68.4 0.63% .| 15.2-16.0
AUL B.5.2  [171.9 hi‘:g:q_::‘“‘” 53.2 14.5 1.0 5.7 0.3 0.3 0.6 0.0 70.0 0.9 21.2-23.2
AUL 46.2.7 |370.8 53,2 13.8 0.8 0.9 0.4 0.3 . o.0 0.0 69.4 0.79 21.2-~21.0
,
Pseudo~ i 216,20
AVERAAE treo, 407012 | 22,502,401 000.0 1.2:0.7 j0.3:0.1 [l.620.2 | 0.5:0.6 |0.300.6 5.4 0.6510.0 ;;:f ig:g
CTLASS 6 titano- . - .
homative | 33:210.0 ) 1.2:0.513.900.1 {0.8:0.1 lo.420.1 {0.3:0.0 | 0.0 0.0 €9.8 0.79t0.0 | 122720
{1} deuteric uxidation classes of Ade-iall et al., {1968}

[¥3]
[+ H]

high total ilmenite valun

14}
[£5
63
144

magnetite phase
ragnetite phase
Ricanonraatitc $haso
rutile phasa

ratlo is calculatad without tuking iato account A, Yq, €r, Ca and $i inpurities
size of ifmentie lancllae 33 small {4 W) co

that contamination in the probe analysis is possible and results in
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1976a). One possible explanation is that these samples represent the

interior of a flow since all of them are coarse grained basalts.

(2) Ilmenite: The high temperature oxidation of ilmenite has

been categorized by Haggerty (1971) in six classes. The classification
was based on the formation of iron-~titanium phases from partitioning
and redistribution of iron and titanium ions within the crystal lattice.
This oxidation takes place above 600°C at high oxygen fugacity

(Haggexrty 1971).

Ilmenite at different stage of Haggerty's high temperature
oxidation scale, where recognized in the Azores drill core, was studied
by the microprobe analyzer and the microphotometer. The chemical com-

position and the intensity of reflectivity are shown in Table 7.

Several of Haggerty's classes of high temperature oxidation of
ilmenite was observed in the Azores drill core and these are illustrated

in Plate 6.

A summary of high temperature oxidation classifications of titano-

magnetite and ilmenite is given in Table 8.

3.2. Hydrothermal Alteration: Several lines of evidence indicate

that the rocks of the Azores drill core have undergone phase trans-
formations caused by hydrothermal processes. This evidence comes from
field observations, measurements of in-hole temperatures and from labor-
atory studies of the drill core, as detailed in Chapter III. Field

measurements of in~hole geothermal gradient, figure 23, defined tem~
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Figure 23. Temperature measurements with maximum thermometers {(:2°C)

to 9.4 m during drilling; to 885 m with thermocouple

(£1°C) between 1 and 2 h and again 4 days after termination
of water circulation. Two days after further circulation
maximum thermometer measurements were made to 518 m.

O: temperatures at the bottom of the hole; temperature
logs: O: 26 August (1-3 h): : 2 September (4 d4d):

A: 7 September (3 d). (After Muecke et al. 1974).




82

gable 7, Reflectivity and microprobe dats for ilmenite and its high tenperature oxidation preducts

Total Reflectivity
SANPLE Dieptnh Clasa Fe 133 a1 Mg ¢r ¥ Ca 3 Caticas Fe/FesTi R; in ‘;;
a m
wverace (1} . N . . 14.8~16,9
Kremael) 3 35.840,1] 25,510.3 P.610,1 { 1.220.1 } 0.622.1 bu729.1 | 0.0 0.6 68.4 0.55 R
A 8.5.2 |17.0lperrictirenite | 39.2 132 | 0.9 1.6 0.9 1.1 0.4 6.7 84,3 0.67 15,3-16.,9
AUL 31.1.2 |202.3 = 37.9 2.0 | 6.7 1.5 1.0 1.3 6.0 0.8 64.2 0.64 15.3~16.9
AL 8.5.2 |171.9|crichtonite 312 3.6 | 0.6 1.2 0.5 0.9 0.0 6.3 65.9 0.19 17.0-27.1
AUL 31,1.2 |292.3 . 26.0 3.2 | o6 1.4 0.6 0.7 2.2 0.4 63.1 0.44 + | 17.3-17.4
. - " ] N 15.3°1673
AVERAGE Ferri-ilmenite |38.6+0.9] 20.1:1.3!0.2:0,1 1.5:0,1} 1.e:0.1} 1.2:€.1) 2.2:0.3 p.g:0.1 64.3 s.66:0,0 | otiT8e2
c1ass 2 cr.chionite 25.051.5] 35.4¢3.1] 0.620.0 1.320.3| 0.£30.1 | 0.2:C.1 2.1:0.1 p.420.1 64.2 o.a2z0.0 | 33:3-39:%
H 0.2 30,2
AUL 18.1.2 |223.7|crichtonite 23,2 7.1 | 6.4 1.3 0.4 0.7 0.5 0.4 64.0 0.38 17,2 ~17.6
AOL 31.1.2 |292.3 . 22.5 37.5 | 0.6 1.0 0.6 0.6 0.5 5.5 64,2 0.38 17.3-17.7
AUL 18.1.2 |223.7|rerrieilzenite | 37.9 20.1 | 9.8 1.5 0.8 11 0.5 0.1 62.9 0.5 15.2-17.0
AUL 31.1.2 |292.3 - 8.3 19.8 | 0.3 1.5 0.6 10 0.5 0.6 63.2 0.56 15.2~16.9
AUL 18.1,2 |223.7|Titanchenatite | 49.8 16.2 | a.6 9.9 0.4 0.6 0.0 0.0 68.5 0.75 2A.2-25.4
AL 31,2 |292.3 - 52.4 1.0 | 0.4 0.6 0.3 2.1 0.0 0.0 70.0 0.77 21.5-25.6
AL 18.1.2 |223.7| Rutite 13.3 a3z | o5 0.6 0.4 1.2 0.0 0.0 59.2 0.23 15.6~18.3
AUL 31.1.2 |292.3| Rurile 12.9 4.1 | 0.3 0.5 0.4 1.0 0.0 0.0 $8.2 0.23 20.3-18.9
N ) 17.3-12.7
Crichtonite 23.120,2] 37.:0.3)0.500.1] 1.200.2] o.520.1 | 0.720.1] 0.5:0.0 |2.5:0.1]  64.3 o.380.0 | 137177
: : 15.2-17.0
AVERAGE Ferri-ilmenite |38.120.3] 20.0%0.2(0.9t0.1] 1.520.0] 0.7z0.1 | 1.120,1] 0.550.0 |s.a20.3] 3.2 o.6ez0.0 | 527100
: . 21.4-25.5
cuass 3 Tiranshesatite 151.121.8] 15.320.10.520.21 0.320,2] 0.420.1 | 0.520.2] 0.9 | 8.0 9.4 o.76ad0 | 233
. . 20,0~ 18.6
Rutile 13.180.3] 42.2:0.1]0.420.17 0.650,2 0.4:0.2 | L.120.1) c.0 0.6 8.4 c.22:0.0 | 2207108
: -
AUL €.5.2 |171.9!Titanchenatite | 55.6 131 | 6.3 2.8 0.5 0.4 0.0 0.5 7.3 0.81 22.4-25.9
AUL 66.4.3 [475.2 . 55.0 13.0 | o4 0.7 0.4 0.4 0.0 0.5 70.4 o.81 22.6-26.3-
ML 8.5,2 |171.9|Rutile (3 10,1 4.8 | 0.5 9.4 0.4 1.0 0.0 0.0 5.2 0.51 26.7 19,2
ML 65.4,3 |275.2 Rutite .2 4.7 | 0.5 2.5 0.3 0.9 0.0 a.0 50.1 o0.19 19.8-16.5
Titanohematite [55.3:0.4| 13.1£0.1]0.420.1} 0.820.1] 0.520.1 | 0.420.3] 0.0 jo.620.1]  21.1 o.810,6 | 22-5-1.1
AVERAGE 6,1 t0.3
cLass ¢ Rutile 10.720.8| 46.9:0.1(0.520.0/ 0.50.1 0.430.1 | 1.20,1] 0.0 0.0 59.9 oas.0 | 127182
MUL 31.1.6 |295.2|Psendobrookite | 43,9 19.8 | 0.6 1.0 0.4 0.7 0.7 0.6 67.7 0.69 15.4-16.2
AUL 49.1.1 |352.9 - 4.0 9.5 | o.8 11 0.3 0.6 0.4 0.5 67.2 0.68 15.1-16.2
AUL 31.1.6 |295.2|Ticanchenatite | 53.4 2.2 | o5 2.5 0.3 0.3 0.0 9.0 76.2 0.72 22.0-135.6
AUL 48.1.1 |382.91Ticanonenatits | 5.2 23 | o 3.5 0.4 0.3 0.0 0.0 6.3 .70 22,9 - 26,1
AUL 31.1.6 |296.2|Rutile 10.3 5.2 | o 2.4 0.4 0.3 0.0 0.0 0.5 0.18 19.7 - 18.2
AVL 49.1.1 |382.0 Rutile 7.7 4.8 | 0.5 | 2.a 0.4 0.8 0.0 0.9 9.6 0.13 19.6 -18.1
Pseudobrockite [44.010.1| 19.7:0.2]0.740,1f 1.120.1] 0.450.1 | 0.750.1] 0.620.2 |0.6:0.1]  67.3 0.69:0.0 | 1037102
AvERAGE . | X . 22.5-25,9
e Titancheaatite [52.60.9| 31.8:0.8/0.610.11 0.5:0.0( 0.4:0.1 | 0.3:0.0| 0.0 0.0 76.4 o.7220.0 | Fo-27252
. Rutile 9.001.8| €0.001.1/0.500.1) 6.4¢0.0] 6.4:0.0 | 0.5:0.1] o0 | 0.0 -60.2 | ouew.o | 277182
ML 8.5.2  |171.9] pseudobrookite | 41.3 203 | o8 | 0.9 0.5 0.1 0.6 6.0 5.1 0.67 15.0-15.4
AL 31,1.6 {2082 - 1.5 1.6 | 0.7 | o0 0.6 0.7 0.4 0.0 66.4 0.69 15.3 - 16,1
1
AVERAGE . . ! R . s 15,2 = 15,8
e Peeadsbrookite  [42.4:1.6 20.0°0.5(0.600.11 0.910.0f 0.6:0.1 | 0.700.0] 0.520.1 | 0.0 6.9 o.6000.0 | 1527158

{}1) Aversae is taken from previcus c¢alenlations, Tsble 4.

(2 Sfze of crichtomte lameliae 18 oxtremely smal) {less than 21} 80 Ut cortaminstaenwith ferri-ilmsenite has
oveurred and thus results in hink tots) caticag

{3} Rutile Iomcllse {lcss than )




Table 8. A summary of high temperature oxidation classifi-
cation of titanomagnetite and ilmenite.
NICROPPURZ DATA FEFLECTIVITY FERCDOTAGE
=253 KINERAL PHASE 1% ATR AT 586 e
- Titanawagnatite ! YIRsriTe
e | Simenite | Titanomamnetite  Tinenite re R ™ er " ca 51 roreTs | re T AL _J g S *a J < S8 |Te/restl | Titamomssnesitel Timenite
. ¥ H
* i Cranemanasite ’I”IZ‘Z‘I’,Z"“’ 339715 21-?-!1.31 32008 22008 | 0032001 [ 0.300.2 l 003003 | o.e25,3 0.8300.0  35.800.10 29.505.3 | 0.620.3 ix.z::.x 0.620.8 | 0.720.3 i a.0 5.0 ia.ss:o.of 16.0:0.¢ f;.g‘-;s;,
Fieahomsina i 1oe| FRECLLIMAATES L RLEARAR et T8 PSS TR
2 2 with ey than | contains Senaie [EERE T TOO T T T TE (hia s L ] O T T TGS T | A 500, 20, siad | BuBtBLL I L.Aeg.r [i.0°8 L | T 3% TRUTTE.T | G801 (6. RE05,3 17.0%0.3 £a.0%6.0
50% of thwarsin lae of evizhow | Tir~#ite [ETEITTeTY 11.3-17.1
ares iirenite |nite NS Y S LI (oS W L) T YT T T L3R I5 0%k, 5| 45,45 0.8 | BLR10.0 1130k [6.678.1 | .80,k |0,3F4.% ] B.470.1 10.43:3.8 14.3-15.8 26.2:0.2
FLEARGRATRAL LEr, FreTl LIARITs e T g FREFIS LAt en YUY
3 3 with mote than jcontalns lanele 1487054 TS5 25 1 [ S 00T 1,950,110, 5°G.1 1,350 L 10,370.% 1 0,330, 5 | G175%0, & | I8, 150, 3] 20.0%5.a | 5,0+0.1 11.510.9 18,120, AT 75,5500 1 5.k00.)  0.6604.0 17.9%0,% $H.010.0
30% of the las nf cricheoe Tlrenits CisREen i 7.3e37.7
qeain afes 1~ nite and tlvano-]  J&,0 1 D447 8.7 1103 1 a4 1 3.4 [ [ 88 T 88T 33.1%5,4137. 320,31 0.5°6.1 T L2882 10,50, SELBG, 01 6.519.1 FORTC. T 15.2#17.0 1%.119,1
nenite lamelize hamatite contaln TRt 2.4-28.8
Futile lameliaw ST.150.9] 15,150, 4 | 8.5:0,.L 10.50,0 [ A.4°0. T e.a 5.5 JC. 0.0 0.2°0,1
Fatile 20.0-18.6
T A A5 2e0a L | . a0, L 10,5583 [ a0k | LU L | 8.5 1 9.6 10.90°0.8 +0.300.4
T{Ermomagne = LEw] SErongly amimes TSR RALEES TSR AL 130 S0 3.4 TITETR
A “ forming Sivarom| Sroplc tltsnohw- 44, 130,89 717,008 1 2508, T 1T 00,3 10,5 0.6 11,56, AT TR A TN (49370 41 13,820, L o4re L [astas Toowa )l Povdte.n 16,8 1 0.616.1F0.810.0 ) 10.F 2.2 st.lo0,y
Neoatite, Arownmatite Cortaing HagAFite Furias 1 M3 18,
aTratite Arrwattametlsn o sutile Zh.5 1 (6.8 | 5,6 1 1.5 1 0.3 LS PO X BT 8, TR 8 40 9a0. 4 ] G.5i0:0 1 3,570.8 ]5.4%8,1 [ 1.0:0,1 1 6.8 | 5,0 7%.18:0.0 | 14,5 20,6263
Harw, Titanow AL Thas DLAGE 3 tAnaRemA Ll §h Paeudchaxing IR TEOIET
hematita, rorild prewdobrookite 86,153,301 13.390.2 | 1,3%0.1 10.8iB.3 (R0 1 11490 | 6.5 | 0.8 B YITTE | 44,520, 11 19.7:8.4 [ 6,70, % | L.1tB. i | 0 U] B.985.0 [B.620.% | 6.650.1 ] 8.67%0 & 20.30.1 *C.710.0
3 s and xome tltaned ris forms o Fotite Tttt ias 18,5198 15.5425.9
®agnetite aze | Sitarohematite B 1700 151, 0TL 1 0,650, 1 [ 8.8°0.5 10,6%0.1 11,5503 56 B AT [6.11%0.0 | 52.820.5 21.8:0.8 | B.5:0.L 10.5:0.0 1 0.3°0,1 ] §.356,0 | ©.& } 8.8 [0.74:0 0 £0.470.5 $0.670.4
Prwsant and ratile Titanooagnetits BUEL e 1v.7-30.3
SLATL ATV L5 a6 m b4 10500 1 10,8508 [5G [ 0.5 3,558, 9. DTL B 33.071,4 ] B.500.1 . 0.436.5 ]0.4°6.6 ] 0.5:0,1 | &8 | 0.0 ][0.i6:0.0 21.670.3 0.1}
Pasudobraohite | Preudahrookize 14 - Pravdobroskita Faoudshrooki e TETTNET PRI0 136982
¢ ¢ after ilmeniis |the snd peoduct of (40, 721,3 { 312 %i2.4 [ 1 LT0.4 1 1,370,710, 330y 11 6908 1 0-37008 ] G508 | Cohol0.B | &2 455.8 Y0.550.5 | 0.8:0.% [0.9°0.0 | 0.6:0.1 ] 0,750,0 ] 0.5:0.% 6.6 0.60°0.0 |  *0.1 1D.2 20.2°0.%
in Thtancheses [LLaeniss high ter Flanchenatitn 3 21.3 23,3
tite oxiaation SRS I TS S T 6 38 T [ 8,650, 1 1 9. 450, 1 ] 8.356.8 L 5.0 () EX LN ) 28,0 0.4 |
R o
. )
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peratures of between 20-25°C to a depth of 100 m. The temperature sud-
denly increased to over 100°C between 100 and 175 m. A uniform geo-
thermal gradient of about 250°C/km was encountered between 175 and

550 m, From 550 m to the bhottom of the hole, a very small temperature

gradient of 10°C/km was measured.

Laboratory studies of the rocks have been conducted by McGraw
(1976), Sarkar (unpublished report 1976), Lawrence and Maxwell (1977,
in preparation), Mitchell et al. (1977), and by the present author.
McGraw (1976} has studied the petrography and chemical variation of
major and trace elements with depth. 8he divided the Azores basalts,
on the basis of whole rock total alkalis and phenocryst microprobe
analyses, into alkalic and tholeiitic types. She concluded that tho-
leiitic chemical affinities were the result of hydrothermal alteration
and that the basalts were originally of alkali affinities. Although
her examination of silicate minerals revealed small variations in
chemical composition, some plagioclase phenocrysts were fractured and
strongly corroded at different depths of the drill core. Ferromagnesium
minerals showed a chloritic type of alteration in most of the core.
Olivine of the altered samples usually showed fine irregular stringers

of magnetite and hematite.

Sarkar (1976} has conducted an x-ray study of the secondary
minerals found in wvugs and fractures and in the groundmass of the
basalts. Although he did not detect any zeolite minerals

other secondary phases were abundant. The secondary phases which were
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taken as indications of hydrothermal alteration, included; Ca-rich and
Pe~rich montmorillonites, kaolinites, barite, anh?drite, fluorite, hema-
tite, limonite and calcite. Limonite, chlorite and barite were found
between 250~400 m and 550-750 m depths in the high temperature hydro-

thermal zone,

Lawrence and Maxwell (1977) have measured the oxygen and carbon
isotopic ratios for some calcite vugs and veins in the drill core basalts.
They used these ratios to calculate the temperatures of equilibration of
calcites with water. The calculated temperatures agreed well with the .
observed temperatures in the region of 600-700 meter, figure 24, but were
distinctly lower than the observed temperatures in all other depths. The
scatter in the distribution of calculated temperatures was attributed to

the incomplete eguilibration with hot fluids.

Mitchell et al. (1977) used the fission track method to detect the
uranium distribution in the Azores drill rocks. The average concentration
of uranium was higher than that of oceanic basalts. Mitchell et al. sug-
gested that the relatively high uranium concentration was a secondary en-

richment caused by alteration in the presently active geothermal environment.

ations in Fe-Ti oxide phases with hydrothermal conditions occur in the I
core. These variations presumably originate in the interaction of thermal
fluids and rock masses. Presumably time of exposure, range of temperatures

and extreme chemical conditions are important factors for the relatively
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low temperature processes. Temperatures were both measured and calculated
in the drill core, but unfortunately, Ph of the hot sclutions was not
measﬁred. Pressure and oxygen fugacity probably have a small effect on
the alteration of rocks in near surface area (Kerr 1955). The common
occurrences of decomposition and replacement textures, reaction haloes,
dissiminations, bleached zones and the nature of secondary minerals, were
all consistent with other hydrothermal alteration criteria. The high
Curie temperatures throughout the core were taken as an evidence to sup-
port the existence of hydrothermal alterxation as the major feature of the

drill core.

The mineralogical study of iron-titanium oxide phases in the Azores
.drill core together Qith other hydrothermal alteration criteria allow
a unique classification of hydrothermally altered iron-titanium oxide
minerals in active areas. Depending on the degree of hydrothermal alter-
ation, three stages are proposed; low, medium and high hydrothermal al-
teration. Each stage is characterized by the presence of certain mineral
phases and specific textures within a defined temperature range. The tem-
perature range is taken from the average of both the in-~hole observed and
oxygen isotopic calculated temperatures. Howevér, when the difference be-
tween the observed and maximum calculated temperatures exceeds 20°C, either
the isotopic temperature or available stability field data of iron-
titanium oxides (Verhoogen 1962) is used as a guide. All supposed tem-
peratures of alteration are given in Appendix I and the location of the
samples in the drill core with their various degrees of hydrothermal al-~

teration is given in figure 25.
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{1) Hydrothermal alteration of titanomagnetite:

ition of hydrothermally altered titanomagnetite, its reflectivity and

temperatures of alteration, are all given in Table 9.

are the proposed alteration classifications:

Stage 1l: Low degree hydrothermal alteration:

for this stage is from 20°-80°C {taken from in-hole measured tempera-
tures, oxygen isotope ratios and stability field of the mineral phases,
see Appendix I).
alteration of titanomagnetite depends on (i) partial alteration of
titanomagnetite to titanomaghemite as an intermediate stage and (ii)

complete alteration to titanomaghemite as the end of the stage.

The classification of low degree hydrothermal

magnetite is classified in this stage into four classes, Plate 7

{(a,b,c, and 4&).

Class Ll:

Class L2:

Homogeneous titanomagnetite, Plate 7{a).

2+ oxidizes to Fe?t which results in the

Some Fe
formation of randomly distributed lines of an
isotropic whitish blue phase identified as titano-
maghenite. This is accompanied either by volume
chan§e.cracks or microcracking which can only be
seen at a very high magnification (2500 X in oil).
Tianium diffuses through the lattice and the
whitish blue areas always how an increase in Ti

and decrease in Fe {see microprobe data, Table 6,

Plate 7(b).

The chemical compos-

The following

The temperature range

88

Titano-—
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Tahle 9.  Reflectivity and microprobe anilyses of hydrothernally altered titancmagnetite

Average i
" Depth g . Total
SANPLE N Tere. Fe ™ AL #y ce Mn ca 814 cations | Fe/Eet™O 3
oL
AVERAGH L, 19.5 45,5%2,0 | 15.241.4 { 2,3%0.5 | 1.9%0.2 | 0.620.2| 1.7:0.7 0.0 0.0 7.2 0.77 16.0
AUL 11.2,7 195.5 34 50.3 16.5 2.2 1.1 0.2 0.8 0.0 0.0 7.1 6,75 16.8
AUL 22,1.2 249.1 45 48,5 17.1 2.6 1.3 0.3 1.3 0,0 0.0 71,1 6,74 16.7
AUL 25.5.7 266.1 42 47.3 16,7 2,6 2.0 0.4 1.3 0,3 0.1 70.9 6.74 16.7
AUL 52.2.7 455.8 32 48.9 16.2 2,7 1.3 0.5 1.3 0.0 0.0 70.9 0.7% 17.2
AVERAGE L, 38.5%.6| 48,821,2 |16.6%0.4 | 2.5:0,2 | 1.420.4 | 0.420.1 | 1.2:0.3 | 0.120,2| 0.120.2 71,1 0.75:0,0| 16.9:072
AUL 54.1.4 4111 58 46.9 17,7 2.6 1.0 0.4 1.2 0.0 0.0 £9.8 6.73 19,6
AL 66.4.7 475.2 52 46.9 17.1 2.5 1.1 0.4 1.3 6.2 0.3 69.8 0.73 19.6
AVERAGE Ly $524.2 | 46.9:0.0 |17.420.4 |2.6:0.2 | 1,120.0 | 0.420.0 | 1.320.1 | 0.130.1 | 0.2:0.2 69.8 6.73:0.6| 12.3:0.4
xg 5.1,1%2 155 75 43.8 12.2 0.8 1.0 3.8 0.9 0.0 0.0 £5.5 0,70 19.2
AUL 62,2,3 453.9 &8 44,5 18.6 2.9 1.0 0.4 1.4 0.0 0,0 8.8 9.70 22,2,
AL 75.4.7 521.3 72 44.3 19.0 2.6 5.8 0.5 1.6 0.0 0.0 68.8 0,70 1.9
AUL 116,1,7 776.4 74 45.5 18.2 2.7 0.7 0.3 1.4 0.0 0,0 6.8 0.71 22.6
AUL 131,148 867.3 72 46,5 18.7 2.5 8.7 0.4 1.1 2.0 e.0 69.9 0.71 22,0
AVERAGE Ly 77.212.3] 45.2:1.0 (16,620,3 [2,740.2 | 0.8:0.1 | 0.410.1 | 1.420.2 | o.0 0.0 69,1 0.7110.0] 22.240.3
ATL 49.3.1 385.6 a5 45.5 20.4 2.4 0.6 0.4 1.2 0.0 0.0 70.5 0.69 22.9 .
AUL €3.1.3 481,48 80 44.8 20,8 2.3 9.6 0.2 1.2 0.0 0.0 69,9 0.68 22.7
AVERAGE 8y nz,5t3.50 ¢5,2¢0,5 {20.620.3 |2.420.1 | 0.6t0 0.340,1 | 1.220 5.0 0.0 7043 0.6920,0] 22.8%0.4
ATL 13.2,2 231.% 125 41,6 20.3 2.9 0.9 9.5 2.1 0.4 0.0 €8.7 0,687 123,6-27.8
AL $2.1.2 626.9 115 £1.0 20.8 2.7 0.9 0.4 2.1 0.5 0.3 68.5 0.67 [23,6-27.9
AUL 96.1,6 655.5 120 42,3 20.8 31 0.6 0.3 1.8 0.3 e.3 63.5 0.67  |23.3-27.3
AUL 107,2.4 692.2 125 42,8 22.0 2.2 0.6 0.3 1.1 0.0 0.2 69,2 0.66- [22,0-27. Y
AVERAGE My  (121.3t4.8[ 41.520.8 |20.9¢0.8 [2.710.4 | 0.8%0.2 | 0.4%0.1 | 1.8%0.3 | 0.3:0.2 [0.20.1 9.0 | a.61t0,0[32-3727.9
AL 35,27 334.3 145 28.5 3.5 3.0 0.5 0.3 0.9 1.3 0.8 68,8 0,46 22,2
avt 144.1.8 956.7 158 31.4 32.1 2.4 0.6 0.3 0.8 11 0.7 69.4 0.49 22.0
AVERAGE Hy 151,589.2( 30.022,1 [32.8:1,0 J2.7:0.4 | 0.620.1 | 0,320 0.9:0.1 | 1.2:0.1 5,820.1 €9.3 0.4340.0 [22,110.1
AUL 45,7 367.1 158 26.4 6.9 2.1 0.8 0.3 0.6 2.1 0,7 €9.9 o.4z. | 20.7
AL 89,05 607.6 168 19.6 10,7 1.7 1.0 0.4 0.8 1 0,8 6.1 0.32 20.1
AVERAGE My 163.017.1| 23,0:4.8 [38,822,7 [1.920.3 | 0.920.1 |o0.420.1 |0.7:6,1 {2.6:6.7 h.s20.1 69.1 0.3720,1 } 20.420.4
*1  averuge taken from previous caleulations of unaltered samples, Table 1, 2 & 3 . >

*2 Jifferent flow {not included in averasinyn)

KB, no titanesagnetite remaing at higher sgoage of alteration,




Class Lg3: Fe?* continues to oxidize and migrate and Ti
continues to diffuse. Titanomaghemite lines
now become small patches in titanomagnetite
grain., The total area of patches is less than
50% of the grain area, Plate 7{c¢).

Class Lg: In this division more than 50% of the grain
area contains patches of titanomaghemite and
in some cases the grain is completely changed

to titanomaghemite, Plate 7(d).

Stage 2: Medium degree hydrothermal alteration: The temperatures

for this stage range from 80° to 160°C. The criteria for classifi-
cation of titanomagnetite in this stage is (i) the formation of a
high reflectivity phase, a titanohematite, (ii) the formation of
granular Ti rich phases. The classification of titancmagnetite al-

teration in this stage includes four classes, Plate 8{a,b,c and 4).

Class M3: This class involves all the patchy titano-
magnetite as well as the totally transformed
titanomaghemite. This is also the same as
Ly class of low degree hydrothexmal altera-
tion titanomagnetite, Plate 8(a).

Class My: Here, titanomaghemite is altered to an ani-~
‘sotropic white color, highly reflecting

titanohematite. Titanohematite occurs as

S0




Class MB:

9l

a dissiminated phase (spots) replacing titano-
maghemite and/or as small areas in the ori-
ginal titanomagnetite depending on where
titanomaghemite is present. In this class
almost all Fe?? is oxidized to Fe®l and Ti
continues to diffuse. Some of Fe't migrates
from the lattice and reacts with OH™ in the
hot solutions to form a red-~orange colored
phase, limonite, in adjacent silicates, which
can be seen in the polished section,

Plate 8(b).

Titanohematite becomes unstable in the pres-—
ence of hot solution and transforms to
granules phase rich in TiO,, anatase (Plasse,
1977 pers. comm.). Iron leaves the lattice
and reacts with the hot solutions to form
iron hydroxides. The granules have variety
of colors in oil (blue, crange, yellow and
red) possibly as a result of internal re-
flection. This alteration and the increase
in migration of Fe’t ions (see microprobe
results) cause an increase in the width of
the cracks, which are already present from
the various stages, and a dark brown to

black colored phase (sphene) is formed.
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The granulated areas occupy less than half
the area of the original titanomagnetite,
Plate 8(c}.

Class M,: The granulated areas now include whole grains
and the dark brown-black sphene spreads

throughout grains, Plate 8(d).

Stage 3: High degree hydrothermal alteration: The temperature

range for this stage is from 160° to 210°C. This stage represents
the maximum hydrothermal alteration of titanomagnetite, where the
original titanomagnetite becomes as ghost. Limonite and sphene
are the dominant phases in this stage. The alteration of titano-

magnetite is clasgified into three classes, Plate 9{(a,b, and ¢).

Class Hy: Totally granulated grains of titanomagnetite.
This is the same as My class of medium degree
hydrothermal alteration, Plate 2{(a).

Class Hys The original titanomagnetite is completely
replaced with a sphene in the cracks. Some
titanohematite remains, Plate 9(b).

Class Hg: In this class the original titanomagnetite
grain can be detected from the presence of
red limonite areas and the presence of
sphene. No titanochematite is left,

Plate 9{c).
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N.B. In the above classification, the maximum alteration class in every
stage is equivalent to the minimum alteration class for the next stage.
The former indicates a lower temperature range while the latter repre-

sents a higher temperature range for the overall state of alteration.

{2) Hydrothermal alteration of ilmenite: The alteration of ilmenite

involves oxidation of ferrous iron to ferric and the progressive re-
moval of iron by leaching, resulting in the production of rutile and
sphene in the high hydrothermal altération conditions. The various
phases in the hydrothermal alteration of ilmenite were identified micro;
scopically (Appendix I} and the chemical composition was determined by
the microprobe analyzer. The intensity of reflectivity was used in
identifying the phases and in determining the degree of hydrothermal al-
teration of ilmenite. The microprobe and reflectivity data are given

in Table 10. Hydrothermal alteration of ilmenite is abundant in the
Azores drill core, figure 25. A new c¢lassification of hydrothermal
alteration of ilmenite is proposed. The classification is a temperature
dependent and based on the textural variations and ‘phase changes in
ilmenite as a result of hydrothermal solution. No alteration of il-

menite was detected in the temperature range 20° to 80°C.

Stage 1: Low degree hydrothermal alteration: The temperature range for

this stage is from 80°-100°C. Four classes are proposed and they are

shown in Plate 10{a,b,¢c and 4).

Class S;: Homogeneous ilmenite with no alteration, Plate 10(a}.
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fable 10, Roflectivity and microprobs data for llwmenite and Ltz hydrothermal altecation products
Averagu N
sAMPLE Bepth Temp Ye Ti Al Hg Cr Hn Ca L:28 Total Fe/Festi RA
inn M : Cations

. § 14.8-185,9
AVERAGE Sy 42 35,860,.1 | 29,%0.3; 0.6%0,1 |1.30.1 (0.&20.1 |0.70.) 0.0 6.0 64.8 .58 £0.3 f0.4
AUL 8.1.3 159.4 €0 33.9 3z, 0.8 0.8 .4 0.8 0.0 2.6 69,1 0,51 16,8-17.L
AUL B,1.9 170.2 73 33,2 33.2 32.0 0.5 t.0 0.4 1.0 0.0 68,1 0,51 17,0-17.2
AUL 49,301 385.6 .85 3.5 30,3 0.7 1.1 0.6 2.9 0.0 0,0 65,1 0,51 16,1~16.8
AUL %1.2.8 3979 s 13.8 32.2 0.7 0.9 0.5 0.7 8.0 0.0 9.8 0.51 17.2-17.3
AUL 68,13 481.8 a0 33.1 3t.9 0.5 1.0 0.5 0.8 0.0 0,0 67.8 Q.51 16,9-17,t
AUL 120,1.6 802.1 83 1n.s 30,3 0.8 1.0 0.6 0.9 0.0 0.0 65.1 0.51 17,0-17.1
ML 124.1.8 £§25.8 :M] 33.3 2.0 2% 0.8 0.5 Q.6 2.0 0.0 77 a.51 17,0-47,2
16.8-17.1
AVERAGE s 80,4:2.4| 22.9:1,0 | 31,6£0,9] 0,620.1 | 0.9:0.1 [0.520,1 [0,8:0.1 0.0 0.0 67.3 o510 | ey
AUL 41.1.7 3421 92 32,2 33.3 8.5 0.5 Q.4 8.6 4.0 0.0 €1.5 3.49 17.9-18.1
AUL 71.3.2 501.0 98 32,3 3.4 0.4 0.6 0.5 0.6 0.0 0.0 67,8 0,49 17,8-18.9
AUL 73.2.8 811.6 a2 32,3 3.0 Q9.5 0.4 0.4 .5 9.0 5.0 66.3 0.50 18.1-18,1
AUL 78.1.5 $41.2 85 .4 32.1 0.4 0.5 0.4 0.4 6.0 0.0 65.2 0,49 18,1-18,3
AUL 81.2.4 569.9 a8 31.4 3.0 0.% 0.4 0.3 a.4 0.0 [ ] 66,0 0,49 18,0-18.2
AUL B3.2.7 574.8 92 32,3 33,7 0.5 0.4 0.4 0.4 0.0 0.0 67.7 0.49 17.8-18,1
AUL 329.2.1 9568.3 o5 32.2 33.5 0.6 0.4 0.3 0.4 0.0 0.0 67.4 0.49 18.1-18.4
AUL 129,2.2 858.8 92 33.2 34.8 0.3 0.3 Q.2 0.3 9.0 0.0 69.1 .49 18.1-18.3
AUL 135.1.3 894.1 90 32.6 33,1 o.4 0.4 0,3 0.4 0,0 0.0 67.2 0.49 19,0~18.2
! ~ 18.0-18,2
AVERAGE Bq 93,882,911 32,2%0.6 | 33,2%0.8) 0.520,1, | 450,11 10,420,131  [0.450.1 2.0 0.0 67.1 0,490 5.1 0.1
AUL 46.2.8 372.1 108 29.8 34,0 0.4 0.4 0.3 0.5 0.3 0.5 0.47 18,7-18.3
ML €8.7.6 481.2 102 23.6 33.9 0.6 0.5 G.4 .6 0.5 0.6 a.46 18.6-18.8
AUL 137.1.3 07,4 105 25.8 6.1 0.4 0.4 0.5 0.3 0.0 0.0 0.45 18.9-19.2
AUt 137.1.8 211.5 160 30,1 - 36.6 0.4 L 0.3 9.5 0.3 8.3 0.3 B.4% 19.1~13.4
AVERAGE H 202:2.8 | 09.620,7 135,20 0.4 | 0.560.1] 0.400.1 1 0.4%0.1 | 0.300.2 0.320.2 | 0.4:0.3 0.46£0.0 jg»f-i.z.\;
AUL 103,2.7 698.8 115 5.4 46,2 0.6 0.6 0.3 0.3 1,3 0.9 55.6 0.10 20,0-18,7
AU 103.2.7 118 43,5 1.4 0.6 0.4 0.5 0.3 2.8 3.7 55.2 0.93  |23.0-24.6
AUL 103.2.7 . 118 18,1 31,8 0.6 6.5 0.4 0.3 1.8 1.9 55,5 0.36 21,0-20.7
AUL 105.3.6 T00.7 110 6.2 4.8 6.4 0.5 0.5 0.4 1.5 1.2 60.5 0.11 20.0-18.6
AUL 105.3.6 110 4.6 1.7 0.4 0.6 0.5 0.5 2.2 4.0 $3.5 0.92 23.4-25.3
AUL 105.3.56 xl0 18.0 34.5 0.4 Q.5 0.5 0.5 1.7 2.0 58.1 ¢.34 21,1+20.9
- 20.0-18.7
5.8 0,6 143.0 2.6} 0,%30,1] 0.6 0.1 ¢.4 0.1 2.4 0.1 14 0.1 1.1 9.2 £8.2 0.32 €.9 | 20 0.,
AVERAGE T, 112.5 3.50 42,6 1.3 | 3.6 0.2 6.50.1 1 0.5 0.1 ) 0,50.0 ) 0402 | 2504 320,21 545 lo.93 o0 {32202
18.1 €3 133.2 3,8 | &.50.1 ! ©.50.,0] €.506.1 ¢ 0,4 0.1} 1.8 0.} 2.0 0.1 57.0 4,35 0.0 2&:1-20:3
28,1 0.1
AUL 39,2.7 334.3 145 4.1 51.5 0.4 0.3 0.3 0.3 1.7 1.3 5%.9 0,07 20.3~18,9
AUL 39.2.7 145 34.2 6.1 0.5 .6 0.4 0.4 3.3 4.1 50.3 0.85 22.1~21.8
AUL 33,27 143 14.12 36.4 9.3 0.4 0.3 Q.3 2.3 2.2 56.7 .28 20,9~2G.5
AUL 144.1.8 $%6.7 158 4.9 52.1 0.3 0.4 6.3 2.4 i.8 1.3 61.5 0.09 n.2-19.0
AUL 144.1.8 158 35,7 7.0 0.6 0.5 0.4 0.5 4.6 4.7 55.0 0.84 22.6-24,1
AL 344.1.8 158 15.% 37.1 0.4 0.4 0.3 0.4 2.7 2.5 5%9.3 0.29 |21,7-:0.7
P OS: S e
” i 4.5 0.6 [51.80.4] 0,401 ]| 0.4 0,1 ] 0.30.0f 0,40, 2,802 1.30.0 60.9 0.08 0,0 ;g?_i?é
AVERAGE Vi 151.5 9.2035.5 1.8 €6 0.6] 0.60.0] 0,80.1 ] 0.40,0} 0.50.1] 4.3 0.5 4.4 0.4 $2.9 0.85 0.0 40,4 +0.2
1 14.8 1,0 1368 0.5 ] 0.50,1 ] 0.4 0.0 0.3 0.0 | 0.4 0,1 2.8 0.1 2.4 9.2 58.2 0,29 0.0 (2l.2-20.7
20.6 20,1

AUL 89.1.5 607.6 168 11.2 8.7 0.6 9.7 0.3 0.4 4.9 6.1 63,1 0,22 19.3

AUL 90.1.4 618.3 175 12.6 40.1 0.4 0.4 0.6 0.4 4,8 5.8 65.1 0.24 6.0

AU 9413 641.0 175 10,7 37,5 0.4 o 0.5 0.4 5.1 6.1 61.4 0,22 20.2

AUL 88.2.6 665.3 LxLd 110 EL 20 3 &8.60 8.5 0.4 Gl 5.4 5.3 6.4 4,28 1%.2

AUL 9D.1.6 Gl 2 2.0 - 8.9 0.3 0.3 0.6 0.3 4.8 5.8 6£3.0 6.24 20.7

AveEnace ¥a 173.6°3.8]12.800.0 391000 | 0.520.1 | 0.580.2 | 0.520,1 | 0.420.1 | 4.940.2 | s.9t0.2 63,9  [0.24:0.0 |19,9:0.0

*  Avorage taken from provious caleculaticns, Table &,

%.8, No ilwonite remsins at higher stajes of slteration,




Class SQ:

Class Sa:

Class Sy:
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The first appearance of ilmenite alteration is the
change in color from pinkish to greyish tint and the
progressive decrease in anisotropy. Reflectivity
increases slightly but is still less than that of
rutile. At this stage, iron diffuses through the
lattice and oxidation starts by transformation from
Fe?t to re’", Plate 10(b).

This c¢lass is characterized by the appearance of rims,
patches and irregular lamellae of a light grey phase,
Plate 10(c). In this stage, oxidation occurs and iron
is removed from the ilmenite structure according to

the equation (Grey and Reid 197%):
3Fe0*Ti0y »~ Fejs03°*3Ti0s + Fe

This results in the formation of the mineral pseudo-
rutile (Teufer and Temple 1966) which is a light grey
in contrast to the grey color of the rest of the il-
menite grain. The orientation of pseudorutile
crystallites is governed by the original ilmenite
lattice.

The altered areas become enlarged and merge into one
another, Plate 10(d). In this division, iron continues
to migrate and alteration is facilitated by the intro-
duction of hot solution into the cracks which result
from volume change by oxidation. The mineral pseudo-

rutile is slightly anisotropic and has a reflectivity
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value of (18.8 * 0.2) higher than ilmenite (16.8 = 0.4)
but still lower than rutile (20.8 % 0.6). It has no
internal reflection. The composition can change due to
metal diffusion and oxidation up to the point of con-
version of éll Fe?? and Fe’t where a final composition
of pseudorutile (Fez Tisz Og) is reached. The mineral
at this stage is stable and rela@ively resistant to

further alteration at these temperatures.

Stage 2: Medium degree hydrothermal alteration: The temperatures for

this stage ranges from 100° to 150°C. Ilmenite is classified into three

classes, Plate'll(a,b and c¢}:

Clags Ty:

Clags Ty:

Class T3:

Ilmenite contains pseudorutile. This is the same class
as S4, Plate 1ll(a).

Here pseudorutile is replaced by a grey color rutile and
whitish yellow hematite. The change from pseudorutile
to rutile is a function of iron content according to the
equation (Grey and Reid 1975):

Fe,03°3Ti02 - 3Ti0; + 2Fe’t + 3072
Fes03

This reaction involves a disruption of the lattice as
both iron and oxygen are removed and cracks appear in

the grain, Plate 11(b).

In this class all the pseudorutile is converted to rutile

and hematite and cracks due to the oxidation and
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leaching of iron spread through the grain, Plate 1l({(c).
Some red to orange colored phase appears around the
cracks and in the surrounds of the grain. This phase
is an iron hydroxide and results from the reaction
between leached iron and water. At this stage reflec-

tivity increases and reaches that of rutile.

Stage 3: High degree hydrothermal alteration: This is the final stage

of hydrothermal alteration of ilmenite. The temperatures for this stage

range from 150° to 210°C. Ilmenite in this stage is classified into

three classes, Plate 12{(a,b and c).

Class Vj:

Class Va:

In this class, the original ilmenite is tot&lly replaced
by rutile and hematite. This is the same class as Tj,
Plate 12(a).

In this class, a white mineral with a:yellow tint and
high internal reflection is developed and it is assumed
to be leucoxene. The composition is primarily TiOy;. The
mineral is associated with a transparent orange tinted
yellow color mineral which is believed to be a sphene
{see probe data, Table 7). The cracks become wider and
the red stained phase is frequently present. The grains
as a whole become luminous under crossed nicols due to
the increase in the strength of internal reflections
(Plate 12{b)). The color of the internal reflection

range from brown to white.
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Class Va: This is the ultimate in ilmenite hydrothermal alteration.
The ilmenite grains disappear and dark brown to black

colored pseudomorphs after ilmenite occur, Plate 12{c).

A summary of classification of hydrothermally altered titanomag-

netite and ilmenite is given in Table 11.

3.3. Oxidation at intermediate temperatures: This type of oxidation,

which took place between 600°~300°C consisted of a mixture of high and
low temperature oxidation phases. It occurs during the initial cooling.
of lava and before burial by younger flows. The change in equilibrium
due to the continued cooling of the rock and the effect of volatiles and
gases led to a transformation in some minerals into phases stable under
this condition. Several opaque phases of this stage were recognized in
the Azores drill core. Pseudobrookite is broken down to rutile and

hematite. Titanomagnetite is marginally altered to titanomaghemite.

3.4. Low Temperature Oxidation: Oxidation of this type includes all

that has taken place between 300° to 0°C and particularly at sea water
temperature of 4°C. Oxidation features of Fe~Ti oxides of this type
are: Iirregular lightening of the grains, volume change cracking and
the transformation from ferrous to ferric state. Most of the opaque

phases in the Azores drill core shows these features.

3.5. The combined action of hydrothermal alteration and other oxidation

types: The hydrothermal solutions in the Azores drill core affect all
- N

I




Table 11. A summary of hydrothermal alteration classes of
titanomagnetite and ilmenite. ;
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the mineral phases of low, intermediate and high temperature oxidation
types and thus result in complicated textures of the opaque phases.
Several examples of this combined action in the Azores drill core are

given in Plate 13,

Ade~Hall et al. (1971) have studied the variation in opaque
mineral phases due to the combined action of hydrothermal alteration
and high temperature oxidation and have described how this affects the
magnetic properties of basalts. A major concern was the mineralogical
changes in titanomagnetite of deuteric oxidation (classes 1-6) due to
the overprint of hydrothermal alteration, However, some objections to
the scheme of Ade-Hall et al. (1971) arose during the present work on
the Azores drill core. Some of the phases identified by them are con-

sidered unstable in the hydrothermal environment in the present study.

4. Opaque mineralogical aspects of the drill core

Prom the opaque mineralogy study, the following characteristic

features of the Azores drill core have been noted:

4.1, General features of the drill core:

(1) The Azores drill rocks were subjected to hydrothermal altera-
tion throughout the core. The degree of alteration varies
according to the temperature and the content of hydrothermal

solution.




(2)

(3)

(4)
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High temperature oxidation of titanomagnetite and ilmenite
were found in subaerial and transition sequences but were
never found in the subaqueous sequence below 947 m.
Overprinting and complex textures due to the effect of com-
bined action of hydrothermal alteration, high, intermediate,
and low temperature oxidation were the most characteristic
features of the opaque phases.

The grain size of the opaque phases varied from medium to
coarse and sometimes very coarse even in the subagueous

sequence.

4,2. Features of subaerial sequence III: 0-268.4 m:

(¥

(2)

(3)

With the exception of flow unit AUL 1.1.2, titanomagnetite
contents in the lava flows were quite high (more than 90%

of the opague phases), while ilmenite contents were rather
low (less than 5%). Flow unit AUL 6.1.1, however, contains a
high amount of ilmenite as well as titanomagnetite,
Agglomerate units AUG 3.1.1 and 5.1.1 contained very small
amounts of titanomagnetite and they were almost devoid of
ilmenite.

In flow unit AUL 14.3 almost all titanomagnetite grains con-
tained large amounts of cracks accompanied by alteration. The
drill log indicated a rise in temperature of 3~5°C above the

ambient temperature at the time of extraction of the core,




4.3.

4.4.

(4)
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The first appearance of high temperature oxidation in titano-

magnetite and ilmenite was encountered in flow unit AUL 8.1.

Features of subaerial seguence II: 268.4-428.6 m:

(1)

(2)

Flow units AUL 30.4, 31.1 and 36.1 were characterized by small
contents of titanomagnetite and ilmenite which contained both
high temperature oxidation and hydrothermal alteration tex-~
tures. These units were trachyte.

Generally most of titanomagnetite and ilmenite grains in the
flow units of this sequence showed medium to high hydrothermal

alteration.

Features of subaerial sequence I: 428.6-762.8 m:

(1)

(2)

(3)

(4)

The flow units in this sequence showed the highest degree of
hydrothermal alteration of titanomagnetite and ilmenite in
the core.

High temperature oxidation of titanomagnetite and ilmenite
were present.

Textures of titanomagﬁetite and ilmenite were the most complex
textures in the core.

Intrusives AUS 98.5, 110.1 and 111.2 contained small amounts
of titanomagnetite and ilmenite in a low hydrothermal altera-

tion state.
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Features of transition sequence: 762.8-913.2 m:

(1)

(2)

(3)

(4)

In this seqﬁence, both skeletal and euhedral titanomagnetite
grains were present.

The thickness of this sequence should extend to 913.2 m in-
stead of 856.8 m as in Muecke et al. (1974), because of the
presence of the subaerial type of titanomagnetite in all flows
down to flow 138.1.

One of the characteristic features in this sequence was the
low abundance of high temperature oxidation textures in
titanomagnetite and ilmenite.

The hydrothermal alteration of titanomagnetite and ilmenite

were of medium to low-medium degree.

Features of subagqueous sequence: 913,2-980.5 m:

(1)

(2)

(3)

(4)

Skeletal and fine to medium grains of titanomagnetite were
present.

Sulfides were common in this sequence.

There were two examples of high temperature oxidation in this
sequence,

The hydrothermai alteration was of medium degree (i.e.) a

lower scale than in several shallower sections.

Discussion of the results

Microprobe and reflectivity data for titanomagnetite of high

temperature oxidation: Prom the study of Tables 6 and 8 the following




are noted:

(1)

(2)

(3)
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When oxidation starts, iron (Feqp) in titanomagnetite de~-
creases while titanium (Tig) increases. This is followed
by an increase in reflectivity until it reaches a maximum
value of 22.6 * 0.3 in class 5 where titanohematite forms.
The relation between reflectivity of titanomagnetite of
high temperature oxidation and oxidation classes is shown
in figure 26.
Ilmenite lamellae start to oxidize in class 3. Oxidation

Ry Rs
is accompanied by an increase in reflectivity from 14.,3-15.8%

Ry Ro

to 15.2-17.0%.
The presence of an isotropic magnetite phase in class 5 is
in agreement with the observations of Wilson and Haggerty
(1966) , Watkins and Haggerty (1967) and Ade-Hall et al. (1968a).
The results alsc agree with Gidskehaug and Davison's (in press)
analysis but they are in complete disagreement with Smith's

claim (1968) that a titanomagnetite phase is not present in

class 5.

5.2. Microprobe and reflectivity data for ilmenite of high temperature

oxidation:

(1)

The study of Tables 7 and 8 reveals the following:

The oxidation of ilmenite results in an increase in reflecti-
vity until it reaches a maximum value of 22.5 * 0.1 when
titanohematite is formed in class 4. Figure 27 shows the
relation between reflectivity and the oxidation class of high

temperature oxidation ilmenite.
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{2) The ratio Fe/Fe+Ti changes from one phase to another but
the overall ratio for each mineral aggregate remains nearly the same
regardless of oxidation state. As an example, in class 2 ferri~
ilmenite and crichtonite have Pe/Fe+Ti ratios of 0.66 and 0.42 respec-~
tively. When these ratios add together, relative to their volume in
the grain (0.66 x-% + 0.42 x %0 an overall ratio of 0.56 is the result,
which is almost equal to the ratio for ilmenite of c¢lass 1. This in-
dicates that high temperature oxidation of ilmenite involves redis-
tribution of iron and titanium within the grain rather than exchange

with the silicate matrix, until sphene forms.

5.3. Characteristic features of the hydrothermal alteration of Fe~Ti

oxides: From microprobe analyses and reflectivity measurements of
titanomagnetite and ilmenite, the following characteristic features are

recognized.

(1) Iron/Titanium ratio, reflectivity and oxidation stages: Figures

28 and 29 show the correlation between reflectivity and iron/titanium
ratio of titanomagnetite and ilmentite respectively. In titanomagnetite,
Fe/Fe+Ti decreases with increasing oxidation (arrows on curve). The
decrease in Fe/Fe+Ti ratio is accompanied by an increase in reflectivity
until it reaches a maximum value of 23.5% when the Fe/Fe+Ti ratio is
equal to 0.64. Reflectivity then decreaées as the Fe/Fe+Ti ratio de-

creases.
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Ilmenite follows the same trend. The maximum reflectivity value
(21.4%) is reached when the ratio Fe/Fe+Ti in ilmenite drops to 0.35.
However, the steepness of the ilmenite curve is noticeable and can be
attributed to the vigorous migration of iron from the rhombohedral

structure of ilmenite (Grey and Reid 1975).

(2) Elemental behaviour of Fe and Ti: The behaviour of elements Fe

and Ti in titanomagnetite and ilmenite during the hydrothermal altexr-
ation is shown in figures 30 and 31 respectively. Iron in titanomag-

netite decreases slowly with increasing alteration until class M, of

110

medium degree hydrothermal alteration; then the curve registers a sharp

decrease as the alteration proceeds. In ilmenite, the sharp decrease
of iron starts earlier in class 5, of low degree hydrothermal altera-

tion, otherwise the two curves look similar.

Titanium in titanomagnetite shows inverse relationship with iron,
while in the case of 1llmenite, there is a steady increase in titanium

with increasing the degree of hydrothermal alteration.

(3) Behaviour of Al and Cr: The relations between aluminum and

chromium contents in titanomagnetite, and ilmenite and the degree of
hydrothermal alteration, are shown in figures 32 and 33 respectively.
In titanomagnetite aluminium, figure 32a shows slight increases until
class My, then slightly decreases with increasing degrees of hydro-

thermal alteration. However, it is not clear whether this variation

results from hydrothermal alteration or a variation in the original

titanomagnetite before alteration. Figures 32b, 33a, b, show a slight




hydrothermal alteration
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Figure 30.
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Correlation between temperatures and Pe and Ti contents by weight percent in titano-

magnetite and its hydrothermal alteration products. Minimum and maximum Fe and Ti

contents in unaltered titanomagnetite are 44,3-33.6 and 10.1-17.6 percent respectively.

{(See Tables 1, 2 and 3).
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decrease in Al and Cr contents. This indicates that Cr in titanomagne-
tite and Al and Cr in ilmenite are held tightly in the structure regard-

less of the degree of hydrothermal alteration.

{(4) Behaviour of Mg and Mn: Figures 34, 35, 36a and 36b show the cor-

relation between magnesium and manganese contents and the degree of
hydrothermal alteration in titanomagnetite and ilmenite respectively.
Magnesium in titanomagnetite and ilmenite decreases with increasing
the degree of hydrothermai alteration up to 90°C {(medium degree of
alteration), however, titanomagnetite curve shows a sharper decrease
than ilmenite. Both curves then show a slight increase by increasing

the degree of hydrothermal alteration.

The correlation between manganese content in titanomagnetite and
ilmenite and the degree of hydrothermal alteration ig unique in this
set of relationships because of the difference in behaviour of Mn in
titanomagnetite and ilmenite. Mn in ilmenite shows a sharp decrease
with the increase in degree of hydrothermal alteration between class Sy
and Ty. However, the curve (figure 3b6) indicates that Mn is tightly
held in the structure lattice at higher stages of alteration. In
titanomagnetite, however, Mn shows irregular content and it is difficult
to detect if such irreqularity results from the effect of hydrothermal
alteration or it is an original irregularity in the unaltered titano-

magnetite.

(5) Behaviour of Ca and 8i: The relations between Ca and Si contents

in titanomagnetite and ilmenite and the degree of hydrothermal alter-
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Correlation between temperatures and Mg content by weight percent in titanomagnetite
and its hydrothermal alteration products. Minimum and maximum Mg content in unaltered
titanomagnetite are 0.8-2.8 respectively. (See Tables 1, 2 and 3).
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ation are shown in figures 37 and 38, respectively. The relations in-
dicate a gain in Ca and 8i contents in both titanomagnetite and ilmenite
by increasing the degree of hydrothermal alteration beyond class M,
(titanomagnetite) and class Tj (ilmenite). This gain can be attributed
to the addition of new phases in titanomagnetite and ilmenite granulation,

However, contamination with the altered silicates at this stage is very

likely.
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CHAPTER VI

ROCK MAGNETISM AND PALEOMAGNETISM

The magnetic properties of the Azores drill core, which are
dominated by the iron-titanium oxides, are discussed in this chapter,
| The discussion involves, in one hand, the rock magnetic properties:
Curie temperature (T¢), saturation magnetization (Jg), initial sus-
ceptibility (K) and hardness of the remanence (S). On the 6ther hand,
paleomagnetic measurements include NRM intensity, inclination (I) and.
Konigsberger ratio (Q). Correlations between magnetic properties,

depth and oxidation state are given.

1. Thermomagnetic properties

Curie temperatures and saturation magnetizations of the Azores
drill core rocks were measured using a Cahn electro-balance (Chapter III},.
The strong field thermomagnetic curves (Jg ~ Tg) were examined and the

Curie temperatures and saturation magnetization calculated (Appendix II).

The thermomagnetic curves are classified into five groups which are

listed below.

i1.1. Unaltered samples: Curie temperatures for these samples are in

the range of 200-250°C corresponding to an average X value of 0.61.
Microscopic examination and microprobe analyses indicate that the mag-

netic minerals are homogeneous titanomagnetite with no apparent oxida-
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tion. A typical sample, AUL 2.1.5, is shown in figure 39%a, has a Curie

temperature of 232°C and has an x value of 0.61.

1.2. Hydrothermal alteration without previous deuteric oxidation

samples:

(1) Samples with low hydrothermal alteration (L): The range of Curie

temperatures for these samples is between 500-550°C as shown in figure 40a.
The average Curie temperature is 528 % 14(3)°C. & typical sample,

AUL 142.1.6, is shown in figure 39b. Samples of this group were found

to contain titanomaghemite as the magnetic mineral. Thus increasing the
degree of hydrothermal alteration from class L to class L, tends to in-

crease Curie temperature from 232°C to 528°C.

{(2) sSamples with medium hydrothermal alteration (M): Samples of this

group have a Curie temperature range of 550 to 580°C, figure 40b, with

an average value of 562 * 9(2)°C. Figure 39c shows a typical sample

of this group. Microscopic examination and microprobe analysis of samples
in this region showed that titanomagnetite in these samples was altered
to titanohematite and granules phase rich in TiQz. In both phases the
Fe/Fe+Ti ratio (0.67, 0.48 respectively) is less than that of the un-
altered titanomagnetite (0.77). If iron decreases by alteration how can
we account for the increase in Curie temperatures? One possible answer

is thét the iron migrated from the structural lattice of titanomagnetite

has reacted with hot solutions and formed magnetic phases with high
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Figure 39

Example of Curie temperatures in the Azores drill core

1. Horizontal scale in m.v,
2. Vertical scale represents the variation in weight of the sample.

3. Curie temperature is calculated by using a modified calibration

chart.
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Curie temperatures {(Curie temperatures for ferric hydroxides are not
known yet). Consistent with this a red stain is always been found
surrounding titanomagnetite in most of the altered samples. In addi-
tion, McGraw (1976) has found no major variation in total iron content

between unaltered and altered samples of the Azores drill rocks.

(3) Samples with high hydrothermal alteration (H): Curie temperatures

of this group show an increase in the range between 560-600°C with an
average value of 577 * 11(4), figure 40c. A typical sample, AUL 103.2.4
is shown in figure 39d. Although microscopic examination indicated that
titanomagnetite and ilmenite in these samples are almost completely de-
composed dnd replaced by silicate phases, nevertheless Curie temperatures

indicate that ferrimagnetic phases are still present.

1.3. Deuteric oxidation with hydrothermal alteration samples: These

samples are subdivided, according to the degree of hydrothermal altera-

tion, into three groups.

{1) Deuterically oxidized samples with no or low hydrothermal altera-

tion (D+L): Curie temperatures for this group fall between 540-570°C,
figure 4la, with an average of 557 * 6(2)°C, which is significantly
lower than pure magnetite (578°C, McElhinny 1973). Curie temperature
curves for this group have a characteristically smooth geniculate form,
figure 3%e. Consistent with this, microscopic examination of samples
in this group indicated that most of titanomagnetite grains were oxi-

dized to a high state of deuteric oxidation.
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(2) Deuterically oxidized samples with medium hydrothermal alteration

(D+M) : This group has a high range of Curie temperatures (540-600°C),
figure 41b, with an average of 574 % 15(4)°C, close to that of pure

magnetite. Sample AUL 24.1.1. represents this group, figure 39f.

Although the increase in the degree of hydrothermal alteration

" results in an increase in Curie temperature, the overall Fe: Ti ratio
(as indicated before from microprobe analyses) shows a decrease from
the ratio for the unaltered samples. The increase in Curie temperature
from 557 to 573°C may be attributed to the formation of a slightly Ti

bearing cation deficient magnetite (Readman and O'Reilly 1972).

(3) Deuterically oxidized samples with high hydrothermal alteration

(D+H) : The range of Curie temperatures for this group is between 540
and 600°C as in (2) D+M, and the average value 567 * 12(4)°C, figure 4lc
is not significantly different from that of D+M value. Ade-Hall et al.
{1971) noted that a kink features and "e" type Curie point curves were
accompanied the increase in deuteric oxidation and hydrothermal altera-
L

tion. Although microscopic examination of polished sections of‘this
group indicated that both titanomagnetite and ilmenite were in the high

state of deuteric oxidation and hydrothermal alteration, neither the

kink feature nor the "e" type Curie point were observed, figure 392g.

1.4, Samples with more than one Curie temperature: Two samples from

flow unit AUL 8.5 show a double and é triple Curie temperatures,

respectively, figures 3%h, i. Under the microscope, titanomagnetite
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grains, both in low and higher state of deuteric oxidation; were found.
Some of these grains showed a medium degree of hydrothermal alteration.
The grains without deuteric oxidation must be responsible for the low
Curie temperature while those with medium degree of hydrothermal altera-
tion and a higher deutric oxidation state will be responsible for the

high Curie temperatures.,

1.5. Agglomerate and Intrusive samples: Two agglomerate samples AUG

3.1.2 and AUG 5.1.1 have thermomagnetic curves which are different from
those for flow units. Both samples have a double Curie point,

figures 39j, k, one of them, AUG 3.1.2 shows the kink feature and the

“"e" type of Curie point of Ade-Hall et al. (1971). Opaque mineralogy
study indicated that both samples were of low degree hydrothermal altera-
tion stage. Sample AUG 3.1.2 contéined a cation deficient relatively

Ti free maghemite, while AUG 5.1.1. had a titanomaghemite phase in it.

Intrusive samples (AUS 98.5.1, AUS 110.1.2 and AUS 111.2.8) have
the same thermomagnetic curves as those for the flow units. A typical
sample, AUS 111.2.8, is shown in figure 39;. Although these intrusives
were located in the section of highest degree of hydrothermal alteration
of the drill core, only a low degree of alteration of titanomagnetite
was observed. A possible explanation is that the intrusion might be

later than some part of the hydrothermal alteration process.

FProm the above study of thermomagnetic curves, it seems clear that
hydrothermal alteration has a considerable effect on the Curie temper=

atures. With increasing the degree of hydrothermal alteration, a re-
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lative increase in Curie temperature occurs, figures 40 and 41. The
correlation between Curie temperatures, depth and zones of alteration

is given in figure 42a.

2. Initial Susceptibility (K)-

Susceptibilities for the Azores flow-unit samples were measured
and are given in Appendix II. Variation in susceptibilities with depth
is plotted in figure 42b. Generally, the plot does not show any éor~
relation with depth. A histogram of the measurements is given in
figure 43 with arithmetic mean value for K = 10.7 * 5.6 (0.6) x 107"
emu oe-l.gnl. When we correlate K with each zone of hydrothermal altera-
tion in the core, the study becomes much easier. Table 12 shows the

arithmetic mean for K in each zone and figure 44 is the modified cor-

relation between K and depth. From this relation we notice the following:

(1) Generally, susceptibility increases with increasing degree of
hydrothermal alteration until it reaches a maximum value
(13.7) in the medium~high hydrothermal zone, then it decreases
as the degree of alteration increases, figure 45.

{2) The recovery of drill core was poor in the first 148 m, so
the information from the upper zone of subaerial seguence IIX
is rather low.

(3) In alteration zone (c), K has its lowest value (1.6). Only
four samples were available for study of this zone and all
but one represent a trachytic flow. Under the microscope,

the trachyte samples were all in the highest state of deuteric
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Figure 43. Susceptibilities of Azores basalts. N is the total number
of samples measured, and n the number in each class.




Table 12. Mean K, NRM, Q and zones of hydrothermal alteration in the Azores drill core rocks
NUMBER DEGREE ALTERATION MERN K x 107% MEAN NRM x 101
OF SAMPLES DEPTH IN m OF ALTERATION ZONES emu.oe™l g1 emu ¢~ MEAN Q
2 88 L a 26.9:1.8 (1)
15 305 H 11.8+2.9 (0.8) 16.225.7 (1) Z.7%1 (0.3)
N = 13 N o= 13

4 287 L a 1.6£2.8 (1) 3.25.7 (3) 6.124.1 (2)
9 352 M~H d 13.7+6.2 (2) 16.9211.2 (4) 3.6%3.6 (1)
12 438 M~L e 12.3x7.0 (2} 14.2+8.1 (2) 5.0x7.0 (2)
12 550 M £ 12.934.0 {1) 8.4%4.1 (1) 1.7%1.2 (0.3}
16 650 H g 9.945.2 {1} 14.3£11.8 (3) 4.114.1 (1).
8 750 M h 11.816.9 (2) 13.1%7.1 (3) 4.0%3.8 (1)
4 838 M-XL. i 9.124.0 {2} 15.724.2 (2) 4.5%2.9 (1}
10 923 M 3 6.3+2.0 (0.6) 19.2£11.9 (4} 6.6x3.0 (1)

»

Errors are cne standard deviation,

values in brackets are standard deviations of the mean

€T
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oxidation and have small opaque grain size and with low volume
contents. The relation between these factors and susceptibility
has been discussed by Nagata (1961), Ade-Hall et al. (1976)

and Smith and Prévot {1977). The author believes that these
factors could be responsible for the low susceptibility value
of zone (¢) in the drill core.

{(4) Susceptibility has a wide range in the subaerial and transi-
tion sequences and a relatively low value (6.3) in the sub-
aqueous section. As mentioned before thisncan be explained
by the variations in alteration and oxidation states, volume‘
contents and grains size. In zones (b, 4, e, f and h), the
opaque minerals in the rocks were mostly titanohematite and
magnetite, while in zone (g) high hydrothermal alteration
products are granulation phases and sphene. In zone (i), the
magnetic grains were a mixture of skeletal and anhedral form
with medium-coarse grain size. The grains were mostly titano-
maghemite. Zone {j) was characterized by the occurrence of
skeletal titanomagnetite which was altered to titanomaghemite
and in some cases titanohematite and granulation texture.

Some of the samples shows deuteric oxidation.

3. Natural Remanent Magnetization (NRM)

NRM intengity wvalues are a measure of the magnetic state and the

history of rocks. All NRM intensities for the drill core were measured
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{Appendix II) and plotted versus depth, figure 42c. The intensity
values are classified according to the degree of hydrothermal altera-
tion and the mean intensity for each zone is given in Table 12 and
plotted in figure 46. The NRM values of deuterically oxidized samples
have been separated. Table 13 and figure 47 shows NRM intensity
values of only hydrothermally altered samples (i.e. class 1) versus

zones of alteration.

The average NRM intensity of the drill core is 14.4 * 9.2 (0.9)

x 107 % emu.g—l.

Examination of figures 42¢, 46 and 47 reveals the following:

(1) NRM values of higher than 30 x 10 " are always associated
with high deuteric oxidation samples.

{2) Low NRM values < 2 are also associated with high deuteric
oxidation samples. However, all these samples are trachytic
and as mentioned before, the oxide abundance in tra-
chytes was relatively low, with sizes ranging from 5-15u,
This could be the reason for these low NRM values.

{3) Generally, figures 42c and 46 do not show any trend with
depth. Locally, the intensity varies rapidly on small scale
of centimeters to a large scale of meters. Such changes
could result from the local effect of oxidation and altera-
tion, however, the difference in initial magnetization field
between units (Smith 1967, Ryall et al. 1977) must be in-
cluded. Figure 48a shows the relation between NRM intensity

of all samples and the degree of hydrothermal alteration. In
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Table 13,

hydrothermally altered samples

Mean NRM intensity values of only

NUMBER DEPTH DEGREE OF ALTERATION MEAN NRM
OF SAMPLES IN METERS ALTERATION ZONES x‘lO'lemu.g“l
2 88 L a 26.9t1.8 (1)
15 205 M b 16.4%5.8 (2)
1 287 L c 11.7+0 (0)
1 352 M-H a 5.8+0 (0)
7 438 M-I, e 13.0£8.3 (3)
6 550 M £ 7.3%3.5 (2)
9 650 H g 12.2+8.,3 (3)
7 750 M h 11.7%6.5 (2)
4 838 M-L i 15.7¢4.2 (2)
9 923 M j 16.1¢7.5 (3)
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Pigure 47. NRM intensities of only hydrothermally altered samples
versus zones of alteration.
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order to study the effect of hydrothermal alteration on the
NRM intensities, samples which show only hydrothermal altera-
tion have been separated and plotted against the degree of
hydrothermal alteration, figure 48b. Although figure 48a
does not indicate any changes in NRM intensity with in-
creasing the degree of hydrothermal alteration, figure 48b
shows indeed an interesting relation. The NRM intensity de-
creases as the degree of hydrothermal alteration increases
until it reaches a minimum value {(5) half way between medium
and high degree of alteration. The curve then shows slight

increase as the degree of alteration increases.

The relation between NRM intensity and oxidation has been studied
by various people but is not very well established. Marshall and Cox
(1971a) have shown that the oxidation of titanomagnetite near 200°C
actually increases the intensity of NRM. But later (1971b), they
demonstrated empirically that the intensity of the oxidized rim of a
submarine pillow was‘substantially lower than that of the fresh inter-
ior. This might suggest a different oxidation mechanism for the |
naturally occurring samples., Johnson and Merrill (1972, 1973 and 1975)
found experimentally that at low temperatures (50°C or less) the in-~
tensity of titanomagnetite was reduced by oxidation and increased by
oxidation at 150°C or so. Indeed the present study, figure 48b, of the

natural samples agrees very well with their results.
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4, Konigsberger Q ratio

Konigsberger (Q) ratios for all the Azores rocks are given in

Appendix II. Q is taken as the ratio between remanent to induced mag-

netization
Jd
2= &
where J = remanent magnetization emu.g '
K = gusceptibility exm.z.g“loe“1
F = ambient field, taken as 0.45 oe for the Azores area.

The mean Q ratio for the drill core is 4.0 * 3.9 (0.4). This in-
dicates that the remanence is the dominant form of magnetization in the
drill core, with induced magnetization on average accounting for only

one fifth of the total in-situ magnetization.

When Q was plotted versus depth in each hydrothermal zone, figure 49,

the following were noted:

(1) The lowest value (1.7) occurred in zone (f) (medium hydro-
thermal alteration). In this zone the induced magnetization
was clearly high and NRM is lower than other medium alteration
areas.

(2) The average Q value in the submarine basalts zone (j) was the
highest for the drill core, but is still somewhat lower than
Q values for other submarine basalts sample from DSDP sites

{(11.7) (Lowrie 1977).
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Relation between Konigsberger ratio (Q) in each hydrothermal
zone and depth.
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(3) The absence of correlation between NRM and K, figure 50,
suggests that NRM and K depend largely on different

physical parameters.

Generally Q values in the drill core were relatively low and this
lead to the conclusion that in the Azores drill core the induced mag-
netization nmust constitute a substantial fraction of the total magnetiza-

tion.

5. Hardness of the Remanence (8)

The ratio Rggpe/Jp is taken as a measure of the hardness of reman-
ence in the drill core. BAll S values are given in Appeﬁdix II. Hard-
ness of deuterically oxidized and hydrothermally altered samples in
each hydrothermal alteration zone are calculated in Table 14 and plotted

separately in figure 51.
From figure 51, the following are noted:

(1) High hardness values are always associated with high deuteric
oxidation state.

(2} The trachytic flow samples in zone (c}) have the highest
hardness value (0.8).

(3) In hydrothermal zones {(C and D) and deuteric zones (h and j)
only one sample is present, so hardness values in these zones

must not be interpreted as a deviation from the general trend.
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Table 14.

Mean hardness values

of hydrothermally altered and deuterically oxidized samples

Hydrothermally altered samples ALTERATION Deuterically oxidized samples

Number of samples Mean S ZONES Number of samples Mean S

2 0.02 0.0 (0) a - -

15 0.18 0.2 (.1) b 4 0.37+.2 {0.1)

1 0.06 0 (0) c 3 0.79%0.3 (0.2)

1 0.66 0 (0) a 8 0.3120.2 (0.1)

7 6.31 0.2 (0.1 e 5 0.34%0.2 (0.1)

6 0.34 0.3 (0.3) £ 6 0.37%0.1 (0.1)

9 0.27 0.2 (0.1) g 7 0.48£0.2 (0.1)

7 0.20 0.2 {(0.1) h 1 0.4110 (0)

4 0.16 0.1 (0.1) i — —

9 0.11 0.1 (0.0) J 1 0.14%0 (0)

LT
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alteration zones.
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{4) There is no clear relationship between hardness and the de~-
gree of hydrothermal alteration. As indicated by Merrill
(1975) hardness‘depends on several other factors such as
grain size, grain shape, abundance of magnetic phases and

saturation magnetization.

6. NRM Inclination and Polarity

NRM inclinations could be the resultant of two components; tﬁe

in situ magnetization and the viscous reﬁanent magnetization (VRM) in-
duced during drilling or acguired during subsequent transport and
storage. Ade~Hall and Johnson (1976b) have discussed the drilling in-
duced remanence in Leg 34 samples. The drilling induced remanence was
associated with unoxidized and coarse grain (> 20 U) titanomagnetite.
However, it is unlikely that significant drilling induced remanence is
present in most of the Azores NRM's as most of the samples, although
coarse grained, are highly oxidized and consequently subdivided into

small grain size phases.

Stable inclination can be cbtained by alternating field partial
demagnetization., From stable inclination, the direction of magnetiza~
tion of the earth's field when the lavas were erupted can be deduced.

However, the chemical overprinting of the phases must be considered.

In situ NRM inclination and stable inclination for the Azores

rocks were measured and are given in Appendix II. Their distribution
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with depth in the drill core is given in figures 42d and 42e. The
similarity between the two figures, suggests that VRM did not contri-
bute much to NRM direction inclinations and the uncleaned NRM inclina-
tions can be considered the in situ NRM inclinations for most of the

drill core rocks,

At 37°48'N, the dipole inclination is * 57° and the present in-
clination is close to 56°. From figures (42d and 42¢}, it is clear
that NRM and stable inclinations both closely approximate the normal
polarity dipole inclination. However, there is a group of shallow in-
clinations in zone b which deviates from the general pattern of stable
inclinations in the drill core. This area is hydrothermally altered
with medium degree of alteration. Although the deviation of inclination
in zone (b) could simply be related to the normal secular variation of
the field, oxidation and chemical changes could alsc have some effect.
Merrill (1975), argued that a sudden change in environment of the rock
long after it has formed could result in a chemical remanent magnetiza-
tion (CRM) acquired over a short period and thus a change in magnetic
direction which would affect the original inclination. Grommé and

»Mankinen {1976) agreed with Merrill. However, there is no evidence to
suggest that the acquired CRM has caused any change in magnetic di-

rection in the Azores drill core.

All the magnetic inclination measurements are normal and this in-
dicates magnetization during the Brunhes polarity epoch. The possibility

that the Azores rocks have acquired self reversal is discussed here.
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Self-reversals (both reproducible and nonreproducible) are rare in
subaerially erupted basalts (Merrill 1975). Uyeda (1958) and Hoffman
{1975) have discussed the possibility of self reversal in titanchema-
tite solid solutions. The mechanism for this self-reversal is very
complicated and involves an ordering of Ti in the lattice and probably
exsolution as well., In any case, Merrill (1975) stated that such self-
reversal is rare in basalts. Self-reversal may also occur on low tem-
perature oxidation of some titanomagnetites {(Verhoogen 1956, 1962;
O'Reilly and Banerjee 1966). As low~temperature oxidation of titano-
magnetite occurs, vacancies are introduced into sites previously oc-
cupied by cations. The magnetic moment will change significantly de-
pending on which cation sites {octahedral or tetrahedral) the vacancies
eventually occupy and on the initial distribution of the Fe2+, Fe®+ and
Ti** ions in the titanomagnetite. Self-reversal is believed to occur
on oxidation, providing that the dominant magnetic moment switches

from the octahdral to the tetrahedral sites. The two models by
Verhoogen (1962) and O'Reilly and Banerijee (1966) have given conflicting
titanomagnetite compositions that could self-reverse on oxidation. Ex-
perimental work by Ozima and Ozima (1974, quoted in Merrill (1975))
supports neither model. Peterson and Bleil (1973) and Ryall and Ade~
Hall (1975) haye suggested that there is séme mechanism related to un-
mixing of titanomagnetite and not to maghematization that produces self-
reversal of titanomagnetite. However, the Curie temperatures of the
Azores rocks as well as the microscopic investigation do not show any
evidence of the phase splitting which according to Ryall and Ade-Hall

{1975) could cause self-reversal in basalts.
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In conclusion, from the study of all self-reversal models and
with the abundance of different types of oxidation and alteration in
the Azores drill core, it is unlikely that self-reversal has occurred

in the Azores rocks.

7. Summary and Conclusion

The magnetic study of the Azores rocks revealed the following:

{1) Curie temperatures for most of the Azores rocks ranges
between 500 and 600°C. This indicates that hydrothermal
alteration in different intensity, but generally high, some-
times coupled with deuteric oxidation were the major pro-
cesses that affected the obaque minerals.

{2) The increase in the degree of hydrothermal alteration is
always accompanied by an increase in the Curie temperatures.

(3) Initial susceptibility of basaltic rocks varies in the
drill cori with a mean value of 10.7 x 10 * emu.oeﬂl.g“l.
Generally susceptibility increases initially with increasing
the degree of hydrothermal alteration until it reaches a
maximum value in the medium~high hydrothermal zone, then it
decréases as the degree of alteration increases.

{(4) The average NRM intensity in the drill core is 14.4 x 0"
emu.g '. NRM varies with depth with high values, mostly

associated with deuteric oxidation. Oxidation, difference

in initial magnetizing field between units and induced mag-




(5)

(6)
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netization in the rocks are listed as possible factors

that affect the NRM intensity values. When the effect of
deuteric oxidation is removed, NRM shows decrease in in-
tensity with increase in the degree of hydrothermal alter-
ation until it reaches a minimum value half-way between
medium and high degree hydrothermal alteration, NRM
intensity then increases as the degree of alteration in-
creases. This agrees with the experimental work of

Johnson and Merrill (1972, 1973 and 1975).

The average Konigsberger ratio (Q) is 4.0 which indicates
that although the remanence was the dominant form of mag-
netization in the drill core, induced magnetization has
added substantial contribution to total magnetization.

The hardness of the remanence varies in the drill core but
high hardness is always associated with high deuteric
oxidation state. There is no clear correlation between
hardness and the degree of hydrothermal alteration.

The NRM inclinations in the drill core represent the in situ
NRM inclination. Stable inclinations are close to the di-
pole inclination at 37°48'N, except for zone (b}, and they
can be considered as the ambient field inclination during
eruption. The shallow inclination in zone {(b) could be ex-
plained as the result of secular variation in the area.‘
All the magnetic inclination meagurements are normal. This

indicates magnetization during the Brunhes polarity epoch
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with an upper age limit of 0.69 Myr, if no self-reversal
has occurred. The concept of self-reversal in the drill
core rocks is rejected on the ground of its rare occurrence
in subaerial basalts and the presence of different types

of alteration without difference in polarity.
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CHAPTER VII
SUMMARY, COMNCLUSIONS AND DISCUSSION
In this chapter, a summary of the present work as well as some
conclusions drawn from this study are given. The meaning of the re-

sults and a general history of the crystallization and alteration of

the iron-titanium oxides in the drill core are also discussed.

1. Introduction and general view:

(1) The volcano Agua de Pau is presently considered an active
volcano (Machado 1967 and Muecke et al. 1974). The volcanic
activity is probably generated in an elongated magma chamber
at a mean depth of 5 km beneath the island bf Sao Miguel on
which the volcano Agua de Pau is located (Machado 1972 and
1974) .

(2) The opagque mineralogy and the magnetic studies were carried
out on a 981 m drill core from the lower northern flank of
this volcano. The rocks from the drill core were divided into
five major lithological divisions, subaerial sequences III,
II, I, a transition sequence and a subaqueous sequence (Muecke
et al. 1974). These divisions consisted of subaerial and
submarine lavas of aikali affinities (McGraw 1976) and pyro-
clastics.

{3) The bottom hole temperatures were measured during and after

drilling and indicated that much of the lavas are presently
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experiencing temperatures of about 200°C. The oxygen and carbon
isotope results (Lawrence and Maxwell, in preparation) suggested
that the zone of greatest penetration of hot waters is the
600~700 m depth interval. The calculated temperatures from the
stable isotope results in this interval are all very close to
the observed temperatures. The lower calculated temperatures

at all other depths indicate that incomplete equilibrium with
hot fluids were certainly present. This is supported by micro-
scope examination of the polished sections. However, conveéction
following drilling was probably responsible for some of the

high observed temperatures.

2. Opaque mineralogy:

Muecke et al. (1974) have reported that 140 extrusive flow units
occur in the Azores drill core. A tempe#ature-time sketch for an Azorean
lava is given in figure 52, assuming, from the paleomagnetic data, that
the average time for each eruptive event is at the most 5000 yrs. The
temperature-time sketch shows 6 time-temperature zones; a (0 and B solid
solution zone), b (deuteric oxidation, high temperature zone), ¢ (inter-
mediate temperature zone), d {iow temperature zone), e (hydrothermal
alteration zone) and f (weathering and erosion or continuing volcanic

activity and burial of flow by vounger flow zone).

The path by which the iron-~titanium oxide phase reach their final
form is variable and complex. The number of degrees of freedom in such

a system is large. My attempt, in this chapter, is only to give a
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general discussion and average history of the iron-titanium oxide phases
from the point of initial crystallization to their final present state

in the rocks.

Two hundred and thirty-two polished sections representing ninety-four
flow units, three agglomerates and three intrusions were prepared by
standard grinding and polishing methods for opaque mineralogy study and
seventy-eight of them were selected for microprcbe analysis of oxide
minerals. The opaque minerals were found to be titanomagnetite, ilmenite
and their alteration products. Some spinels (s.l.) were detected and
few sulfides were present in the lower part of the subaqueous section.
Certain characteristic features of the Azores drill core were recognized

during this study and they are summarized and discussed as follows.

(1) The crystallization trend of the unaltered Fe-~Ti oxides: The stage

of crystallization of iron~titanium phases depends on; the composition of
the magma, the oxygen partial pressure (£02) and the Fe2+/Fe3+ ratio in
the magma (Carmichael and Nicholls 1967). The composition of the magma
seems to be a primary factor in determining the first iron~titanium
oxides to appear during crystallization. McGraw (19765 concluded that
the Azores drill core rocks were crystallized from an alkali basalt magma.
The order of crystallization of Fe-Ti oxides in such a magma is not clear

from the microscope study of the Azores drill rocks.

The effects of oxygen fugacity and the Fe2+/Fe3+ ratio are in con-

flict. Osborn {(1959) demonstrated two fundamentally different courses
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of crystallization depending on whether the total composition of the
mixture or the oxygen partial pressure remain constant during crystal-
lization. He considered the actual ratioc Fez"'/f’es+ of secondary
importance. In contrast, Carmichael and Nicholls (1967) stated that
the precipitation of iron-titanium oxides in natural liquids is
necessarily involved with oxygen fugacity and the ferric ion component
in the liquid. They pointed out that the residual ligquid seems in
general to become progressively more oxidized as fractionation proceeds.
Examination of Tables 1, 2 and 3 of the uﬁaltered titanomagnetite in

the Agores drill core indicates that contrary to Carmichael and Nichollé
claim, zoned titanomagnetite has higher ulvdspinel contents near the
outer margin of the crystals. In addition, the highest ulvospinel con-
tents occur in the groundmass which surely does not indicate increased
oxidation. It seems that several factors can affect the ulvospinel
content in titanomagnetite other than oxygen fugacity and ferric ion
content of the liguid such as alkall content, temperature and the
crystallized silicates., Carmichael and Nicholls apparently have not
considered all the factors that influencing the composition of titano=-
magnetite solid solution. In addition, they developed their model for
the ilmenite free condition which is differeﬁt than the present work ob-
servation as we have ilmenite joining the crystallization with titano-

magnetite.

(2) The trend of minor elements in unaltered titanomagnetite: The minor

element trends in titanomagnetite, ilmenite and spinel, Tables 1-5 and
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figures 16-~21 is as follows; as crystallization proceeded, generally
titanium increase and aluminum and magnesium decrease. Manganese and
chromium show erratic variation. The decrease in Al and Mg contents
agrees well with the few other results in the literature (Carmichael

and Nicholls 1967 and Prévot and Mergoil 1973). Cr content of spinels
in general decrease with fractionation (Cameron and Glover 1973).
Dasgupta (1967, 1969) and Prévot and Mergoil (1973) observed an increase
in Mn content as Ti content increases. It is not clear why Mn of the

present study shows a different type of behaviour.

The minor element trends can be attributed to the decrease in
oxygen fugacity with advance in crystallization which in turn results
in an increase in Ti content of Fe~Ti oxides. The decrease in oxygen
fugacity may be caused, as suggested by Anderson and Wright (1972}, b?

the effervescence and loss of gas (wéter and S0;) during magma ascent,

Another explanation of the minor element trends is taken from the
study of thermodynamic considerations of the partition of an element
between phases in equilibrium (Kretz 1961, Dasgupta 1967). The sub-
stitution of Fe®” by ri*t in magnetite would cause greater polarization
{(relative to that in Ti-free magnetite) of the oxygen ions and thereby
presumably weaken the structure. In the presence of Ti, in order that
the structure of titanomagnetite be rendered stable, there is a neces-

sity for incorporation of "weak" cations into the mineral such as Mn2*

2+ q 3+

in place of Fe®' as an example and for concomitant explusion of A

from the structure,
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{3) The texture of ilmenite: All the ilmenite intergrowths in titano-

magnetite, as identified by Buddington and Lindsley (1964), were recog-
nized in the Azores drill core, plate 14 a~d. Three textural forms were
identified (i) trellis type, (ii) composite type and (iii) sandwich
type. The trellis type are concentrated along cracks and titanomagnetite
grain boundaries. From the textural and crystallographic features as
explained before, it represents oxidation followed by phase separation and
not exsolution in the strict sense. The composite type occur as internal
and external inclusions in titanomagnetite, plate 14 b and c¢. Three
suggestions for the formation of this type are listed and discussed in
the literature. Vincent et al. (1954) and Wright (1961) beligved that
this type formed as a result of diffusion at high temperatures. On the
other hand, Buddington and Lindsley (1964} stated that the composite type
represents an increase in the degree of oxidation and diffusion. Thirdly,
Vincent {(1960) and Haggerty (1976) presented evidence and cbservations
which strongly suggest that the composite ilmenite-titanomagnetite
intergrowths in basalts are the result of a primary precipitation. The
author tends, unless independent evidence indicates that oxidation ex~
solution has taken place in those grains, to agree with Vincent and
Haggerty that this intergrowths are primary precipitation. The third
ilmenite type present in the Azores drill core is the sandwich type.
These sandwich types‘may be primary inclusions or may result by oxidation

of titanomagnetite. Their origin is not clearly defined.

3. Oxidation of titanomagnetite and ilmenite

It is now widely accepted that the composition of the primary Fe-Ti
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oxides in basalts at solidus temperatures (® 1100°C), (a, figure 52) is
restricted to a certain compositional range of the two solid solution
series of magnetite-ulvospinel and hematite and ilmenite. The rate of
cooling and the change in environment during cooling play an important
role on the final assemblage. Some of the Azorean lavas were erupted -
and rapidly cooled and a homogeneous phase with a texture indicating
rapid cooling appeared., This comprised fine skeletai:phases, which are
found in the subaqueous and transition sequences of the drill core.

Slow cooling of other lava units, on the other hand produced six titano-
magnetite oxidation classes of two distinct textural assemblage of Fe~Ti
oxides; (1) oxidation lamellae of ilmenite along {111} planes in titano-
magnetite and (2) the pseudomorphic oxidation products rutile, titano-
hematite and pseudobrookite. The oxidation during the initial cooling
of an ideal Azorean lava is represented by zone b (figure 52) and took
place between 900°=-600°C (Haggerty 1976). Ox§gen fugacity is an important

-8.1
factor in determining the oxidation products with high value 10 atm.

~15.4
at 800°C for the pseudomorphic assemblage and lower value 10 atm, at
the sme temperature for the oxidation lamellae assemblage (Verhoogen 1962) .
Most of titanomagnetite deuteric oxidation in the Azores drill core is of

the highest degree (class 4, 5 and 6) giving an indication of high oxygen

fugacity during the initial cooling of lava.

Deuteric oxidation of ilmenite in the Azores core produced six
oxidation classes with pseudcobrookite is the end class. However,
pseudobrookite which were formed directly from ilmenite and thus by-

passing other intermediate stages were observed in many sections,
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plate l4e. These psegdobrookites are optically and texturally different
than those resulting from progressive oxidation of ilmenite. The factors
which control the development of either of these sequences are largely
temperature dependent (Haggerty 1976) and, by implication, £O; dependent.
The latter develops at correspondingly higher temperatures (> 800°C)

while the former at lower temperatures = 600°C (Haggerty 1971).

Grommé et al. (1969) and Haggerty (1976) have pointed out that the
deuteric oxidation process is rarely an equilibrium process. Individual
grains in many cases do approach equilibrium, but there are clearly wide
variations in the microenvironmental conditions which affect reaction
rates and the degree to which cationic exchange process will respond to
rapidly changing physical and éhemical parameters. Therefore a definite
estimate of temperatures or oxygen fugacity (éuddington and Lindsley
1964) for the whole rock is not possible. However, the high oxidation
state of titanomagnetite and ilmenite (class 4, 5 and 6) and the presence
of pseudobrookite forming directly from oxidation of ilmenite leads the
author to suggest that most of the deuteric oxidation in the Azores lavas

8.1

has taken place at high oxygen fugacity 10 atm. and at high tempera-

ture = 800°C.

Haggerty (1971, 1976) noticed that in deuteric oxidation of ilmenite
and titanomagnetite, the decomposition of each of these minerals kept
the Fe: Ti ratio constant. The present work analysis do not agree well
with Haggerty, at least in the titanomagnetite analysis, where the Fe/Ti
ratio decreases wiih advancing oxidation. The author believes that the

reason for this disagreement is the loss of iron in the Azores lavas
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through later hydrothermal alteration and that the iron is less mobile

in ilmenite structure than titanomagnetite.

During the initial cooling of the Azores lavas and between approx-
imately 600°-300°C {(zone ¢, in figure 52) titanomagnetite and ilmenite
may develop a mixture of high temperature as well as low temperature
oxidation phases. This has been observed in some samples in the low
hydrothermal alteration sections which show titanomaghemite, and hematite

as well as high temperature oxidation textures.

Between 300°~0°C and after the rocks have cooled (zone d, in
figure 52}, all the Fe~Ti oxide phases except hematite and rutile
{(Verhoogen 1962) will oxidize to another stable phase under ambient
(atmospheric) temperature and normal pressure. The products of oxidation
here are cation deficient spinels, titanomaghemite and pseudorutile.
This process started in titanomagnetite by the formation of curved cracks
which are considered by Ade-Hall et al. (1976) to develop as a result of
the volume change from titanomagnetite to titanomaghemite. They also may
represent the consequence of octahedral cationic deficiencesg in titano-
magnetite (Haggerty 1976). Water seems to be an important factor in
determining the end stable phase of oxidation at this stage with titano-
maghemite forms under wet conditions and titanohematite in dry, conditions
at low temperatures (= 300°C) (Elder 1965 and Sakamcto et al. 1968).
In ilmenite, the presence of water leads to the formation of pseudorutile
and in dry conditions hematite and rutile are the stable phases at low

temperatures (Grey and Reid 1975).
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4. Hydrothermal alteration of titanomagnetite and ilmenite:

The consequent eruption and burial of younger lava flows results in
reheating of the rocks and further oxidation subsequently occurs in the
Azores rocks (zone e, figure 52). Microscope observations showed that
hydrothermal alteration was the major alteration process in the drill
core. Field observations, measurements of in-hole temperatures, cal-
‘culated temperatures from oxygen and carbon isotope results and the
study of secondary minerals by Sarkar (unpublished report) were all taken
as a guide in identifying the conditions of hydrothermal alteration in

Pe-Ti oxides in the Azores drill core.

The degree of hydrothermal alteration generally depends on and is
controlled by porosity and permeability of the rocks and composition and
temperature of the fluid. Although the exact relation between porosity
and permeability is not known, it is known qualitatively (Yoder 1955)
that permeability decreases as porosity decreases. From this assumption
and from the geothermal gradient in the drill core, Muecke et al. (1974)
suggested a hot water region (205°C) flowing parallel to the bedding at
ébout 550 m and water at 100°C flowing at 110-120 m depth. However, the
microscope observations, in this study, as well as the oxygen and carbon
isotope data suggest that the principal region of hot water is probably
between 600~700 m, VThe permeability of the drilled rocks has not been
measured. The pH of the fluid, which is controlled by the fluid com-

position has not been also measured, although from paragenesis of the
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secondary minerals Sarkar predicted at least three time changes in the
fluid composition. The pressure is believed to be much less effective,

particularly under near-surface conditions (Kerr 1955).

The degree of hydrothermal alteration of titanomagnetite and il-
menite in the Azores drill core is taken as the basis for a new clas-
sification of basalts alteration in h?drothermal areas, The abundance
of the phases, their stability and location in thé drill core were cor-
related with both the observed and calculated temperatures. Three

stages of titanomagnetite and ilmenite alteration were adopted:

(1) 7Titanomagnetite

(a) Low degree hydrothermal alteration {(20-80°C): The alteration

is progressively increased from class L; to class L,, with
the formation of a curve cracking cation deficient spinel
phase and titanomaghemite {(all iron are ferric). Only the
structure of the phases remains constant in this stage. This
alteration resembles the low temperature oxidation in zone 4,
figure .

(b) Medium degree hydrothermal alteration (80-160°C): 1In this

stage (M;-My), both the composition and the structure of the
original titanomagnetite are changed. A granular, micro~
crystalline and porous phase rich in TiO» with the addition of
Ca and Si in the highest class (Mg) was formed. Iron which is
presumably transfered to the ferric state migrated from the

present lattice and formed a red stain of iron hydroxides,




(c)
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while other elements Ti, Al, Mg, Mn and Cr remain unchanged
or showed a slight decrease.

High degree hydrothermal alteration (160-210°C): The composi~

tion and structures of the phases in this stage (Hl“H3) are
completely changed from the original titanomagnetite and a
silicate phase (?) surrounded with a remanent of titanomag-

netite and iron hydroxides is formed.

(2) Ilmenite

{a)

(b)

{c)

Low degree hydrothermal alteration (80-100°C): Ilmenite in

this stage (S1-S4) is characterised by the formation of
pseudorutile, which‘is a cation vacant hexagonal phase (Grey
and Reid 1975). Some of Fe’’ transfers to re’" and some
migrates from the ilmenite lattice.

Medium degree hydrothefhal alteration (100-~150°C): 1In this
stage (Tl-T3) the phases include coarse granules of rutile and
titanchematite and cracks as a result of volume reduction from
ilmenite =+ pseudorutile to rutile (Grey and Reid (1975)).

High degree hydrothermal alteration (150-210°C): This final

stage (Vl-V3) shows a compositional and structural change from
that of the original ilmenite. Dark brown to black colored
pseudomorphs after ilmenite were formed. Low degree of hydro-
thermal alteration, low temperature oxidation and weathering’
are texturally and mineralogically identical. However, the

time involved in low temperature oxidation is much less than
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" that in low hydrothermal alteration. The presence of the
£hermal fluids as an exchange medium account for the removal
of iron from Fe~Ti oxides and thug the textural and mineralog-
ical changes in medium and high degree hydrothermal

alteration.

5. The absence of sulfides in the Azores drill core:

Very few sulfide minerals were observed in the subagqueous section
of the drill core. The occurrence of sulfides in the subaqueocus sections
agrees well so far with the data in the literature (for example Moore
and Fabbi 1971, Anderson 1974). 'Two interpretations can be suggested
in the present study. First, it is possible that hydrothermal solutions
in the drill core have destroyed 'the sulfide minerals in the subaerial
section. A great part of this section has been subjected to extreme
hydrothermal alteration, which probably results in the alteration of
sulfides to more stable oxide and hydroxide phases. However, it is un-
likely that this is the only cause of the rare occurrence of sulfides in
the subaerial section. Another and most likely interpretation comes
from the studies of the basaltic gaseous system by Gerlach and Nordlie
{1975) and from the compositions of volcanic gases by Anderson (1975).
Gerlach and Nordlie, suggested that the composition of .the basaltic gas
phases falls within the system C-0-H-S and thereby the basaltic gases
are restricted to H,0, 80;, CO; and Hy. Anderson (1974 and 1975)
indicated that the gas phase released during degassing is sulfur rich,

while the gas accumulated after degassing is more advanced is relatively
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sulfur deficient. From these studies and from the occurrence of sul~-
fides in the submarine basalts in the present study and elsewhere, the
author is inclined to believe that basaltic magma may be saturated in
sulfur at depth, i.e. higher temperature and pressure. As surface con-
ditions are approached, decreasing sulfur and increasing H O in the gas
phase may ultimately cause a condensed sulfide phase to become unstable

unless rapid quenching is possible.

6. Magnetic study:

One hundred and eleven samples representing seventy flow units,
two agglomerates and three intrusions were used for rock magnetic
gstudies and ninety-six samples representing fifty flow units were

selected for paleomagnetic study. A summary of the results are followed:

(1) The Curie temperatures for all the samples, with rare exceptions
for near surface flows, were in the range of 500° to 600°C, in-
dicating a high degree of overall oxidation and alteration.

4 emu. oe " *.g7L,

(2) The average initial susceptibility was 10.7 x 10~
Susceptibility initially increased with increasing degree of
hydrothermal alteration until it reached.a maximum value in the
medium~high hydrothermal zone, suscaptibilié; then decreased as
the degree of alteration increased.

(3) The average NRM intensity was 14.4 x ILC)“4 emu.g—l. High NRM
values were mostly associated with deuteric oxidation. In titano=

magnetite with no deuteric oxidation (class 1) samples, NRM de-

creased with increase in the degree of hydrothermal alteration up




(4)

(5)

(6)

(7

7.
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to a point between the medium and high hydrothermal alteration
alteration degrees. NRM then increased as the degree of
hydrothermal alteration increased.

The average Konigsberger ratio (Q) was 4.0 indicating that in-
duced magnetization contributes significantly to but does not
dominate the total magnetization.

The hardness of the remanence varied in the drill core but high
hardness was always found to be associated with high deuteric
oxidation state.

The stable inclinations were close to the dipole inclination at
37°48'N and were considered to be the ambient field inclination
during eruption.

All the magnetic¢ inclination measurements were normal. This
indicates a magnetization during the Brunhes polarity epoch with
an upper age limit of 0.69 myr, if no self reversal has occurred.
The possibility of the self-reversal in the drill core was dis-

cussed and rejected.

Future work:

The study of opaque mineralogy and magnetic properties of basalts

in active geothermal areas is far from complete. Although the magnetic

variations in the drill core were related to the effect of hydrothermal

alteration on the magnetic minerals, still more work is needed to con-

fine these relationships. The nature of magnetic minerals and the ex-

tent to which granulation may affect the magnetic properties of the rocks
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is yet to be explained. However, one positive aspect of the present
study is that granulation has been found to be related to medium
hydrothermal environment. The variation in mineralogy and magnetic
properties of the rocks have been studied in vertical section. A
lateral study of the rock properties is indeed needed. More drilling

is suggested and is in fact being carried out.
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Plate 1

Figure a: Reichert Zetopan reflected light microscope with micro-

photometer

Figure b: Ultraphot II Carl Zeiss microscope
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Plate 2

Typical forms of Fe-Ti oxides. Scale bars for photos on all plates
are 20 U except for photos with focus ring (microphotometer)
where scale bar is 25 U

Figure a: Coarse-subhedral titanomagnetite type 1

Figure b: Fine and medium subhedral to anhedral grains of titano-

magnetite type 2
Figure c¢: Skeletal titanomagnetite type 3

Figure d: Coarse grained titanomagnetite showing peripheral cor-
rosion. Showing also the aperture diaphragm of the

microphotdmeter

Figure e: Equidimensional type 1 ilmenite (light grey) and Geikelite

{dark grey)

Figure f: Elongated grain of type 2 ilmenite.
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Plate 3

structure and texture of Fe-~Ti oxides and sulfides

Figure a: Spinel with primary zoning. The lighter grey outer mantle

is enxiched in Fe3+ and Ti.
Figure b: Oscillatory zoning in spinel.
Figure c¢: Pyrrhotite (white) and titanomagnetite (dark grey).
?igure d: Radial growth grain of lepidocrocite

Figure e: Spheroidal grain of pyrrhotite (white) in coarse grain

titanomagnetite (grey).

Figure f: Zoning in spinel. The central zone 1is enriched in ret

and Ti.

Figure g: Epitaxial overgrowth in spinel. The dark central zone is
enriched in Fe2+, Cr and Al; the lighter grey outer mantle

. , . + ,
is enriched in Fe®" and Ti.
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Figure
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Plate 4

Texture of Fe~Ti oxides

Fine lamellae of ilmenite in titanomagnetite

Black rods (spinel]} in magnetite {grey). The light grey is

titanomagnetite.

Complex texture of titancmagnetite. Grey are rutile
lamellae in titanchematite (light grey). The dark grey is

magnetite containing spinel rods.

Decomposition of olivine. White is magnetite.

Replacement in spinel by a chloritic mineral.
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Plate 5

High temperature oxidation (deuteric) of titanomagnetite

Figure

Figure

FPigure

Figure

Figure

Figure

Class 2 titanomagnetite. Ilmenite lamellae (grey) in

titancmagnetite (light grey).

Class 3 titanomagnetite. Ilmenite lamellae (light grey)

are more than 50% of titanomagnetite area.

Class 4 titanomagnetite. Ilmenite lamellae are mottled and
fine rutiles are developed in titanohematite. The host

magnetite (dark grey) contains abundant spinel lamellae,

Class 5 titanomagnetite. Lenses of rutile (dark grey) i .

titanohematite (light grey).

Class 6 titanomagnetite: Pseudobrookite {dark grey) in

titanchematite (off white).

Class 4 in skeletal titanomagnetite.
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Figure

Pigure

Figure

Figure

Figure

Figure
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Plate 6

High temperature (deuteric) oxidation of ilmenite

Class 1 ilmenite
Class 2 ilmenite. Crichtonite (white) in ferri-ilmenite.

Class 3 ilmenite. Crichtonite + ferri-ilmenite (white) in

titanchematite + rutile (grey).
Class 4 ilmenite. Rutile lamellae in titanohematite.

Class 5 ilmenite. Pseudobrookite (dark grey) in titano-

hematite + rutile {off white).“

Class 6 ilmenite, Pgseudobrookite (dark grey). Some titano-

hematite remains (off white),
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Plate 7

Low degree hydrothermal alteration of titanomagnetite

Figure a:

Figure b:

Figure c:

Figure d:

Class L titanomagnetite. Homogeneous titanomagnetite.

Class L, titanomagnetite. Lines of titanomaghemite

{off white) in titanomagnetite {(grey).

Class Lg titanomagnetite. Patches of titanomaghemite

{off white) in titanomagnetite (grey).

Class Ly titanomagnetite. Titanomaghemite (off white)

occupys more than 50% of titanomagnetite (grey) area.

e
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Plate 8

i

Medium degree hydrothermal alteration of titanomagnetite

Figure a:

Figure b:

Pigure c:

Figure d:

Class M; titanomagnetite. This is the same class as Ly.

Class M, titanomagnetite. Dissiminated titanohematite

(white spots) replacing titanomaghemite.

Class My titanomagnetite. Granule phase replacing titano- .

hematite.

Class M, titanomagnetite. Total granulation of original

titanomagnetite.

e
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Plate 9

High degree hydrothermal alteration of titanomagnetite

Figure a: Class H; titanomagnetite. Totally granulated grain of

titanomagnetite.

Figure b: Class H, titanomagnetite. Sphene (black) replacing
granulated titanomagnetite. Some titanomagnetite remains

unaltered (greY).

Figure c: Class H, titanomagnetite. Titanomagnetite is completely

altered.
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Plate 10
Low degree hydrothermal alteration of ilmenite
Figure a: Class S, ilmenite. Homogeneous ilmenite.
Figure b: Class Sp ilmenite. Grey ilmenite.

Figure ¢: Class S3 ilmenite lamellae and patches of light grey

pseudo~rutile in (grey) ilmenite.

Figure d: Class S4 ilmenite. Patches of pseudorutile (light grey)

in ilmenite (grey).
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Plate 11

Meddum degere hydrothermal alteration of ilmenite

Figure a: Class T; ilmenite. Ilmenite (grey) contains pseudorutile

{light grey).

Figure b: .Class T, ilmenite. Pseudorutile ié replaced by (grey)
color and (off white) 'hematite. Some ilmenite (dark grey)
remains altered.

Figure c: Class Ty ilmenite. A1l pseudorutile is converted to rutile

{grey) and hematite (off white). The grain shows a volume

change cracks. Some areas remain unaltered.
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Plate 12

High degree hydrothermal alteration of ilmenite

Figure a: Class Vj ilmenite. Rutile {grey) and hematite {(off white).
Figure b: Class V, ilmenite. Leucoxene (off white) and sphene (black).

Figure c: Class Vj ilmenite. Black sphene with some leucoxene (grey).
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Figure a:

Figure b:

Figure c:

Figure d:

Figure e:

Figure f:

213

Plate 13

Combination of deuteric oxidation and hydrothermal

alteration in titanomagnetite and ilmenite

Hydrothermal alteration in class 2 titanomagnetite. Il-
menite lamellae are replaced by titanohematite (off white)

and rutile (grey). Titanomagnetite is (light grevy).

Hydrothermal alteration in class 3 titanomagnetite. Ilmenite
lamellae altered to hematite (white) and sphene (black).
Titanomagnetite altered to {black) sphene. Some remanent

of unaltered titanomagnetite {grey).

Hydrothermal alteration in class 6 titanomagnetite. Titano-
hematite (white), rutile (grey) and pseudobrookite (dark
grey). The grain i1s surrounded by red stain (black) in the

polighed section.

Hydrothermal alteration in class 6 titanomagnetite. Hematite
{(white) altered to limonite (black in the photograph but red

in the polished section). Some sphene (black) is present.

Hydrothermal alteration in class 5 ilmenite. Pseudobrookite
{(light grey) in titanohematite (off white) and rutile (grey).
The grain is surrounded by red stain (black) in the'polished

section.

Hydrothermal alteration in class 6 ilmenite. Titanohematite

{off white) in pseudobrookite (light grey).
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Figure

Figure

Figure

Flgure

Figure

Plate 14
Texture of ilmegite
Trellis type ilmenite
Internal inclusion, composite type ilmenite
Bxternal inclusion, composite type ilmenite
Sandwich type ilmenite

Pseudobrookite
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AUL 1.1.2:
59.5 m

AUL 2.1.5:
99.1 m

AUL 2.2.a:
10%.4 m

Il

APPENDIX I

Opaque Mineralogy

Greyish brown anhedral to subhedral titanomagnetite
in 10-30 Y range. Low hydrothermal alteration.
Phenocrysts, light brown euhedral to subhedral
titanomagnetite in 40~20 U range. Occasional
spinel with primary growth zoning, the inner parts
are enriched in Fe2+, Cr, Al and Mg, while the
secondary spinel mantles are rich in Fe’t and Ti.
Reflectivity in air is 16.9% for titanomagnetite
and 16.8% for spinel. Temperature is 25°C (H).
Greyish brown subhedral groundmass titanomagnetite
of lO-SO.u dimension.A Low hydrothermal alteration.
Phenocrysts, light brown euhedral to subhedral
titanomagnetite up to 90 U dimension. Reflectivity
in air is 16.1% for phenocrysts titanomagnetite
and 16.5% for the medium grains. Temperaturxes is
25°C (H).

Gre?ish brown subhedral small to medium (10-30 U
dimension) groundmass titanomagnetite. Low hydro-
thermal alteration. Occasional phenocrysts of
titanomagnetite. Reflectivity is 16.2% for the
phenocrysts and 16.4% for the groundmass titano-

magnetite. Temperature is 25°C (H).




AUL 2.3.a:
114.9 m

AUL 2.3.
119.5

82U

AUL 2.4.b:
119.5 m

AUL 2.4.T7:

119.5 m

AUG 3.1.1:
l148.4 m

I2

Greyvish brown subhedral to anhedral, small to
medium (10-30 U dimension) titanomagnetite. Low
hydrothermal alteration. Phenocrysts, light brown
subhedral titanomagnetite in 50-100 range.
Occasional large (60~100 U) subhedral spinel.
Reflectivity for phenocrysts is 15.8%, for spinels
16.8% and for the groundmass 16.2%. Temperature

is 25°C. (H)

Occasional large (> 100 p) subhedral titanomagnetite,
Few large spinel. Low hydrothermal alteration. Re~-
flectivity of the phenocrysts is 16.5%, for spinel
17.1% and for titanomagnetite groundmass 14.8%.
Temperature is 25°C. (H)

Few small (10-15 i) greyish brown subhedral to an-
hedral titanomagnetite. Low hydrothermal alteration.
Reflectivity is 15.9%. Temperature is 25°C. (H)

Few large (> 80 | dimension) subhedral spinel.
Reflectivity is 17.1%. Temperature is 25°C. (H)
Greyish brown subhedral to anhedral titanomagnetite
in 60~100 U range. Most of the grains are cracked
and oxidized to whitish blue titanomaghemite. Low
hydrothermal alteration; Occasional spinel with
primary growth zoning. Few goethite and some minor
ilmenite. Reflectivity of titanomaghemite is 16.9%

for spinel 16.5% and temperature is 34 °C. (H)




AUG 3.1.2:
148.9 m

AUG 3.2.a:
149.2 m

AUG 3.2.Db:
149.2 m

AUG 3.4:
14%.8 m

AUG 3.4.7T:
149.8 m

I3

Greyish brown small to medium (10~30 i dimension)
titanomagnetite. Occasional large grains (60~80 U
range) titanomagnetite. Low hydrothermal altera-
tion. Some of the grains are oxidized to titano-
maghemite. Reflectivity of titanomaghemite is
17.1% and 16.2% for the large grains titanomagne-
tite, 14.9% for the groundmass small grains titano~
magnetite. Temperature is 34°C (I).

Small to medium (10~ 30 U dimension) greyish brown
titanomagnetite with some occasional oxidation to
whitish blue titanomaghemite. ILow hydrothermal
alteration. Reflectivity is.16.8% for titanomag-
hemite and 15.8% for titanomagnetite. Temperature
is 34°C (I).

Greyish brown, medium to large (30-60 U dimensioﬂ)
titanomagnetite. Some grains $re oxidized to
titanomaghemite. Low hydrothermal alteration.
tReflectivity is 16.7% for titanomaghemite and

15.9% for titanomagnetite. Temperature is 34°C (I).
Fine to medium (5-20 U) anhedral to subhedral,
greyish brown titanomagnetite. Low hydrothermal
alteration. Reflectivity of titanomagnetite is
15.7%. Temperature is 34°C (I).

Occasional small grains (5~10 U dimension) titano-
magnetite. Low hydrothermal alteration. Reflec-
tivity of titanomagnetite is 16.1%. Temperature is

34°C (1).




AUG.4:
150.4 m

AUG.4.,a:
150.4 m

AUG 4.1.2:
150.8 m

AUG 4.1.b:
150.8 m
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Greyish brown, small-medium (10-30 U dimension)
titanomagnetite. Occasional large grains (in the
50~100 WU range) titanomagnetite., Much of the
gralns are oxidized to titanomaghemite. Low
hydrothermal alteration. Reflectivity of titano-
magnetite is 16.1%, for phenocrysts 15.8% and
17.2% for titanomaghemite. Temperature is 34°C (I).
Small - medium (l0-30 U dimension) titanomagnetite.
Few large grains (> 60 U} subhedral titanomagne-
tite. Most of the grains show oxidation to titano~
maghemite. Low hydrothermal alteration. Reflec-
tivity of titanomagnetite is 16.2%, 15.4% for the
phenocrysts and 17.1% for titanomaghemite. Tem-
perature is 34°C (I).

Two size generations of subhedral to anhedral
titanomagnetite. The larger up to 80 U, the
smaller ranges in size from 5-15 Y. Low hydro-
thermal alteration. Reflectivity of titanomagne-
tite is.15.9% (large grains), 16.3% (small grains)
and 16.8% for titancmaghemite. Temperature is 34°C
Titanomagnetite, greyish brown, size in the 5~15 U
range, anhedral form. Low hydrothermal alteration.
Few grains. Reflectivity of titanomagnetite 1is

15.9%. Temperature is 34°C (I).

(1.




AUG 4.2.a:
150.9 m

AUG 4.2.b:
150.9 m

AUG 4.2.7:
150.9 m

AUG 4.3.a:
151.3 m

AUG 4.3.b:
151.3 m

15

Two size generations of titanomagnetite. Large
subhedral ranges in size from 60 to 100 U and
anhedral small grain in 5-15 U range. Low hydro-
thermal alteration. Reflectivity of titanomag-
netite is 15.5% (small grains), 16.1% (large

grains and 16.8% for titanomaghemite. Temperature
ig 34°C (I).

Medium to large grains titanomagnetite in the

20-80 U range. Occasional phenocrysts of spinel.
Small minor pyrrhotite. Low hydrothermal altera-
tion. Reflectivity of titanomagnetite is 14.9%

and 16.7% for spinels. 17.8% for titanomaghemite.
Temperature is 34°C (I).

Medium subhedral to anhedral titanomagnetite in the
size range of 15-30 U. Few phenocrysts of spinel,
Low hydrothermal alteration. Reflectivity of
titanomagnetite is 16.2% and 16.7% for spinels.
Temperature is 34°C (I}.

Anhedral, small size titanomagnetite in 5-15 U range.
Greyish brown color. Low hydrothermal alteration.
Reflectivity of titanomagnetite is 15.8%., Temper-
ature is 34°C (I).

Small subhedral to anhedral grains of titanomagne-
tite in the size range of 5-15 . Low hydrothermal
alteration. Reflectivity of titanomagnetite is

15.9%. Temperature is 34°C (I).




AUG 4.3.c:
151.3 m

* AUG.5:
153.2 m

AUG 5.1.1:
155 m

AUG 5.1.a:
155 m

AUG 5.1.7:
155 m
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Small to medium titanomagnetite grains in the size
range of 5-20 U, Occasional large phenocrysts

(> 80 {). Low hydrothermal alteration. Reflectivity
of titanomagnetite is 15.7%, 15.2% for the pheno~
crysts and 19.2% for titanomaghemite. Temperature

is 34°C (I).

Anhedral to subhedral brown meduum titanomagnetite
(15-30 {4 dimension). Some phenocrysts of greyish
brown titanomagnetité. Few phenocrysts of spinel.
Low hydrothermal alteration. Reflectivity of
titanomagnetite is 15.9%, phenocrysts 15.2% and
18.4%, for titanomaghemite. Temperature ig 34°C (I).
Greyish brown small (5-15 u) groundmass titano-
magnetite. Few phenocrysts greyish brown (> 60 U).
Spinel with primary growth zoning in the 50-80 U size
range. Low hydrothermal alteration. Reflectivity

of titanomagnetite 18.5%, 15.3% for spinel and

17.8% for the oxidized spinel. Temperature 1s 34°C (I).
Small greyish brown (5-10 U) groundmass titanomagne-
tite. Few phenocrysts, spinel and titancmagnetite
(60~80 u)l Low hydrothermal alteration, Reflecti~-
vity of titanomagnetite is 15.9%, 17.2% for spinel
and 18.2% for titanomaghemite. Temperature is 34°C (I).
Small to medium euhedral to subhedral grains of
titanomagnetite in the size range of 10-20 U. Few

large grains (> 80 U). Some phenocrysts of spinel.




AUG 5.2.a:
157.3 m

AUG 5.2.b:
157.3 m

AUG 5.4.a:
157.6 m

AUG 5.4.b:
157.6 m
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Low hydrothermal alteration. Reflectivity of
titanomagnetite is 15.9%, 16.5% for spinel and
18.9% for titanomaghemite. Temperature is 34°C (I).
Medium greyish brown in the range of 15-30 u.
Subhedral to anhedral grains. Low hydrothermal
alteration. Refleétivity is 16.1% for titanomag-
netite and 18.7% for titanchematite. Temperature
is 34°C (I).

Small grains brown titanomagnetite in the size
range of 5-15 U, Internal inclusion of ilmenite
inside titanomagnetite. Low hydrothermal alteration.
Reflectivity 18015.9%. Ilmenite 14.3% - 17.2%.
Temperature is 34°C (I).

Small graing brown subhedral to anhedral titano-
magnetite. Falrly abundant dark grey Cr spinel.
Low hydrothermal alteration. Reflectivity is 16.3%
for titanomagnetite and 13.7% for Cr spinel.
Temperature is 34°C (I).

Small brown subhedral to anhedral titanomagnetite.
Pew large grains (> 60 U) titanomagnetite with
oxidation to whitish blue titanomagnemité.‘ Low
hydrothermal alteration. Reflectivity of titano~
magnetite is 15.9% and 15.5% (large grains), 19.2%

for titanomaghemite. Temperature is 34°C (I)..
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AUL 6.1.a: Small to medium greyish brown titanomagnetite, in the
159.4 nm
size range of 5-25 |y. Low hydrothermal alteration.
Reflectivity of titanomagnetite is 17.2%. Reflec-
tivity of titanomaghemite is 18.9%. For spinel is
15.8%., Temperature is 67°C (I).
-AUL 6.1.7: Small to medium, anhedral to subhedral brown titano-
159.4 m
magnetite (L0~30 U dimension). Low hydrothermal
alteration. Reflectivity of titanomagnetite is
16.8%, for titanomaghemite 18.9%. Temperature is
€7°C (I).
AUL 6.1.3: Small to medium, grevish brown, euhedral to subhedral
159.4 m
grains titanomagnetite in the size range of 5~20 U.
Low hydrothermal alteration. Titanomaghemite with
whitish blue color. Ilmenite as elongated anhedral
grain in the 10-30 U size range. Low hydrothermal
alteration. Occasional phenocrysts of spinel 67°C (I).
(> 60 u). Reflectivity of titanomagnetite is 17.1%,
21.8% for titanomé@hemite, 16.8-17.1% for ilmenite.
Temperature is 67°C (I).
AUL 6.1.7: Small to medium greyish brown titanomagnetite in
165 m
the size range of 10-25 U. Euhedral to subhedral
forms. Low hydrothermal alteration. Ilmenite, small
to medium brown with pinkish tint color. Elongated
and equigranular grains. Low hydrothermal alteration.
Occasional spinel, phenocrysts (> 80 U). Reflecti-

vity of titanomagnetite is 16.8%, 14.3-16.5% for

ilmenite and 13.9% for spinel. Temperature is 67°C (I).




AUL 6.2.a:
169.5 m

AUL 6.2.b:
169.5 m

AUL 6.4.a:
169.8 m

AUL 6.4.b:
169.8 m

AUL 8.1.1:
170 m

19

Small to medium greyish brown titanomagnetiée
(10~20 U dimension). Low hydrothermal alteration.’
Ilmenite, small to medium elongated grains. Low
hydrothermal alteration. Reflectivity of titano-
magnetite is 16.3% and 15.1~17.2% for ilmenite.
Temperature is 67°C (I).

Small-medium anhedral to subhedral grains in the
range of 5~15 U dimension. Few ilmenite. Low
hydrothermal alteration. Reflectivity of titano~-
magnetite is 16.5% and 14.6~16.2% for ilmenite.
Temperature is 67°C (I).

Large grains greyish brown titanomagnetite in the
range of 50-80 U dimension. Some of the grains
altered to whitish blue titanomaghemite, Low
hydrothermal alteration. Reflectivity of titano-
magnetite is 16.1% and 16.9% for titanomaghemite.
Temperature is 67°C (I}.

Medium to large grains of titanomagnetite (30-60 U
dimension). Occasional phenocrysts of spinel. Low
ﬁydrothermal alteration. Reflectivity of titano-
magnetite is 16.3% and 17.2% fdr titanomaghemite.
Temperature is 67°C (I).

Two generations of titanomagnetite, the smaller
size (5-~10 W) is altered to titanomaghemite and
titanohematite and the larger size (30-60 W) is

deuterically oxidized to class 2 and 4 as well as




AUL 8.1.2:
170.1 m

AUL 8.1.3:
170.1 m

Ilo

low hydrothermal alteration. Ilmenite, small to
medium elongated grains (10-25 U) hydrothermally
altered to light brown ilmenite type (2) and also
deuterically oxidized. Low hydrothermal alteration.
Reflectivity of titanomagnetite is 16.0%. Class 2,
17.1 {titanomagnetite), 14.3~15.2% {ilmenite),

class 4, 12.1% (magnetite), 20,.1-22.3% (titano-
hematite and meta-ilmenite). Ilmenite, 14.5-15.9%
and 16.3-16.8% for ilmenite type (2). Temperature .
is 78°C (1).

Two generations of titanomagnetite, small to

medium size generation (10-25 U) and large size
generation (60~80 U). The grains are altered to
whitish blue titanomaghemite as well as some titano-
hematite. Occasional phenocrysts of gpinel. Low to
medium hydrothermal alteration. EBElongated brown
ilmenite in (10~30 U) size range. Low hydrothermal
alteration. Reflectivity of titanomagnetite is
16.3%, 21.8% for titanomaghemite, 23.4~27.1% for
titanohematite and 16.5-17.0% for ilmenite. Tem-
perature is 78°C (I).

Small to medium grains brown titanomagnetite in the
range of 10-30 y. The grains are altered to titano~
maghemite. Low hydrothermal alteration. Occasional

phenocrysts of spinel with zoning. Elongated grains




AUL 8.1.9:
170.2 m

AUL 8.l.a:
170.2 m

AUL 8.1.b:
170.2 m

Ill

of ilmenite in the range of 10-25 U, brown color.
Low hydrothermal alteration., Reflectivity is

15.9% for titanomagnetite, 21.8% for titanomaghemite,
14.9% for spinel and 15.0~17.2% for ilmenite. Tem-
perature is 78°C (I).

Light brown titanomagnetite, small to medium grains
in the range of 10~30 u. Most of the grains are
anhedral with alteration to titanomaghemite. .Low
hydrothermal alteration. Ilmenite, anhedral elong-
ated grains, dark brown in color, in the size ;angé
of 10~30 U. Low hydrothermal alteration. Reflec-
tivity is 16.2% for titanomagnetite, 19.8% for
titanomaghemite and 14.7-16.8% for ilmenite. Tem-
perature is 78°C (I).

Medium to large subhedral greyish brown titano-
magnetite in the range of (25-60 |). Low hydro-
thermal alteration. Ilmenite, elongated grains
dark brown (15-50 H). Low hydrothermal alteration.
Reflectivity is 16.0% for titanomagnetite, 19.9% for
titanomaghemite and 14.6~16.6% for ilmenite. Tem~
perature is 78°C (I).

Medium~large grains greyish brown titanomagnetite
(20-50 y). Low hydrothermal alteration. Elongated
brown ilmenite (15-40 u). Low hydrothermal altera-~
tion. Reflectivity is 15.9% for titanomagnetite,
21.5% for titanoméghemite and 16.7-17.2% for il-

menite (2). Temperature is 78°C (I).




AUL 8.1.T:
170.2 m

AUL 8.2.a:
171.1 m

AUL 8.2.b:
171.1l m

AUL 8.2.7:
171.1 m

AUL 8.4.a:
171.6 m
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Medium greyish brown titanomagnetite (15-25 u). Low
hydrothermal alteration. Ilmenite, elongated grains
brown color. Low hydrothermal alteration. Reflec—
tivity is 16.3% for titanomagnetite, 22.0% for
titanomaghemite, 14.6~16.8% for ilmenite and 16,5~
17.0% for ilmenite type (2). Temperature is 78°C (I).
Medium subhedral grains of titanomagnetite in the
range of 15-25 u. ILow hydrothermal alteration. Few
elongated grains of ilmenite brown colored up to

25 4. Low hydrothermal alteration. Reflectivity is
16.4% for titanomagnetite, 16.8% for titanomaghemite
and 15.2-17.3% for ilmenite. Temperature is 78°C (I).
Medium greyish brown titancmagnetite {(15-30 u). Low
hydrothermal alteration. Occasional, small to medium
elongated brown ilmenite (10-20 U). Low hydrothermal
alteration. Reflectivity is 16.2% for titanomagne-
tite, 17.0% for titanomaghemite and 14.8~16.8% for
ilmenite. Temperature ig 78°C (I).

Anhedral to subhedral greyish brown titanomagnetite
in the size range of (5-20 u). Low hydrothermal
alteratién. Reflectivity ishl5.8% for titanomag-
netite, 16.6% for titanomaghemite. Temperature is
78°C (I).

Medium anhedral to subhedral titanomagnetite.
Deuteric oxidation class 4 and 5. Ilmenite, elong-

ated and anhedral grains, class 4 and 5. Reflec-




AUL 8.4.b:
171.6 m

AUL 8.4.c:
171.6 m

AUL 8.5.
171.9

=

AUL 8.5.b:
171.9 m

I13

tivity is 18.9% (brown magnetite), 20.1-22.3%
{metailmenite and titanchematite), 21.2% (iso-
tropic brown), 22.3-25.4 (titanohematite) and
18.8-20.1% (rutile)., For ilmenite high temperature
oxidation, reflectivity is 22.4-25.8% (titanchematite,
20.2-18.3% (rutile) and 15.4-16.3% (pseudobrookite).
Temperature is 80°C (I).

Anhedral grains of titanomagnetite (15-30 y dimen-
sion). Low hydrothermal alteration with some
medium alteration in few grains. Reflectivity is
22.3% (titanomaghemite). Temperature is 80°C,
Deuteric oxidation class 5 and 6 titanomagnetite.
The grains are anhedral to subhedral (15-35 Y di-
mension). Reflectivity is 21.3% (magnetite), 15.1~
16.2% (pseudobrookite) and 21.3-23.6% (titanohema-
tite}. Temperature is 80°C (I).

Small-medium titancmagnetite class 4, 5 and 6
deuteric oxidation. Ilmenite elongated to anhedral
grains class 3, 5 and 6 deuteric oxidation. Medium-
high hydrothermél alteration. Temperature is 158°C (A).
Medium to large grains titanomagnetite in the
deuteric oxidation state. Class 4, 5 and 6. Il-
menite medium to large grains (20-50 U), class 4

and 5. High hydrothermal alteration. Temperature

is 158°C (A).
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AUL 8.5.c: Medium anhedral to subhedral grains titanomagnetite
171.9 m
in class 5 and 6 deuteric oxidation. Ilmenite,
medium grains class 5 and 6. Medium-high hydro-
thermal alteration. Temperature is 158°C (a).
AUL 8.5.2: Medium groundmass class 6 deuteric oxidation titano-
171L.9 m
magnetite. Ilmenite also in high state of deuteric
oxidation (class 6). Both titanomagnetite and il-
menite are very high hydrothermally altered. Tem—
perature is 158°C (A).
AUL 8.5.7: Small to medium greyish brown titanomagnetite in
171.29 m
the range of 15~30 U. Occasional phenocrysts (> 60 W).
Separate ilmenite and inclusion with titanomagnetite.
Low hydrothermal alteration. Reflectivity of titano-

magnetite is 16.1% and 16.8% titanomaghemite. Il-

menite, reflectivity is 14.9%~16.8%. Temperature

is 34°C (I).
AUL 9,3.a: Anhedral small to medium greyish brown titanomagne-
174.7 m
tite., Low hydrothermal alteration. Few elongated
separate ilmenite. Temperature is 34°C (I}.
AUL 9.3.b: Small medium greyish brown titanomagnetite in the
174.7 m
size range of 10-30 Y. Few separate ilmenite. Low
hydrothermal alteration. Temperature is 34°C (I).
AUL 9.3.c: Titanomagnetite, small-medium grains (15~30 {). An=-
174.7 m

hedral~subhedral form. Occasional ilmenite brown in
color up to 35 Y. Low hydrothermal alteration.

Temperature ig 34°C (I).




AUL 10.1:
179.8 m

AUL 10.1.Db:
179.8 m

AUL 11.2.2:
186.1m

AUL 11.2.7:
195.5 m

Iis

Medium to large titanomagnetite (35-80 u) class

3, 4 and 5. Ilmenite separate elongated grains in
deuteric alteration state, class 3, 4, 6. Low

to medium hydrothermal alteration. Reflectivity for
titanomagnetite is 17.8% (titanomagnetite), 1l4.4-
15.6% (ilmenite lamellae), 21.5% (magnetite) and
23.4-25.0 % (titanohematite). For ilmenite 17,3~
17.7%, 15.2-17.0%, 21.4~25.5%, 20.0-18.6% and
15.1-16.2% for pseudobrookite. Temperéture is 80°C (I).
Deuteric oxidation class 2, 3, and 4 titanomagnetife.
Few ilmenite in class 2 and 4. Medium hydrothermal
alteration. Temperature is 80°C (I).

Small greyish brown groundmass titanomagnetite (5-
15 ). Occasional phenocrysts of titanomagnetite

(> 60 U). Separate ilmenite, elongated grain. Low
hydrothermal alteration. Reflectivity of tipano-
magnetite phenocrysts ig 15.6% and 14.6-17.2% for
ilmenite. Temperature is 34°C (I).

Groundmass greyish brown titanomagnetite (10-35
dimension). Few large grains of titanomagnetite

{(up to 60 U). Separate and intergrowth of ilmenite
in the size range of 15-25 yi. Most of titanomagne-
tite érains are altered to whitish blue titanomag-
hemite. Low hydrothermal alteration. Reflectivity
of titanomagnetite (phenocrysts) is 15.9%, ground-
mass 16.2%, titanomaghemite 18.9% and 14.5-17.3%

for ilmenite., Temperature is 34°C (I).




AUL 13.4.3:
199.8 m

AUL 14.1.1:
200.9 m

AUL 14.1.5:
201.2 m

AUL 14.1.8:
203.7 m

Ile

Small-medium grains of titanomagnetite with cation
deficiency. Medium hydrothermal alteration. Separate
ilmenite hydrothermal altered. Reflectivity of
titanomagnetite granulation is 22.8% and 23.4-27.5%.
Ilmenite alteration is 18.0% and 18.8%. Temperature
is 105°C (I).

Medium~large anhedral titanomagnetite class 2 and

3 deuteric oxidation. Ilmenite separate and in

class 2 and 3 deuteric oxidation. Low hydrothermal
alteration. Reflectivity is 17.1% (for titanomag-
netite class 2), 14,3-15.8% (for ilmenite lamellae)
and 17.8% for class 3}, 15.1-17.1% {(for ilmenite
lamellae). Por ilmenite class 2 (15.3-16.9%) and
17.3%. For ilmenite class 3 (17.3-17.7%, (15.2-17.0%),
(21.4~25.5%) and 20.0-18.6%). Temperature is 34°C (I).
Titanomagnetite and ilmenite both in high state of
hydrothermal alteration. The grains are small to
medium in the size range of 15-35 . Temperature is
165°C (H).

Small to medium graing titanomagnetite with cation
deficiency cracks. Medium hydrothermal alteration.
Ilmenite in low hydrothermal alteration state. In-
clusion of ilmenite in titanomagnetite. Reflectivity
is 23.2-27.1% for titanochematite. For ilmenite al-
teration reflectivity is 18.3% and 18.8%. Tempera-

ture is 115°¢C (I).




AUL 14.3.2:
205.9 m

AUL 14.3.7:
217 m

AUL 18.1.2:
223.7 m
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Medium-large euhedral to subhedral grains of titano-
magnetite, oxidized to titanomaghemite. The grains
are deuterically oxidized and they are in class 2
and 3. Ilmenite deuterically oxidized and they are
in class 2 and 3. Low hydrothermal alteration. Re-
flectivity for titanomagnetite class 2 is 16.8%,
titanomaghemite 19.2%, ilmenite 14.6-15.9%. Re~
flectivity for ilmenite is 15.3-16.9%, 17.4%.
Temperature is 80°C (I}.

Large euhedral to subhedral grains deuterically
oxidized, class 2 and class 3. The grains are re~
piaced by titanohematite (whitish color). Large
grains of ilmenite also in the deuteric oxidation
and hydrothermal alteration states. Some granula-
tion occur. Medium hydrothermal alteration. Re-
flectivity of granulation is 20.2%. Temperature is
165°C (A).

Small-medium anhedral grains of titanomagnetite
deuterically altered to class 5 and 6. The grains
contain red stain areas in silicates. Ilmenite
grains are medium and in class 6 which are hydro-
thermally altered to yellow sphene. Medium-~high
hydrothermal alteration. Reflectivity of titano-
magnetite alteration is 22.6% for titanohematite and

16.5% for sphene. For ilmenite, reflectivity is




AUL 19.1.2:
229.6 m

AUL 19.1.6:
230.7 m

AUL 19.2.2:
231.6m

AUL 19.2.6:
235.5 m
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17.2-17.6%, 15.2-17.0%, 21.2-25.4%, 19.6%-18.3%.
Temperature ig 165°C (A).

Deuteric oxidation in titanomagnetite class 3 and 4.
Separate elongated'grains of ilmenite in deuteric
oxidation state, class 2 and 3. Medium hydrothermal
alteration. ' Temperature is 165°C (3).

Class 5 and 6 deuteric oxidation in titanomagnetite
and ilmenite. Both titanomagnetite and ilmenite

are hydrothermally altered to granulation and sphene.
Medium~high hydrothermal alteration. Reflectivity.
of titanomagnetite alteration is 20.4% and for il-
menite alteration is 20.8-19.0%, 22.4-24.0%, and
21.3-20.7%. Temperature is 155°C (A).

Anhedral medium titanomagnetite grains altered to
granulation texture with yellow, blue and orange
colors. Ilmenite grains are elongated and altered

to granulation texture. Medium hydrothermal altera-
tion. Temperature is 160 °C (A).

Medium titanomagnetite grains altered to whitish blue
titanomaghemite and some titanohematite. Some of

the grains contain granulation. Ilmenite with.pseudo
rutile are fairly present. However, some dgranulation
after titanohematite is also present in ilmenite.
Medium hydrothermal alteration. Reflectivity of
titanomagnetite alteration is 22.4%, titanohematite

23,3-27.1%, granulation 20.6%. TFor ilmenite, 18.2%,




AUL 20.1.1:
235.9 m

AUL 20.1.2:
236.2 m

AUL 20.3.4:
241.9 m

AUL 20.3.8:
247.8 m

AUL 22.1.2:
249.1 m

Ilse

23.2-25.0% and 20.8-19.0%. Temperature is 160°C (A).
Some unaltered grains.

Very highly altered titanomagnetite and ilmenite.
Black sphene after titanomagnetite and yellow

sphene after ilmenite are present. High hydro=-
thermal alteration. Some ilmenite grai;s‘remain
unaltered. Temperature is 168°C (H).

Subhedral medium grains of titanomagnetite. Very
highly altered to granulation texture. Ilmenite
also altered to granulation texture and some of the
ilmenite are unaltered. Medium~high hydrothermal
alteration. Temperature is 168°C (H).

Deuteric oxidation of titanomagnetite, c%ass 2. The
grains are medium to large. Separate ilmenite in
class 2. Both titanomagnetite and ilmenite are
hydrothermally altered. Low hydrothermal alteration.
Temperature is 76°C (I).

Medium anhedral grains of titanomagnetite oxidized
to whitish blue titanomaghemite. Separate elongated
unaltered ilmenite. Low hydrothermal alteration.
Temperature is 42°C (I).

Medium subhedral to anhedral titanomagnetite oxidized
to titanomaghemite. Ilmenite contains, ilmenite
type {(2) and pseudorutile. Low hydrothermal altera-
tion. Reflectivity is 16.7% for titanomagnetite and

14.9-16.7% for ilmenite. Temperature is 42°C (I).




AUL 22.1.7:
251.1 m

AUL 22.2.2:
251.3 m

AUL 22.2.7:
256.3 m

AUL 24.1.1:
257.4 m

AUL 24.1.9:

26l.1 m

AUL 25.5.4:
263.4 m

I20

Small grains of titanomagnetite altered to titano—'
hematite and granulation texture. Overgrowth of
hematite. Occasional ilmenite. Medium hydrothermal
alteration. Temperature is 160°C (H).

Medium to large (25-60 U) subhedral grains of
titanomagnetite. Elongated and equigranular il-
menite. Low hydrothermal alteration. Temperature
is 18°C (I).

Medium to large grains light brown color of titano-
magnetite altered to titanomagﬁemite. Elongated
separate ilmenite. Low hydrothermal alteration.
Temperature is 18°C (I).

Deuteric oxidation in titanomagnetite class 4, 5

and 6. Ilmenite in class 3 and 4 deuteric oxidation.
Medium hydrothermal alteration. Some of the grains
are in class 1 unaltered. Reflectivity of the un-
altered grains is i6.7%. Temperature is 155°C,
Deuteric oxidation in titanomagnetite and ilmenite.
Class 3, 4 and 5. Medium hydrothermal alteration.
Temperature is 160°C (H).

Deuteric oxidation in titanomagnetite, class 4.
Ilmenite class 5 and 6 deuteric oxidation, Both
titanomagnetite and ilmenite are in high hydrothermal
alteration state, forming sphene and granulation

texture. Temperature is 162°C (H).
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AUL 25.5.6: Medium titanomagnetite grains (20~40 U). Very high
265.9 m
hydrothermally altered. Ilmenite altered to sphene.
High hydrothermal alteration. Temperature is 170°C (g).
AUL 25.6.7: Medium to large titanomagnetite grains. Cation
266.1 m
: deficient texture with cracks. Ilmenite altered to
pseudorutile. Low-medium hydrothermal alteration.
Reflectivity of titanomagnetite is 16.7% and 16.8-~
17.2% for ilmenite. Temperature is 42°C (I).
AUL 26.6.3: Few medium titanomagnetite grains. Granulation
270.9 m .
texture with orange, vellow and red color. Medium-
high hydrothermal alteration. Temperature is 170°C.
AUL 30.4.2: Few large grains titanomagnetite in high deuteric
291.1m
oxidation state {(class 5 and 6). Occasional 1l~
menite class 6. Both titanomagnetite and ilmenite
are hydrothermally altered to sphene. Temperature
is 175°C (H).
AUL 30.4.6: Few grains of titanomagnetite in class 6 deuteric
291.1lm
oxidation starts to form sphene. Medium-high hydro-
thermal alteration. Few pyrrhotite., Temperature
is 175°c (H).
AUL 31.1.2: Small grains of titanomagnetite class 6 deuteric
292.3 m
oxidation. Ilmenite in class 6 deuteric oxidation.
Both titanomagnetite and ilmenite are in high

hydrothermal alteration state. Reflectivity of

titanomagnetite alteration is 15.4-16.3% and 21.4~-




AUL 31.1.6:
296.2 m

AUL 31.1.11:
316.5 m

AUL 31.1.16:

316.7 m

AUL 36.1.8:
317.4 m

AUL 38.3.7:
332.1 m

AUL 39.2.2:
332,88 m

I22

23.5% for titanohematite. For ilmenite, reflec-
tivity is 15.3~16.9%, 17.3-17.4%, 17.3-17.7%,
15.2-17.0%, 21.5-25,6%, 20.3-18.9%. Temperature is
175°¢c (H).

Few grains of titanomagnetite (10-~-20 U dimension).
All in class 6 deuteric oxidation. Medium-high
hydrothermél alteration. Reflectivity of ilmenite
alteration, 15.4-16.2%, 22.0-25.6% and 19.7~18.2%.
Temperature is 175°C (H).

High hydrothermal alteration. Dark brown to black
gphene. Temperature is 185°C (H) .-

Few grains, small and in class 5 and 6 titanomagne-
tite deuteric'oxidation. Very high hydrothermal
alteration. Temperature is 185°C (H).

Few large titanomagnetite grains in class 4 deuteric
oxidation. Medium~high hydrothermal alteration.
Temperature is 160°C (A).

Medium grains titanomagnetite, class 4 and 6 deuteric
oxidation. Elongated separate class 4 and 5 ilmenite.
Medium-high hydrothermal alteration. Temperature

is 165°C (a).

Small grains of titanomagnetite in deuteric oxida-
tion state (class 4 and 6). Most of the grains con-
tain granulation and sphene. Medium~high hydro-

thermal alteration. Temperature is 168°C (A).




AUL 39.2.7:
334.3 m

AUL 40.1.1:
337.5 m

AUL 40.1.2:
337.9 m

AUL 40.2.2:
338.9 m

AUL 40.2.7:
339.4 m

AUL 41.1.2:
341.4 m

I23

Small grains titanomagnetite (5-15 | dimension).
Medium hydrothermal alteration. Reflectivity is
22.2% for ilmenite alteration, reflectivity is
20.3~18.9% and 22.1-23.8%. Temperature is 138°C (I).
Few small grains of titanomagnetite in class 4
deuteric oxidation. Low;medium hydrothermal al-~
teration. Temperature is 80°C (I).

Medium to large grains of titanomagnetite in
deuteric oxidation class 4, 5 and 6. Separate
ilmenite in class 5 and 6. Both titanomagnetite

and ilmenite are hydrothermally altered to sphene
and titanohematite., Medium~high hydrothermal
alteration. Temperature is 138°C (I}.
Titanomagnetite anhedral to subhedral grains (5-

15 i dimension), altered to microcrystalline
granulation phase with yellow, blue, orange and

red colors. Medium~high hydrothermal alteration.
Temperature is 160°C (A).

Small-medium grains of titanomagnetite (10-25 U
dimension) in deuteric oxidation state, class 4 and 6.
The grains are altered to sphene aﬁd‘granulation
texture. Medium hydrothermal alteration. Temperature
is 165°C (A).

Elongated and tubular titanomagnetite and ilmenite

up to 70 i, in deuteric oxidation state class 5




AUL 41.1.7:
342.1m

AUL 41.3.1:
346.2 m

AUL 41.3.2:
346.3 m

AUL 42.2.4:

348.,.3 m

AUL 42.2.7:
351.6m
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and 6. The grains are hydrothermally altered to
sphene and granulation texture. Medium-high
hydrothermal alteration. Red stain in the silicates.
Temperature is 178°C (Aa).

Deuteric oxidation class 5 and 6 titanomagnetite and
ilmenite. Medium to large subhedral to anhedral
grains (30-70 U dimension) altered sphene and
granulation texture. High hydrothermal alteration.
Red stain in the silicates. Some grains unaltered
of ilmenite (92°C). Temperature (observed) 168°C (Aa).
Reflectivity of ilmenite is 17.9-~18.1%.

Elongated grains titanomagnetite up to 50 U dimen~
sion. High hydrothermai alteration. Red stain in
the silicates. Temperature is 160°C (I).

Elongated grains of titanomagnetite and ilmenite
(25-60 1 dimension}. High hydrothermal alteration.
Red stain in the silicates. Temperature is 160°C (I).
Class 4 and 5 deuteric oxidation in titanomagnetite
and ilmenite. The grains are medium (15-~30 U di-
mension) and granulation after titanohematite is
detected. Medium~high hydrothermal alteration. Red
stain in the silicates. Temperature is 160°C (I).
Medium titanomagnetite grains, class 4, 5 and 6
deuteric oxidation., Titanomagnetite altered to
titanohematite and granulation texture. Medium

hydrothermal alteration. Temperature is 160°C (I).




AUL 45.1.2:
366.5 m

AUL 45.1.7:
367.1m

AUL 46.2.7:
370.8 m

AUL 49.1.1:
382.9m

I25

Small to medium grains of titanomagnetite (10-30 U
dimension). Hydrothermally altered to sphene and
granulation texture. Medium hydrothermal altera-
tion. Reflectivity is 20.2~22.6% and 19.5%

(class 4). Temperature is 160°C (I).

Medium to large grains subhedral titanomagnetite

in granulation texture state. Anhedral ilmenite
also with granulation texture. Medium hydrothermal
alteration. Reflectivity is 20.7% for granulation.
Temperature is 160°C (I).

Medium grains titanomagnetite and separate elongated
ilmenite, both in high deuteric oxidation state,
class 4, 5 and 6. The grains of titanomagnetite
and ilmenite are altered to sphene and rutile.
Medium hydrothermal alteration. Reflectivity of
titanomagnetite alteration is 15.2-~16.0% and 21.2-
23.0%. Temperature is 160°C (I).

Anhedral medium to large grains titanomagne%ite and
ilmenite (35-60 U dimension). Titanchematite,
rutile and sphene occur as secondary alteration
pﬁases‘ Medium~high hydrothermal alteration. Red
stain around the opague phases and in the silicates.
Reflectivity of titanomagnetite alteration is,

15.1-16.2%, 22.9-26.1% and 19.6~18.1%. Temperature

ig 180°C (a).




AUL 49.1.2:
383.1lm

AUL 49,3.1:
385.6 m

AUL 49.3.6:
387.6

AUL 50.1.7:
388.0m

AUL 51.2.1:
396.3 m

AUL 51.2.8:
397.9 m
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Medium to large grains titanomagnetite and ilmenite,
up to 60 U dimension. Both are altered to sphene,
rutile and granulation texture. High hydrothermal
alteration. Red stain in the silicates. Tempera-
ture is 160°C (A).

Few grains small to medium titanomagnetite (15-

25 ). Occasional ilmenite. Low-medium hydrothermal
alteration. Reflectivity is 22.9%. Temperature is
85°C. Reflectivity of ilmenite is 16.1-16.8%.

Class 3 and 4 deuteric oxidation titanomagnetite and
ilmenite. The grains are medium (20-40 U) and
altered to granulation texture and sphene. Medium
hydrothermal alteration. Temperature is 155°C (A).
Medium to large grains of titanomagnetite and il-
menite. Medium hydrothermal alteration. Temperature
is 150°C (H).

Medium to large grains of titanomagnetite. Occasional
ilmenite. Granulation starts in titanohematite.
Medium hydrothermal alteration. Some unaltered
titanomagnetite fine to medium grains with reflec-
tivity of 16.1%. Temperature is 122°C (I).

Small to medium grains of titanomagnetite and ilmenite
in the size range of 10-35 . Low hydrothermal al-
teration. Reflectivity of ilmenite is 17.2-17.3%.

Temperature is 72°C (I).




AUL 52.4.5:
402.7 m

AUL 52.4.8:
403.3 m

AUL 54.1.4:
411.1 m

AUL 54.1.5:

413.6 m

AUL 54.1.9:
413.9

AUL 55.1.3:
415.6 m
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Small to medium grains of titanomagnetite class 2~5
deuteric oxidation. Few ilmenites. Granulation
texture and sphene. Medium~-high hydrothermal al-
teration. Temperature is 160°C (A). Reflectivity of
class 4 is 20.1~22.5%.

Deuteric oxidation class 4, 5, 6 in large grains
titanomagnetite and ilmenite. Both are altered to
sphene, titanohematite and granulation texture.
Medium hydrothermal alteration. Temperature is
160°C (A).

Medium to large grains of titanomagnetite. Low
state of deuteric oxidation, class 2 and 3. Some
granulation. Low-medium hydrothermal alteration.
Reflectivity of titanomaghemite is 19.0%. Tem-
perature is 150°C (I).

Medium to large titanomagnetite grains in low state
of deuteric oxidation class 2 and 3. Low hydro-
thermal alteration. Temperature is 42°C (H).

Medium to large titanomagnetite grains in low state
deuteric oxidation class 2 and 3. Few ilmenite.
Titanomaghemite replacing titanomagnetite. Low
hydrothermal alteration. Temperature is 42°C (H).
Deuteric 6xidation class 4, 5 and 6 titanomagnetite.
Ilmenite, class 6 deuteric oxidation. Both ilmenite

and titanomagnetite are small to medium grains with




AUL 55.1.6:
415.3 m

AUL 55.1.9:
418.8 m

AUL 55.1.10:
424,1m

AUL 57.1.3:
425.0 m

AUL 57.1.6:
428.6 m
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alteration to sphene and titanohematite. Medium
hydrothermal alteration. Temperature is 175°C (A).
Medium grains titanomagnetite and ilmenite altered
to sphene and granulation. Medium-high hydro-
thermal alteration. Red stain in silicates. Tem-
perature is 175°C (A).

Deuteric oxidation class 3 and 4 titancmagnetite.
Ilmeﬁite also contains class 2 deuteric oxidation.
Both ilmenite and titanomagnetite altered to titano-
maghemite. Low to medium hydrothermal alteration.
Temperature is 27°C (I).

Deuteric oxidation class 5 and 6 medium grains
titanomagnetite, hydrothermally altered to orange,
yellow sphene and titanchematite. Medium hydro-
thermal alteration. Temperature is 122°C (I).
Medium to large grains (30-70 U dimension) titano-
magnetite and ilmenite clgss 5 énd 6. Both are
hydrothermally altered to titanomaghemite and
pseudorutile and titanohematite with some granula-
tion. Medium hydrothermal alteration. Temperature
is 122°C (I).

Deuteric oxidation of titanomagnetite and ilmenite
¢lass 6. Granulation textﬁre and some titanomag-

hemite. Medium hydrothermal alteration. Temperature

is l22°C (I).




AUL 61.3.4:
448.8 m

AUL 61.3.8¢
450.7 m

AUL 62.2.3:

453.9 m

AUL 66.4.3:
475.2 m

AUL 66.4.7:
476.1 m

I2s

Deuteric oxidation of titanomagnetite and ilmenite
class 4, 5 and 6. Granulation texture in both
phases. The grains are large. Medium hydrothermal
alteration. Temperature is 160°C (A).

Large grains deuteric oxidation titanomagnetite,
class 2 and 3. Occasional ilmenite. Low hydro-
thermal alteration. Temperature ig 40°C (I).

Medium grains titanomagnetite hydrothermally altered
to titanomaghemite phase. Separate elongated il-
menite altered to titanohematite and rutile. Low to
mediuﬁ hydrothermal alteration. Temperature is

97°C (I).

Fine to medium (5~20 U dimension) deuteric oxida~
tion class 6 titanomagnetite, Tiﬁanehematite, sphene
and granulation are secondary phases replacing
titanomagnetite. Medium hydrothermal alteration.
Reflectivity of ilmenite is 22.6~26.3% and 19.8-
18.5%. Temperature is 160°C (A).

Medium to large (35-65 U size range) titanomagnetite
altered to titanomaghemite. The grains are sub-
hedral. Anhedral ilmenite, separate and elongated
(25-40 u) altered to titanohematite and rutile.
Low-medium hydrothermal alteration. Temperature is

40°C(1). Reflectivity of ilmenite is 19.6%,




AUL 68.1.3:
481.1.3 m

AUL 68.1.7:
485.9 m

AUL 69.7.3:
490.7 m

AUL 69.7.6:
491.2 m

AUL 71.3.7:
498.6 m

AUL 73.2.2:
508.2 m
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Medium grains titanomagnetite, class 2 deuteric
oxidation. Occasional ilmenite. Medium to low
hydrothermal alteration. Reflectivity is 22.7%.
Temperature is 90°C (I).

Medium to large titanomagnetite and ilmenite
grains. Class 3 and 4 deuteric oxidétion. Medium
hydrothermal alteration. Temperature is 160°C (A).
Large grains titanomagnetite class 4, 5 and 6,
hydrothermally altered to titanomaghemite, titano-
hematite and granulation texture. Occasional il-~
menite. Medium~high hydrothermal alteration.
Reflectivity of some unaltered titanomagnetite
15.1%.

Class 4, 5 and 6 deﬁteric oxidation of titanomag-
netite. Medium grains (15~35 U dimension). Oc~
casional ilmenite class 3 and 4. Medium hydrothermal
alteration; Reflectivity of ilmenite alteration is
18.6-18.8%. Temperature is 98°C (I}.

Small-medium (10-30 U dimension} titanomagnetite and
ilmenite. Medium-low hydrothermal alteration. The
grains are cracked. Reflectivity of ilmenite al=-
teration is 17.8-18.0%. Temperature is 98°C (I).
Small grains titancomagnetite (5-15 U} altered to
sphene and titanohematite as well as granulation
texture. Occastional ilmenite. Red stain in the
gilicates. High hydrothermal alteration. Tempera-

ture is 180°C (a).




AUL 73.2.8:
511.6m

AUL 74.2.3:
514.9 m

AUL 74.2.8:
516.8 m

AUL 75.4.3:
520.9 m

e
.

AUL 75.4.7:
521.3 m
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Titanomagnetite altered to yellow transparent sphene.
Granulation texture occur. Occasional large grains
of titancomagnetite contain titanomaghemite. Few
grains of altered ilmenite. Most of the grains are
small and in low to medium hydrothermal alteration
state. Red stain in silicates. Reflectivity of
ilmenite alteration is 18.1-18.3%. Temperature is
9g8°C (I1).

Class 4 and 5 deuteric oxidation in small-medium
grains titanomagnetite and ilmenite. Both are
hydrothermally altered to granulation texture.
Medium-high hydrothermal alteration. Temperature
is 148°C (I).

Small~medium very high hydrothermal alteration
titanomagnetite and ilmenite. Granulation texture
and sphene. Red stain in silicates. High hydro~
thermal alteration. Temperature is 168°C (I).
Medium to large grains titanomagnetite and ilmenite.
Cracks and granulation texture. Granulation starts
in titanchematite. Medium hydrothermal alteration.
Temperature is 148°C (I).

Cation deficient titanomagnetite and ilmenite.
Medium grains (15~30 y dimension). Low hydrothermal
alteration., Reflectivity of titanomagnetite al-

teration is 21.9%. Temperatures is 98°C (I).




AUL 77.4.6:
534.1m

AUL 78.1.2:
536.8 m

AUL 78.1.5:
541.2 m

¥

AUL 79.1.1:
541.3 m

AUL 79.1.2:
541.3 m

I32

Deuteric oxidation in small grains titanomagnetite
and ilmenite (5-20 U dimension). The grains are

in class 5 and 6. Occasional large grains. Hydro-
thermal solution altered ilmenite to rutile, titano-
hematite and sphene. Pseudobrookite in class 6
titanomagnetite altered to sphene. Low-medium
hydrothermal alteration. Some spinels with reflec-
tivity of 16.5%. Temperature is 160°C (A).

Deuteric oxidation in titanomagnetite and ilmenite.
Class 4 and 6. Grains are small. Some alteration
to titanomaghemite and pseudorutile. Low hydro-
thermal alteration. Reflectivity of class 5 titano-
magnetite is 21.4%, 22.8-25.2% and 18.2-19.4%.
Temperature is 98°C (I).

Medium to large grains titanomagnetite and ilmenite,
Ilmenite contents in this section are exceptionally
high. Titanochematite phase is present. Medium
hydrothermal alteration. Red stain in the silicates
arouna the opaque phases. Reflectivity of ilmenite
alteration is 18.1-18.3%. Temperature is 98°C (I).
Deuteric oxidation in titanomagnetite and ilmenite,
class 4 and 5., Medium hydrothermal alteration.

The grains are small to medium (10-30 Y dimension).

Temperature is 100°C (I).

Deuteric oxidation in titanomagnetite class 4 and 5.

The grains are medium in their size (20-35 u). Il-




AUL 82.1.4:
562.4 m

AUL 82.1.8:
563.8 m

AUL 83.2.4:
569.9 m

AUL 83.2.7:

574.8 m

AUL 84.2.5:
578.8 m
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menite, class 3 and 5 deuteric oxidation and occur

as separate elongated grains. Both ilmenite and
titanomagnetite are hydrothermally altered to
titanohematite, rutile and granulation phase.

Medium hydrothermal alteration. Temperature is 100°C (I).
Deuteric oxidation in titanomagnetite class 3, 4,

and 6. Occasional ilmenite. Both are hydrothermally
altered to titanchematite, rutile and sphene.

Medium hydrothermal alteration. Temperature ig 145°C (I).
Medium grains deuteric oxidation class 4 and 5
titanomagnetite. Fair amount of separate elongated
ilmenite. Both ilmenite and titanomagnetite are hydro-
thermally altered. Low-medium hydrothermal altera-
tion. Reflectivity of titanomagnetite is 16.0%

and 14,6~16.2%, Temperature is 105°C (I).

Medium grains titanomagnetite and ilmenite. Low
hydrothermal alteration. Reflectivity of ilmenite
alterétion is 18.0-18.2%. Temperature is 105°C,

Medium grains titanomagnetite and ilmenite. The

grains are cracked and granulated. Ilmenite shows
little alteration. Low to medium hydrothermal al-
teration. Reflectivity of ilmenite alteration is
17.8-18.1%. Temperature is 105°C (I).

Deuteric oxidation class 4 and 5 titanomagnetite

and ilmenite. The grains are small and hydrotherm-
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ally altered to granulation phases. Medium hydro-
thermal alteration. Temperature is 145°C (I).
AUL 84.2.8: Small to medium grains of titanomagnetite and
581L.2 m
ilmenite. Class 4 and 5 deuteric oxidation. Both
phases are hydrothermally altered to sphene and
titanchematite. High hydrothermal alteration.
Temperature is 180°C (A).
AUL 85.1.3: Deuteric oxidation class 4, 5 and 6 titanomagnetite,
583.5 m
Separate ilmenite class 6 deuteric oxidation. Both
phases occur in medium size and hydrothermally
altered to titanohematite and sphene. Medium hydro-
thermal alteration. Temperature is 165°C (A).
AUL 85.1.6: Medium to large grains titanomagnetite and ilmenite
587.7 m
altered to titanomaghemite and pseudorutile. Some
cation deficiency. Low hydrothermal alteration.
Temperature is 42°C (I).
AUL 87.2.5: Small grains titanomagnetite and ilmenite, class
597.2 m
4 and 6, Both are hydrothermally altered to sphene,
rutile and titanohematite. High hydrothermal
alteration. Temperature is 178°C (a4).
AUL 87.2.6: Deuteric oxidation in medium grains titanomagnetite.
598.3 m
Class 4, 5 and 6. Separate ilmenite. The phases

are hydrothermally altered to granulation phases.

High hydrothermal alteration. Temperature is 185°C (A).




AUL 88.2.3:
604.5 m

AUL 89.1.5:
607.6 m

AUL 89.1.7:
611.0m

AUL 89.2.4:
612.3 m

~ AUL 89.2.6:
612.3 m

AUL 20.1.4:
618.3 m
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Small-medium grains of titanomagnetite altered to
titanomaghemite and titanohematite. Medium hydro-
thermal alteration. Temperature is 105°C (I).
Medium grains titanomagnetite (25-35 U dimension),
altered ko titanomaghemite and titanochematite.
Occasional ilmenite. Medium hydrothermal alteration.
Reflectivity of ilmenite alteration is 19.3% and
20.1% for titanomagnetite. Temperature is 168°C (A).
Deuteric oxidation of titanomagnetite and ilmenite.
Class 4 and 5. The grains are medium and hydro-
thermally altered to titanchematite, sphene and
rutile. Medium-hiéh hydrothermal alteration. Re~
flectivity of titanomagnetite class 3 is 16.9%.
Temperature is 168°C (A).

Medium~large grains titanomagnetite (30-60 y dimen=-
sion), altered to titanochematite and granulation
phase. Occasional altered ilmenite. Medium~high
hydrothermal alteration. Temperature is 165°C.
Medium grains titanomagnetite show granulation
texture with cracks. Occasional altered ilmenite.
Medium-high hydrothermal alteration. Temperature
is lé8°C (a).

Deuteric oxidation of titanomagnetite and ilmenite,
class 3 and 4. Small-medium grains (10~35 y).

Occasional large grains of titanomagnetite. Medium




AUL 90.1.8:
618.3 m

AUL 92.1.1:
626.9 m

AUL 92.1.2:
626.9 m

AUL 93.1.4:

635.3 m

AUL 93.1.8:
638.9 m

. AUL 94.1.3:
641.0m
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ﬁydrothermal alteration., Reflectivity of ilmenite
alteration is 20.0%. Temperature is 175°C (a).
Large grains titanomagnetite in the 40-70 U size
range. Deuteric oxidation class 3 and 4. Fair
amount of separate ilmenite in class 2, 4 deuteric
oxidation. Medium hydrothermal alteration. Tem-
perature is 175°C (A).

Medium grains titanomagnetite altered to titano-
hematite. Few ilmenite grains altered to titano-
hematite and rutile. Medium hydrothermal alteratidn.
Tempexatu¥e is 168°C (a).

Few grains of titanomagnetite and ilmenite. They
are hydrothermally granulated. The grains are
small-medium. Medium hydrothermal alteration. Re-~
flectivity of titanomagnetite alteration is 23.6-
27.7%. Temperature is 168°C (A).

Medium-large grains titanomagnetite altered to
granulation texture. Occasional ilmenite. Medium
hydrothermal alteration. Temperaturxe is 165°C,

Thé grains are in very high state of hydrothermal
alteration. Difficult to identify them. High
hydrothermal alteration. Temperature is 200°C (A).
Medium to large grains subhedral to anhedral titano-
mégnetite. Seéarate elongated ilmenite. Both show
granulation phases. Medium to high hydrothermal
alteration. Reflectivity of ilmenite alteration

is 20.2%. Temperature is 175°C (A).




AUL 24.1.8:
644.1l m

AUL 95.2.3:
648.3 m

AUL 95.2.8:
650.5 m

AUL 96.1.3:
651.1m

AUL 96.1.6:
655.5 m

AUL 97.5.2:
660.6 m
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Medium to large titanomagnetite and ilmenite. Both
are hydrothermally granulated. Medium~high hydro-
thérmal alteration. Some red stain in the silicates.
Temperature is 188°C ().

Medium grains titanomagnetite altered to titano-
maghemite and titanohematite. Medium to high hydro-
thermal alteration. Few ilmenite. Temperature is
175°C (7).

Medium grains titanomagnetite hydrothermally altered
+o granulation phase. Fair amount of ilmenite witﬂ
granulation phase and sphene. Medium~high hydro-
thermal alteration. Temperature is 188°C {a).

Medium to large grains of titanomagnetite and il-
menite in deuteric oxidation state, class 5 and 6.
Both phases are hydrothermally altered to granulation
and sphene. High hydrothermal alteration. Red stain
in the silicates. Reflectivity of titanomagnetite
(class 4). Temperature is 190°C (A).

Medium to large grains of titanomagnetite and il-

menite in medium-high hydrothermal alteration state.

.« Red stain in the silicates. Reflectiviﬁy of titano-

magnetite alteration is 23.3~27.2%. Temperature is
145°c (I).
Deuteric oxidation, titanomagnetite and ilmenite

clags 4 and 5. The grains are medium and all hydro-




AUL 98.2.4:
665.3 m

AUL 98.2.6:
665.3 m

AUG 98.5.1:
665.3 m

AUS 98.5.7:

665.8 m

AUL 99.1.1:
665.9 m
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thermally altered to granulation phases and sphene.
Medium-high hydrothermal alteration. Temperature

ig 178°C (A).

Titanomagnetite and ilmenite in deuteric oxidation
state class‘4 and 6. The grains are large and
partly or wholly altered to sphene and titano-
hematite. Red to yellow stain in thé silicates
around the opaque phases; Hydrothermal alterétion,
high in this section. Reflectivity of titanomag-
netite alteration (class 3) is 18.0% and 15.2-17.0%.
Temperature is 180°C (A).

Large grains titaﬁomagnetité and occasional ilmenite.
Both in high hydrothermal alteration state. Tem~
perature is 178°C. Reflectivity of ilmenite al~
teration state. Temperature is 178°C (A). Reflectivity
of ilmenite alteration is 19.2%.

Small-medium grains titanomagnetite. No ilmenite,.
Low~-medium hydrothermal alteration. Temperature is
105°C (1).

Small~large grains titanomagnetite. No ilmenite.
High hydrothermal alteration. Temperature is 175°C,.
Small-large grains of titanomagnetite. Occasional
ilmenite., Hydrothermally altered grains to granula-
tion phases. Medium hydrothermal alteration. Tem~

perature is 168°C (I).




AUL 99.1.6:
668.1m

AUL 99.2.3:
671.2 m

AUL 99.2.7:

671.8 m

AUL 100.1.2:

674.5 m

AUL 100.1.5:
676.5 m

AUL 102.1.7:
681L.9 m
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Large grains titanomagnetite, altered to titano-
hematite and sphene. Medium grains of ilmenite
altered to titanchematite, rutile and sphene.

High hydrothermal alteration. Red stain in
silicates, Reflectivity of ilmenite alteration is
20.7%. Temperature is 170°C (I).

Small~large grains titanomagnetite. Fairly abun-
dant, medium grains ilmenite. The grains are
partly altered to titanomaghemite, titanohematite,
and pseudorutile. Low-medium hydrothermal altera—
tion. Temperature is 76°C (I).

Small-large grains titanomagnetite (5-60 |1 diwen-
sion). Few ilmenites, medium grains. Low-medium
hydrothermal alteration. Temperature is 76°C (I).
Deuteric oxidation in titanomagnetite, Class 3
and 4. Medium grainsg of ilmenite in class 3 and

4 deuteric oxidation. Titanohematite, rutile and
sphene are abundant as secondary phases. High
hydrothermal alteration. Temperature is 175°C (aA).
Small-large grains of titanomagnetite and ilmenite
in high deuteric oxidation state, class 3 and 4.
Both show granulation texture and sphene. High
hydrothermal alteration. Temperature is 188°C (A).
Medium to large grains of titanomagnetite. Oc~
casional ilmenite. High granulation phase dis-

tribution with cracks. Some red stain in silicates.




AUL 102.1.3:
681.29 m

AUL 103.2.4:
692.2 m

AUL 103.2.7:
698.8 m

AUL 105.3.3:
700.7 m
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Medium hydrothermal alterafion. Temperature is
168°¢C (I).

Anhedral medium to large grains titanomagnetite
(25-65 dimension). Occasional ilmenite. All
grains are in high granulation state. However,

some grains are just altered to titanomaghemite,
Medium hydrothermal alteration. Temperature is
105°C (I).

Small-medium grains of titanomagnetite. Few il~
menite, Some of the grains are in high granulation
state texture. Some of the grains are altered to
black sphene. Medium-high hydrothermal alteration.
Reflectivity of titanomagnetite alteration is
23.0~27.1%. Temperature is 145°C (I).

Anhedral medium grains of titanomagnetite. Medium
elongated grains of ilmenite. Granulation phase,
titanohematite and sphene. Red~yellow stain around
the opaque phases and in the silicates. Medium-high
hydrothermal alteration. Reflectivity of ilmenite
alteration is 20.0~18.7%, 23.0-24.6%, and 21.0-18.6%.
Temperature is 105°C (I).

Small-large grains of titanomagnetite. Separate
ilmenite grains. The grains are altered to granula~
tion state, titanohematite and sphene. Medium~high

hydrothermal alteration. Temperature is 105°C (I).




AUL 105.3.6:
700.7 m

AUL 108.1.3:
726.2 m

AUL 108.1.6:
732.7 m

AUS 110.1.2:
734.6 m

AUS 111.2.4:
739.9 m

AUS 111.2.8:
744.2 m

I41

Anhedral granulatéd titanomagnetite and ilmenite.
Secondary titanchematite and sphene are also
present. Medium-high hydrothermal alteration.
Reflectivity of ilmenite alteration is 20.0~-18.6%,
23.4-25.3%, and 21.1-20,9%. Temperature is 120°C (I).
Anhedral grains of titanomagnetite in granulation
texture state. Separate elongated ilmenite altered
to granulation texture, titanchematite, rutile

and sphene. Red stain in the silicates. High
hydrothermal alteration. Temperature is 180°C (A).
Deuteric oxidation as weil as hydrothermal altera-
tion in titanomagnetite and ilmenite. Titanomag~
netite is anhedral and medium in size (20-35 ).
Ilmenite is separate elongated grain up to 40 u
dimension., Red stain in the silicates. High
hydrothermal alteration. Temperature is 182°C (A).
Medium grains of titanomagnetite in granulation
texture state. Medium~high hydrothermal alteration.
No ilmenite. Temperature is 165°C (I).

Pew grains medium titanomagnetite in high hydro-
thermal alteration state. No ilmenite, Temperature
is 155°C (A).

Small~large grains titanomagnetite. Some deuteric .
oxidation class 4 in the large grains. Medium
hydrothermal alteration, titanohematite and rutile.

No ilmenite. Temperature is 120°C (I).




AUL 112.1.4:
745.5 m

AUL 113.1.1:
753.1m

AUL 113.1.8:
757.1l m

AUL 114.1.3:
758.0m

AUL 1l6.1.6:
770.2 m

AUL 116.1.7:
776.4 m
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Medium to large grains titanomagnetite, anhedral-
subhedral forms. Occasional ilmenite. Medium-

high hydrothermal alteration. Temperature is 168°C (I).
Medium to large grains titanomagnetite and

separate ilmenite, all‘in medium~high hydrothermal
alteration state. Temperature is 175°C (4).

Deuteric oxidation titanomagnetite and ilmenite.
Titanomagnetite is in class 3 and 4 and in medium
grains.‘ Ilmenite, is anhedral up to 25 and in
class 2 and 3. Low hydrothermal alteration. Re~
flectivity of titanomagnetite class 5 is 21.8%,
22.4~25.0%, and 18.8-20.1%. Temperature is 72°C (I).
Mpdium’to large grains titanomagnetite in deuteric
oxidation state, class 4 and 5. Ilmenite, separate
and elongated grain. Titanomaghemite and pseudo-
rutile. Low hydrothermal alteration. Temperature
is 72°C (1).

Most of tiéanomagnetite grains are small. Occasional
large grains. Few ilmenites. All the grains are

in deuteric oxidation-state, class 3 and 4. Low
hydrothermal alteration, some medium hydrothermal
alteration. Temperature is 72°C (I).

lLarge grains titanomagnetite up to 70 U dimension
occasional ilmenite. Some replacement of titano-
magnetite to titanomaghemite and ilmenite to il-

menite type (2). ILow hydrothermal alteration.




AUL 118.1.1:
785.3 m

AUL 118.1.2:
785.3 m

AUL 120.1.4:
799.8 m

AUL 122.3.1:
81l1.9 m

AUL 122,3.2:
8l13.2 m

AUL 124.1.8:
825.8
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Some higﬁ hydréthermal alteration. Reflectivity

of titanomagnetite alteration is 22.6%. Temperature
ig 72°C {I).

Small grains of titanomagnetite and occasional large
grains. Few ilmenite. All the grains are in high
hydrothermal alteration. Temperature is 178°C (A).
Mostly small grains titanomagnetite. Occasional
phenocrysts. Very few ilmenite grains. The grains
all in high hydrothermal alteration state. Tem~
perature is 178°C (A).

Small-medium grains titanomagnetite in the range

of 5-25 J. Occasional ilmenite. High hydrothermal
alteration. Temperature is 190°C (A).

Medium grains of titanomagnetite. Occasional
ilmenite. The grains are in high granulation

sfate. Medium~high hydrothermal alteration. Tem~
perature is 168°C (A).

Large and skeletal grains of titanomagnetite up to
80 U size dimension. Ilmenite also in large grains
(60~-80 ). Medium to low hydrothermal alteration.
Temperature is 75:C (I). Reflectivity of skeletal
titanomagnetite is 16.4%.

Two generations of titanomagnetite. Small to medium
size (15-25 y) and large type (60-80 U). Ilmenite

in large grains, elongated form up to 60 U, Medium




AUL 129.2.1:
856.8 m

AUL 129.2.2:
858.6 m

AUL 131.1.1:
867.3 m

AUL 131.1.8:
877.5 m

AUL 134.1.4:
883.7 m
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hydrothermal alteration. Temperature is 72°C (I).
Reflectivity of ilmenite alteration is 17.0-17.2%.
Two generations of titanomagnetite, small-medium
generation and large type generation. Ilmenite
occurs in large grains. Medium hydrothermal
alteration. Reflectivity of ilmenite alteration is
18.1-18.4%, Temperature is 125°C (I).

Two generations of titanomagnetite, small type and
laxge type. Ilmenite occurs as elongated separate
grains. Medium hydrothermal alteration. Reflec-
tivity of ilmenite alteration is 18.1-18.3%.
Temperature is 168°C (A).

Skeletal and small-medium titanomagnetite. Ilmenite,
medium elongated grains. Low-medium hydrothermal
alteration. Reflectivity of titanomagnetite altera-
tion is 22.0%. Temperature is 72°C (I).
Anhedral-skeletal titanomagnetite. Some of the
grains are large. Lepidocrosite occasionally.
Ilmenite as separate elongated grains. Medium
hydrothermal alteration. Temperature is 125°C (I).
Anhedral—ékeletal grains of titanomagnetite in class
4 deuteric oxidation. Occasional ilmenite. Medium

to high hydrothermal alteration. Temperature is

125°C (1).




AUL 134.1.6:
884.3 m

AUL 135.1.3:
894.1 m

AUL 135.1.5:
898.5 m

AUL 136.1.5:
900.4

AUL 136.1.8:
900.4 m

AUL 137.1.3:
907.4 m

AUL 137.1.5:
911.5 m

AUL 138.1.2:
913.2 m
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Zarge skeletal titanomagnetite. Occasional ilmenite.
Low-medium hydrothermal alteration. Temperature

is 72°C (1).

Large and small skeletal titanomagnetite grains.
Occasiocnal large ilmenite grains. Medium hydrothermal
alteration. Reflectivity of ilmenite alteration is
18.0~18.2%. Temperature is 125°C (I).

Anhedral large grains of titanomagnetite. Fairly
good amount of ilmenite grains. Medium hydrothermal
alteration. Temperature is 125°C (I).

Anhedral, large grains of titagomagnetite and
elongated separate ilmenite, High hydrothermal
alteration. Temperature is 170°C (a).

Few very high alteration of opagque phases. Temper-
ature is 188°C (a).

Skeletal and anhedral grains of titanomagnetite.
Separate, elongated large ilmenite. Medium hydro~
thermal alteration. Reflectivity of ilmenite
alteration is 18.9-19.2%. Temperature is 125°C (I).
Skeletal grains of titanomagnetite. Ilmenite occurs
in large grains. Medium hydrothermal alteration.
Reflectivity of ilmenite alteration is 19.1-19.4%.
Temperature is 125°C (I).

Skeletal—medium grains of titanomagnetite. Some
spinels., Occasional ilmenite. Red stain in the
silicates. Medium hydrothermal alteration. Tem-

perature 1is 125°C (I).
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AUL 138.1.4: Skeletal titanomagnetite. Medium-large grains.
917.8 m
Fairly abundant ilmenite. Spinel occur. Low

hydrothermal alteration. Reflectivity of titano~
magnetite is 16.6%. Temperature is 18°C (I).
AUL 138.1.6: Skeletal-anhedral titanomagnetite. 8Slight altera-
917.8 m
tion to titanomaghemite. Few ilmenite. Low hydro-
thermal alteration. Temperature is 18°C (I).
AUL 138.1.10: Titanomagnetite in large elongated grains and
924.2 m
skeletal type. Occasional ilmenite. Low hydro-
thermal alteration. Reflectivity of titanomaqnetiﬁe
is 15.4%. Temperature is 18°C (I)
AUL 142.1.3: Few grains titanomagnetite. "High hydrothermal
939.7 m
alteration. Temperature is 185°C (A)..
AUL 142.1.6: Skeletal and anhedral titanomagnetite. Few ilmenites.

940 m
Low-medium hydrothermal alteration. Temperature is

72°C (I).
AUL 143.1.3: Small skeletal and large altered titanomagnetite.
947.3 m
Ilmenite, rare. Medium hydrothermal alteration.
Pyrrhotite occur. Temperature is 125°C (I).
AUL 143.1.8: Skeletal and large grains altered titanomagnetite.
950.2 m
Ilmenite rare. Growth of magnetite and hematite,
Medium hydrothermal alteration. Temperature is 125°C (I).
AUL 144.1.3: Skeletal, anhedral, fairly large grains of titano-
952.8 m

magnetite. Iimenite, rare. Medium hydrothermal

alteration. Temperature is 125°C (I).
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AUL 144,1.8: Large skeletal grains and anhedral of titanomag-
956.7 m '
netite and ilmenite. Medium hydrothermal alteration.
Reflectivity of ilmenite alteration is 21.2-19.0%,
22,6~24,1%, and 21.7-20.7%. Reflectivity of
titanomagnetite alteration is 22.0%. Temperature
is 158°C (A).
AUL 146,1.6: Large skeletal grains of tiéanomagnetite. Pairly
969.0 m
abundant ilmenite. Low-medium hydrothermal altera-
tion. Temperature is 78°C (I).
AUL 146.1.8: gkeletal titanomagnetite grains. Occasional il-
969.8 m

menite. Pyrite occurs as anhedral grain. Medium

hydrothermal alteration. Temperature is 125°C (I).

* Temperatures in this study are calculated as follows:

1. In the zones 600~700 m and 325~360 m, where close agreement exists
between in-~hole measured and isotopic calculated temperatures, the

average of both is always taken. This is referred to as T(A)°C.

2. When the difference between in-hole measured and maximum isotopic
calculated temperatures exceeds 20°C, either the isotopic temperature
or the theoretical stability data (Verhcogen, 1962) is used as a
guide. T{(H)°C is the in-hole measured temperature and T(I)°C is

the isotopic calculated temperature,




APPENDIX IT

Rock Magnetism and Paleomagnetism

e £
SAMPLE DEiTH CURI%CTEMP. Ka Qb NRMC J2OO/J0d Io Ig

AUL 1-1-1 56.7 532
AUL 2.1.3 76.2 200-391-572
AUL 2.1.5 99.1 232-580
AUG 3.1.2 147.9 403-556
AUG 5.1.1 155 ‘ 360~528
AUL 6.1.3 159.4 565
AUL 6.1.7 165 . 556
AUL 8.1.2 170.1 546 15.6 1.5 10.7 0.18 86.8 73.8
AUL 8.1.9 170.2 507 15.5 2.3 16.1 0.05 54.5 66.0
AUL 8.5.2 171.9 418-586 24.1 0.73 58.0 60.0
AUL 8.5.7 174.7 297-506~664 18.8 0.01 52.5 52.1
AUL 11.2.2 186.1 : 13.6 3.3 13.3 0.07 - 55.3 42,7
AUL 11.2.7 195.5 517 11.4° 3.3 17.2 0.26 45,7 47.4
AUL 13.2.2 197.2 573
AUL 13.4.1 199.8 506 18.5 0.33 35.9 23.5
AUL 13.4.3 199.9 20.8 0.05 53.0 51.2
AUL 14.1.1 200.9 547 - 8.1 3.7 13.5 0.28 38.6 34.6
AUL 14.1.5 201.2 556
AUL 14.1.6 203.7 548 11.2 2.1 10.3 0.03 57.6 51.3
auL 18.1.1 223.7 13.6 2.1 12.9 0.24 29.7 21.0
AUL 18.2.2 231.6 599 10.5 4.3 20.3 0.73 36.0 36.3
AUL 19.2.6 235.5 547 14.5 2.7 17.6 0.53 32.3 25.3
AUL 20.1.1 236.5 ’ 14.2 0.9 5.9 0.04 89.5 76.0
AUL 20.3.4 241.9 543 8.4 2.9 10.8 0.22 40.2 30.2
AUL 20.3.8 247.8 8.6 3.8 14.9 0.07 44.4 28.6
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251.1
251.5
256.3
257.4
266.1
291.1
292.3
296.2
332.1
334.3
337.5
337.9
341.4
342.1
348.3
351.6
366.5
367.1
370.8
372.1
383.1
385.6
387.6
396.3

397.9

402.7
403.3
411.1
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0.25
0.54
0.35
23.3

12.8
11i.9
39.3
17.7
8.7
5.5

10.8
14.5
10.5
28.1

0.96
0.96
0.46
0.44

0.13
0.09
0.25
0.46
0.61
0.40

0.16
0.08
0.08
0.06

0.37
0.30
0.20
0.65

83.0
72.5
60.6
67.0
67.6
64.9

77.2
46.1

41.7
48.6
30.4
51.9

52.2
47.8
39.5
42.0

50.3
49.8
44.8
71.1

71.5
60.1
59.4
68.0
65.3
63.3

54.2
51.3
49.3
49.0

43.5

41.3
41.3
42.7
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AUL 61.3.4 448.8 580

AUL 61.3.8 450.7 564

AUL 62.2.3 453.9 563

AUL 62.2.7 455.8 510

AUL 66.4.3 475.2 4.1 8.2 15.2 0.64 58.1 56.8
AUL 66.4.7 476.1 509 17.5 0.75 5.9 .24 66.7

AUL 68.1.3 48].8 560

AUL 69.7.3 490.7 9.8 6.8 30.1 0.47 44.1 44.7
AUL 69.7.6 491.2 8.6 5.4 21.0 0.59 52.5 53.4
AUL 71.3.2 500.9 571

AUL 73.2.2 508.7 8.8 3.6 14.0 0.72 52.4 51.8
AUL 73.2.8 511.6 548 14.2 0.79 5.1 0.37 66.8 44.2
AUL 75.4.3 521.3 18.6 0.56 4.7 0.39 21.2

AUL 75.4.7 521.6 507 20.1 0.71 6.5 0.09 71.8

AUL 77.4.6 534.1 562

AUL 78.1.2 536.8 558 8.2 1.2 4.5 0.42 58.5 54.3
AUL 78.1.5 541.2 512 12.4 0.94 5.2 0.04 69.9 65.3
AUL 79.1.2 541.3 589

AUL .82.1.4 562.4 8.4 2.4 9.1 0.42 68.6 78.2
AUL 82.1.8 563.8 547 11.9 1.1 5.8 0.12 56.8 68.9
AUL 83.2.4 569.9 532

AUL 83.2.7 574.8 523

AUL 84.2.5 578.8 576 10.7 2.6 12.6 0.44 56.8 55.4
AUL 84.2.8 581.2 596 15.7 1.1 7.6 0.36 57.1 52.6
AUL 85.1.3 583.5 580

AUL 85.1.6 587.7 517

AUL 87.2.6 598.3 574 9.6 4.0 17.2 0.48 59.4 60.4
AUL 87.2.8 600.2 536 15.8 1.2 8.2 0.40 64.3 58.1
AUL 88.2.3 604.5 523 .

AUL 89.1.5 ©607.6 573 17.7 2.8 22.3 0.43 80.6 78.3
AUL 89.1.7 611.0 548 10.5 4.4 20.9 0.33 80.0 78.1
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AUL 90.1.4 618.3 8.6 7.5 29.1 0.53 57.7 56.8

AUL 90.1.8 618.9 557 10.0 8.5 38.3 0.42 57.7 54.9

AUL 92.1.2 626.9 580

AUL 93.1.4 635.3 570 18.5 1.0 8.6 0.14 61.9 60.1

AUL 93.1.8 638.9 14.3 1.6 10.4 0.26 81.7 52.2
T AUL 94.1.3 641.0 551

AUL 95.1.2 648.3 556 15.5 0.9 6.4 0.14 59.7 49.6

AUL 95.2.8 650.5 : 5.2 16.2 38.1 0.04 56.2 52.3

AUL 95.3.4 650.8 581

AUL 96.1.3 651.5 ~ 570

AUL 96.1.6 655.6 556

AUL 97.5.1 660.5 4.6 3.0 6.2 0.58 74.9 72.2

AUL 97.5.2 665.3 560

AUL 98.2.4 665.3 559

AUL 98.2.6 665.6 586

AUS 98.5.1 665.9 570

AUL 99.1.1 666.2 8.8 1.0 4.1 0.29 54.9 27.3

AUL 99.1.6 668.1 11.5 1.2 6.3 0.35 59.0 55.9

AUL 100.1.2 674.5 1.2 7.5 4.0 0.73 58.6 56.8

AUL 100.1.5 676.5 3.0 3.3 4.5 0.66 56.7 58.0

AUL 102.1.3 681.9 570

AUL 102.1.7 687.1 560

AUL 103.2.4 692.2 585 8.1 2.5 8.9 0.17 68.3 55.8

AUL 103.2.7 698.8 15.1 2.0 13.4 0.10 72.1 52.8

AUL 105.3.6 700.7 554

AUL 108.1.3 726.2 574 5.3 5.3 12.6 0.43 6l.1 65.3

AUL 108.1.6 732.7 4.3 6.0 11.5 0.44 55.2 54.0

AUS 11G6.1.2 734.6 545

AUL 111.2.4 739.9 15.3 0.69 4.8 0.05 50.8 53.3

AUL 111.2.8 744.2 13.9 0.97 6.1 0.11 74.0 44.9

AUL 112.1.4 745.5 560

AUS 1l12.2.8 746.7 544
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(a)

(b)

(c)
(d)

(e)

(£)

N 1

Initial susceptibility (10 * emu.oe g b

. . . . s . NRM
Konigsbergexr ratio (the ratio between remanent to induced magnetization, Q = F
F is the ambient field taken as 0.45 oe for the Azores area)

7

Natural remanent magnetization (1o~ " emu.g_‘l)

Jy0p is the magnetic intensity measured after demagnetization in 200 oe AF. Jg is the natural

remanent magnetization. The ratio Jy459/Jg is taken as a measure of the hardness
Natural remanent magnetization inclination.

Stable inclination after demagnetization in an AF.

of remanence.
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