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ABSTRACT 

Two hundred and thirty-two polished sections representing ninety-

four flow units, three agglomerates and three intrusions from a 981 m 

borehole drilled in the northern flank of the active volcano Agua de Pau 

were studied. Opaque minerals 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 temperature oxidation and hydrothermal alteration of different 

degrees in most of the 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 opaque minerals include iron-titanium oxides and 

iron-copper-nickel sulfides. 

The magnetic properties of volcanic rocks are highly sensitive to 

the mineralogy of their iron-titanium oxides. Therefore the study of 

mineralogy of the system FeO-Fe203-Ti02 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-Fe203-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-ulvospinel series (FeO•Fe203-2FeO•Ti0 2): This is known 

as the 8 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. FeO-Fe203-Ti02 ternary diagram of the composition of iron-
titanium oxides. 
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inverse spinel structure. In magnetite, Fe2+ and half Fe3+ ions occupy 

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

hedral sites. The introduction of Ti4+ into the magnetite lattice in-
0 0 

creases the cell dimension from a= 8.395A to a= 8.535A (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 Fe304 , both 

Fe2+ and Fe3+ ions are present in the tetrahedral sites throughout most 

of the series. Ti4+ has a strong preference for the octahedral sites. 

Magnetite often contains small amounts of Al 3+, v3+ and cr3+ in 

substitution for Fe3+ and Mg2+, ca2+, Mn2+ and co2+ for Fe2+. The 

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 Si in magnetite, but this may represent contamination. 

Oshima (1971), on his study of dacites from Haruna volcano, Japan, has 

shown that in magnetite that crystallized before and after eruption, 
~ 

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. 
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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 2 0~-FeO.Ti0 2 ): This is referred to 

as the a 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, Fe 3+ 

fills two-thirds of the octahedral sites within the hexagonally close-

packed oxygen lattice, while in ilmenite, the oxygen positions are 

slightly irregular. The cell dimensions increase with Ti content (a = 
0 0 

5.427A in hematite and a = 5.534A in ilmenite). Carmichael (1967) and 

Elsdon (1972) have shown that substitution of Mg and Mn for Fe and Ti 

in ilmenite occurs. Small amounts of Fe2 + 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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in nature than the latter. 

1.3. Pseudobrookite-Ferropseudobrookite (Fe203•Ti02-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. Tiqt ions occupy the octahedral sites while Fe 2+ 

and Mg2+ 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-

pseudobrookite decomposes at 1140°C and pseudobrookite 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 Ti02: Rutile, anatase and brookite are polymorphs 

of TiOz. 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 1964) • Brookite is formed preferentially in the presence of 

traces of Fe203 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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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 (FeO): wiistite has a cubic structure (Walenta 1960). 

9 

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 wiistite. 

1.6. Cation deficient phases (FeaTibc:::ic04, a+b+c = 3 andt::i 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 Sakamoto 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 stability field of titanomag-

hemites is about 350-~00°C (Hauptman 1974) • Heating titanomaghernites to 

above 350°C in vacuum produces a variety of inversion products depending 

on the composition of the spine! phase prior to inversion (O'Reilly 1976). 

Studies of natural occurrences demonstrate that the normal mode of 

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

Prevot 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 (Fe3_X Tix o4 , o < 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-

ture 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). 

2.1. Oxidation at high temperatures: The oxidation of titanomagne-

tites is a complex 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 classified into successive stages of increasing degree of oxidation 

by Wilson and Haggerty (1966), Watkins and Haggerty (1967), Ade-Hall 

et al. (1968a) and Wilson~ al. (1968). The classification depends 



on the formation of a sequential series of a Fe-Ti oxide assemblage 

in which ilmenite, rutile and hematite are intermediate stages and 

pseudobrookite 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°C) • 

11 

The oxidation of ilmenite at high temperatures has been classified 

into six stages by Haggerty (1971). In his classification: rutile + 

titanohematite 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 spine! 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) , Haggerty and Lindsley 

(1969), 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. 



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 2 + 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 

12 

(< 300°C). In this type of oxidation, titanomagnetites may react in the 

lava with residual, oxygen rich, liquids 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 Fea Tib Cic 04 where a+b+c = 3 and[] indicates a vacant lat-

tice site occupied in a stoichiometric spinel. 

A mechanism for the prodilction 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. 



The composition of the original titanomagnetite, temperature of 

oxidation, degree of oxidation, rate of cooling 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 spinal phase prior to inver-

sion. Any Fe2+ in titanomaghemite appears in an iron-rich spinel 

phase. Depending on the degree of oxidation, Ti 4+ goes towards the 

formation of ilmenite or, in more highly oxidized samples, anatase, 

Ti02 or pseudobrookite, Fe2 TiOs. Hematite is a constituent of the 

inversion products of more highly oxidized compositions. 

Low temperature oxidation of titanomagnetite has been observed 

13 

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 descri~ed changes in titano-

magnetites such as color lightening, reflectivity increase, volume 

change cracks and replacement of titanomagnetite by a grey phase with 

very fine 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 Fe203 is a special 

case of cation deficient oxidation type, in which Fe 2+ occurs only in 
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octahedral sites of magnetite and thus vacancies occur only in octahedral 

sites of maghernite. 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. Earlier, 

Geith (1952) and Sclunidt 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 (2Fe 30 4 + 02 + 3 

a Fe20s), while under wet conditions rnaghemite 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°, maghernite is formed. Above 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 the formation of rnaghemite 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 nuclei are already present. Recently, Johnson and 

Merrill (1972) have successfully produced maghernite 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 alteration (oxidation and leaching) during which, iron 
J 

is removed from the structure, resulting in a relative enrichment in 

TiOz, The nature of alteration product has not yet decided. The very 

fine grain size of alteration products make positive identification 

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. X-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 Mozambique. 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, consisted 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 alteration. Grey 

and Reid (1975) agreed with Temple and they proposed a mechanism for 

alteration of ilmenite to rutile with pseudorutile as an intermediate 

mineral. 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 temperatures < 585°C. 

Oxidation of magnetite to hematite may occur in this intermediate 

16 
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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 l kb. They described the variations in titano-

magnetite and ilmenite features due to this combined action. However, 

some parts of their 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-
t.itanium 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. 



18 

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 2+ 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 Fe 2+ in both sub-lattices. However, the Curie 

temperature, the temperature above which a magn~tic 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 3+ ions in the two 

sub-lattices are canted at small anglle (McElhinny 1973) • A great deal 

of variation 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-Fe203-Ti02 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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Figure 5. Curie temperatures and saturation magnetization of magnetic 
minerals in the ternary system Fe0-Fe2 0 3-Ti02 • (Data from 
McElhinny 1973). 
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3.2. Opaque mineralogy and stability of remanence: The relationship 

between the alteration of titanomagnetite and the stability of the 

remanence has been established 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~ 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 exsolution 

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 associated 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 grains 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, grain 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. Opaque 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~ al. 1968b, 

Gramme et al. 1969 and Lawley and Ade-Hall 1971) • On the other hand, 

the effect of low temperature oxidation 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 ~ al. 1970, 

Marshall and Cox 197lb, Ozima et al. 1974, Johnson and Atwater 1977 

and others). However, other workers have reported contrasting results. 

Marshall and Cox (197la) 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 



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, Watkins 
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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 1975 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 SaturationMagnetizationand Curie 

temperatures: The relation between opaque mineralogy and magnetic pro-

perties of rocks have been established since Ade-Hall ~ 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 , Gromme 

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 FeO-Fe20s-Ti02 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 
I. 

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 point being proportional to the degree of alteration. 



Figure 6. Contours of equal cell edge and Curie temperature for 
spinels in the FeO-Fe203-Ti02 system (after Read.man and 
0 '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 electronprobemicro-

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 



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. 

(l976a) and MacLean (1977) but the origin of these phases has not 
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fully been discussed. Desborough ~ al. (1968) described polymineralic 

sulfide grains composed principally of Fe, Cu, S and small amount of 

Ni in tholeiitic basalts of Kilauea volcano, Hawaii. The grains appear 

to represent a once-inuniscible sulfide droplets in a basaltic crystal 

mush or a glass that was partially crystallized during rapid cooling 

after the lavas were extruded. Skinner and Peck (1969), identified 

"solid sulfide globules 11 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 "inuniscible sulfide liquid" globules. 

Enrichment in sulfur of the interstitial material from the lava lake 

could be the reason. 

Except 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. 



27 

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 Sao Miguel. 

The differences in petrology and geochemistry between island rocks 

and deep ocean crustal rocks and the geophysical data suggest that 

special processes operate beneath oceanic islands. The information from 

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 variation 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 are relatively poorly known in 

experimental petrology~ The comparison 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 hydrothermal alteration indicators. The behavior of the minor 

elements in the opaque 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 quantitative reflectivity technique to 

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 r~distribution 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 of hydro-

thermal alteration. 

This study 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. 



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 Flores on the west flank of the ridge and Santa Maria, Sao Miguel, 

Terceira, Graciosa, Sao 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 (1970) 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 transverse island chain of the Azores which trends southeast-
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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~ 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 (l977)(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 Schilling 

l975a). 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. Morgan (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 essential 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 Faial, but the ridge axis is actually present and there 

is no evidence to support the preferred ridge configuration of Machado 

et al. Ridley 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 history north and south of 

the Azores, took into account the rare-earth data and the two distinct 

mantle sources for basalts. There is no convincing model that has been 

proposed yet. 
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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 Povaacao is .. 
supposed to be extinct. 

Age determinations for Sao 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 4.01 m.y. and the youngest 

flows of the andesite series as 0.95 m.y. More recently Muecke ~al. 

gave an age of (117 ± 24) x 10 3 yrfor 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 950 m level has an apparent whole.rock age of (280 ± 140) 

x 10 3 yr. From 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 Assun9ao 

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, 

Assuncao and Canilho (1970) reported in Sao 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 Schrnincke (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. In 

the basalts, Al203, Nb and Zr increased with depth in the drill core 

while Cao, Ti02 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 Sao 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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anomaly 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 Quintina (1962). 

Ridley et al. (1974) present a Bouguer anomaly gravity map for 

Sao 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 trendi~g 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-

sives 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 opaque mineralogy and magnetic proper-

ties of the recovered rocks. 
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CHAPTER 3 

EQUIPMENT AND TECHNIQUES 

In this work, 232 polished surfaces of rocks from the Azores drill 

core were prepared for opaque mineralogy study. Fifty-one polished 

sections were selected for microprobe analysis. Ninety-six mini-core 

sub-samplesand 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 µ alumina in 

water as abrasive. When a satisfactory flat and smooth surface was 

obtained, the final step of sample preparation took place. In this 

final step, the specimens were pol~shed in two stages using respectively 

6 µ and l µ 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 soap in an ultrasonic cleaner. The polished surface 
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were extra-polished by hand before reflectivities were measured. Alumina 

polishing suspension of 1.01 0.3 and 0.05 microns were used. 

1.2. Equipment: The assembly for opaque mineralogy study 1 plate l(a) 

consists of a zetopan polarized reflected light microscope 1 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 

lOX 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 l(b), with an oil lOOX objective 

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 reflectivity 

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 
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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° position, 

28X and 90X objectives in air and oil respectively were 

used. 

ii) Apparatus was allowed 30 minutes to warm-up before any 

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 



45 

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: 

where Ru = unknown reflectivity value of specimen 

Rs = known reflectivity value of standard 

u 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 errors are: 

i) systematic errors which include instrumental errors, 

variation in composition of the sample and errors due to 

polishing technique. 

ii) non systematic errors, 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 assumed throughout the present measurements 

and calculabed 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 ± cr (cr = 

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 Sic 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 2cr, is ± 0.8%. The relative accuracy 

of the reflectivity measurements = resultant nonsystematic error + error 

in the standard value + systematic errors. Assume that the systematic 



error = ± 0.5% (Abdel-Aal 1973), the relative accuracy = ± (0.5 2 + 

0.82 + 0.5 2 ) = 1.1%. 

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 l" (2. 54 cm) inside diameter. The 

cores were cut to a maximum of l" (2.54cm) length using the diamond 

saw, then the samples were oriented for paleomagnetic studies. 
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To measure Curie temperatures and saturation magnetization, a small 

chip from each sub-sample was used. 

2.2. Equipment and Techniques: 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 



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 
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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 rnicroprobe using 

synthetic and natural standards. Measured X-ray intensities were 

corrected for atomic number, fluorescence and absorption effects by 

correction program EMPAD VII (Rucklidge 1967). The use of rnicroprobe 

analyses allowed the analyses of grains as small as 5 µ. Some altera-

tion and exsolution phases were less than 3 µ 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 µ size range. The analyses of different titanornagnetite 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. 
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CHAPTER IV 

OPAQUE MINERALOGY 

In this chapter, the description of opaque mineral phases, their 

structures and textures are given. The variations in chemical com-

position 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 described 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 
L 

type. AUL (lava flow), AUA (pyroclasticts), AUG {agglomerates), AUB 

(breccias) and AUS (intrusive). 

Muepke 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 largefeldsparphenocrysts. Basaltic 

breccias consist of angular basalt fragments in chloritic, calcitic, 

hernatitic and clayey rnatrixes. 

Muecke et al. (1974) recognized the division of the core into 

five major parts, figure 15, subaerial sequence III, 0 - 268.4 m, 

subaerial sequence II, 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 rn. 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. Opaque 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 opaque 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 

is 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 1: This type includes large euhedral to 

subhedral grains larger than 50 µ • 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) represents between 12.0-16.0 by weight of the total elements. 

Table 1 gives microprobe data, together with reflectivity percentage 

measured in air at wavelength 546 run 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. 

-
Depth Total *1 *2 

SAMPLE in m ·Fe Ti Al Mg Cr Mn Cations x Fe/l'e+Ti R\ Remarks 
' 

AUL 1.1.2 59.5 51.2 13.4 3.1 2.2 l.5 1.4 72.8 0.63 0.79 16.9 In phe 
crys 

AUL 2.1.5 99.l 51.8 13.0 3.2 ... .., 0.8 1.7 72. 7 0.61 o.ao 16.l In pheno-
crysts 

AUL 8.1.2 170.l 50.3 16.0 2.7 , 0 0.5 0.7 72.l 0.75 0.75 15.2 In ground--
mass 

AUL 19.2.6 235.S 53.6 15.0 2.0 1.9 o.o 0.0 72.5 o. 71 0.78 l.·l. 9 In ground-
mass 

AUL 142.l.6 940 52.l 12.l 3.2 2.4 0.3 0.6 70.7 0.57 0.81 14.3 In ground 
mass 

AVERAGE 51.8±1.2 13.9±1. 6 2.9±0.5 2.1±.2 0.6±0.6 0.9±0.7 72.2 0.7±0.l 0.79:t.02 15.5±1.0 

*1 X is the molecular proportion of ulvospinel in titanomagnetite X Fe2Ti0~ (l-X)FeiO~ without taking into consideration impurities 
other than Ti. 

*2 R is the reflectivity ~rcentage of titanomagnetite measured in air at wavelength 546 nm. 
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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 2oµ, plate 2(b). No ap-

parent oxidation texture has been observed with or without etching. 

Fe/Fe+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 nm 

while figures 18 and 19 gives the relations between the various 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 ulvospinel 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.l. has a (Si) content of 

2.1 and (Ca) content of 2.4. 



Table 2. Microprobe and reflectivity dat.a of tit.Anomagnetite type 2 • 

. 

SAMPLE Depth Fe Ti Al Mg Cr Mn 
Total x Fe/Fe+Ti ll' Remarks ::.n Ill Cations . 

AUG 5.l.l 155 49.l 15•4 1.1 1.0 o.a 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 o.1a o. 75 16.a . 

AUL 19.2.6 235.5 46.5 10.l 3.5 2.8 3.4 3.7 70.0 0.48 0.82 15.5 

AUL 24.l.l 257.4 44.3 17.6 0.4 o.a 0.0 o.o 63.1 0.82 o. 72 16.7 

AUL 51.2.l 396.3 49.6 16.0 2.5 2.0 0.6 2.2 72.9 o. 75 0.76 16.l. 

AUL 69.7.3 '190.7 50.6 14.2 2.6 1.9 o.o 2.3 71.6 0.67 0.78 15.l. 

AUL 138.1.10 924.2 49.9 12.S 2.8 2.0 0.4 3.1 70.7 0.59 0.80 15.4 

AVERAGE 49.5±2.3 15.1±3.0 2.1±1.1 1.6±0.7 0.8±1.2 2.3±1.2 70.6 o.7±.l 0.77±0.04 16.3±1.2 
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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 15-18µ. 

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

magnetite are as follows: 

(i) type 1 is larger in grain size (> 50µ} than type 2 (5-20µ}. 

(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 cooling 

and hence the skeletal form of titanomagnetite was observed. 

2.1.2. Ilmenite: Two types of ilmenite were observed; equidimensional 

type l and separate elongate single crystal type 2, plate 2 (e and f). 

Both types are similar in chemical composition (see Table 4) but type l 

is very strongly anisotropic, lower in reflectivity and darker in color 

than type 2. 



Table 3. Microprobe and reflectivity data of titanolllagnetite type 3. 

SAMPLE Depth Fe Ti Al Mg Cr Mn Total x Fe/Fe+Ti R'l Remarks ill m. Cations 

AUL 122.3.2 s::.3.2 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.l 17.2 l.6 1.5 o.s 1.8 69.7 o.a1 0.73 16.6 

AVERAGE 48.2±1.6 16.6±0.9 1.9::!:0.4 1. 7±0.2 0.4±0.l 1.9±0.1 70.7 0.78±0.04 0.74±0.0l 16.5±0.14 
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Ilmenites of type l are fine-medium grained. Grain size ranges be-

tween 15-30µ. Grains of this type always occurred together with titano-

magnetite, however, sometimes (but not often) with geikielite, plate 2(f). 

Geikielite is MgTiOa, 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 phenocryst 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 independent mineral in 

basaltic lavas, it occurs as the product of exsolution in many magnetite 

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

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

between fine 5-10µ and coarse > 40µ. 

From Table 4, it is clear that the variations in the element con-

tents in all analysed ilmenites are nearly constant. Fe/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.l. (Sensu Lato): Primary spine! occurs either as xeno-

crystic crystals or as a groundmass phase throughout the drill core. Xeno-

crysts are coarse euhedral grains (> 50µ) often containing cracks and 

are greyish white in their color, while groundmass spinels are medium-

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



'!'able 4. Microprobe and reflectivity data of il.menites 

SAMPLE Depth I Ti Mg Al . Cr .Mn 
Total Fe/Fe+Ti Rl - R2 Remarks in m Fe Cations 

AUL 20.1.2 236.2 35.7 29.3 1.2 0.6 0.6 o.a 68.2 0.55 14.7-16.3 T-.1pe 1 

AUL 20.3.2 241.9 36.0 29.2 1.1 0.6 0.6 0.6 68.1 0.55 14.4-16.8 Type l 

AOL 6.1.7 165 35.S 29.7 1.4 0.7 o,4 0.7 68.7 0.55 15.0-17.3 Type 2 

AUL 19.2.6 235.5 35.7 29. 7 l.l 0.6 0.6 0.7 68.4 0.55 15.1-17.0 Type 2 

AVERAGE 35.8±0.l 29.5±0.3 1.2±0.l 0.6±0.l 0.6±0.l 0.7±0.l 68.4 0.55 14.8-16.9 
:!:0.3-±0.4 

AUL 20.3.2 241.9 l.l 36.7 19.0 0.4 o.o o.o 59.2 11.9-14.6 Geikielite 



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 
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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) content 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. 

Depth Fe Ti Al Mg Cr Mn Total R' Remarks SAMPLE inm Cations 

AUL 1.1.2 56.7 35.4 11.7 10.2 8.7 4.2 3.7 73.9 16.9 Xenocrysts 

' 
AUG 5.1.l 155 37.0 17.8 6.0 4.7 3.3 3.9 72. 7 17.S Xenocrysts 

ti.gglomerat<.l 

AUL 6.1.7 :65 38.7 12.7 a.a 7.3 2.0 3.9 73.4 17.l Xenocrysts 

AUL 8.1.2 170.l 29.2 2.2 21.l 10.0 1.2 0.0 63.0 16.0 Groundmass 

AUL 77.4.6 534.l 34.6 10.9 9.9 9.6 4.4 3.6 73.0 16.5 Groundli:ass 

AVERAGE * 36.4±1.8 13.3±3.l B. 7±1.9 7.6±2.l 3.5±1.l 3.8±0.2 73.3 17.1±0.6 

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



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 ulvospinel contents is followed by an increase 

in reflectivity of titanomagnetite and spine!. However, when 

Xis less than 0.7 no ~ixed relation can be constructed. 
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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 quite interesting. 

Generally sulphides are easily destroyed 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 opaque 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 Schneiderhohn (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. 

Besides, skeletal, tabular and elongated grains, two other shapes 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. 



(ii) Grain size: Examination of opaque phases in the drill core 

rocks reveals that medium to coarse (20->50 µ) grain size is one of 
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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. 

Phenocrysts 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 sur-

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

3.2 Texture: 

(i) Zoning: 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 

some 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 dif-

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 opaque 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. 



4. 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 opaque minerals 

in the drill core comprise various 'phases. Description of the phases 

in all 232 polished sections, as identified by their 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 titanomagnetite. Decomposition 

of pseudobrookite at low temperatures may result in the formation of 
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titanohematite. Titanohematite is a single phase mineral grain con-

sisting of various molecular proportions of hematite and ilmenite, 

(Fe,., Ti 0
3 

(O < y < 1)). The color is greyish white with green tint ,.-y y 

in oil and they have a strong bireflectance. No internal reflection 

has been noticed. 
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1.3. Hematites: These occur as the products of oxidation of magnetite, 

as well as crystallizing directly from hydrothermal solution. Hematite 

is distinctly anisotropic, especially 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 µ 

to less than 1 µ 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 composi~don of 

crichtonite as (Fe~! Fe 3+ Ti 0
169

). 
14 66 

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 (Fe2TiOs ) : These are the end products of titano-

magnetite and ilmenite high temperature oxidation. The color is dark 

grey in oil. They are anisotropic with weak bireflectance. 

1.7. Rutiles (Ti02): 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 (CaTiSiOs): Sphenes have a variety of colors. Yellow 

orange tinted color when Fe+ 3 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 

pseudobrookite and ilmenite networks replacing titanomagnetite. 

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

Fe2Tia09. 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. Spinels: The general chemical formula for spine! is (M 2+M~+04) 

where M2+ is mostly Mg and Fe and M3+ is Fe and Al. Secondary spine! 

occurs as a fine dark lamellae in {100} planes in high temperature. 



oxidation of titanomagnetite. The fine size (less than 1 µ) prevents 

the analysis and the observation of the diagnostic properties. 
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1.11. Goethites (a Fe203•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 Fe203•H20): 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 of 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-solution bodies are extremely small but they 

grow to microscopic size by collection crystallization. Unmixing of a 

solid solution takes place by the diffusion of the solute ions through 

the lattice of the solvent substance. Edward (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) large 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 simple; 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 yet 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 be~ween 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 Fe203 and magnetite gaining Fe2Ti04. 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 exsolution 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 titanohematite. 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 decomposition 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 pseudobrookite to rutile and titanohematite. Plate 4(d) 

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 solutions. -:~Plate 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-

tailed study of each type follows. 

3.1. High Temperature (deuteric) Oxidation: 

(l} Titanomagnetite: Deuteric oxidation in basaltic rocks is a 

well known process. It has been investigated in the field from oxygen 

fugacity measurements in lava lake drill holes (Sato and Wright 1966) 

and by the methods of experimental 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 Gramme 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 classification of degree of high temperature oxidation in 

terms of titanomagnetite oxidation (Watkins and Haggerty 1967 and 

Ade-Hall et al. (l968a} depends on: 

(i) the formation of a series of iron-titanium oxide assem-

blages in which ilmenite, rutile and titanohematite are 

intermediate forms 

(ii) pseudobrookite solid solutions are the end products of 

high temperature oxidation. 

78 



79 

According to Haggerty (1971) , these assemblages vary with the degree 

of solubility that is possible in the pseudobrookite series and the 

degree of irnmiscibility 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 measured 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 

III 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 cooling environments, such as 

subaerial environment (Gromme 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. 
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l"scudo-

)9.8 w.a 1.3 broakite l.1 0.4 2.1 0.9 a.9 67,9 
JWL 46.2. 7 370.B . H.5 24.2 0.8 0.7 0.2 l.O o.o o.o 68,4 
AIJL 6.5.2 l ?L 9 r<hite titano SJ.2 14.5 1.0 0.1 0.3 0.3 o.o o.o 70.0 '"~•tit• l am. 46.2. 7 370.B Sl.2 ll.8 o.a 0.9 0.4 O.J o.o o.o 69.4 

" Pseudo- 40. i!l..2 22.5!2,4 Ll!0,4 AVE1'.Ar.£ bcooJdte l.2!0.7 0,3!0.l l.G!O,a 0.5!0.6 o.St0¥6 68.4 
CU.SS 6 tltano- SJ.Z±.o.o 14,2,0.5 ) .. 9•0.1 0,8±0.l o. 4!0. l 0.)±0.0 o.o o.o 69,8 hcll\;);tite 

·-
(1) dt:uteuc oxid,1tion ela:;S(l$ of .-.d~-Ha ll ct -'\l. t (l')f.Ol 
(2) r•tlO is cillcu\.\tfHJ Wlth.?tJt t.ikinq i:ito ac~unt J\l, Hrt, <.:r, C.:i and Si iPpuritie:J 
U) •Lt• of i1r:mnt1<! la..,cll.Jc: u s::....111 (-: tl'..:) co that -contar:a.nation in the probe e:naly.sh is posaible and results in 

hiqh tota t i \rlv~r.ito \MlJJti • 
HJ Mqnetit(l t•h.1:sc 
(SJ F--l"fnetU:c t•h.ute 
(6) Uu.r..vn.-;::utJ..tc ;.n:i::o 
(1) ruti le t•h.1:;~ 

80 

m Fe/re•'fi. 'tlCtcct.ivi.t~· 

1. 10 Jl..t.' 

0.8:? 16.0 
0.81 16,0 
0.84 16.o 

o.a.z:o.o Hl..0!0.0 
i 

o. 79 
Rt 

17.l I RZ 
0.54 14.l •.15.B· 

I o. 78 16,9 

o .. 79!0.0 17.0!0.l 

o. 75 17.S 
o. 75 18.0 

0.51 15.2·17.0 

o. 75!0.0 ! 17.9!0.l 

R! R2 
0.11 20.2 ;-22.6 

0.74 19.5 

0.72 20,1- n.5 
o. n 20.s-22.a 

o. 72±0.0 io~:.-... 1:!.G I !O.:l!C .. 2 I 

J.36 ~~4 

0.94 21.s· 

0.72 22.a • 25.2 
0.70 22.4 - 25.0 

0.12 18.2 -19.4 

0,09 18.8. 20.1 

0.95±0,0 21.6:!:().J. 

0. 71±0,0 22.6-25.l 
.:-o.3 !O.l 
19.5 -19.8 0.11±0.0 !0.4- :o.s 

0.66 15. l • 16.3 
0.63~ 15.2 -16.0 

o. 79 a.2-21.2 

o. 79 21.2-21.0 

15.2 -·1~.2' 0.65±0.0 ±0.l !0.2 
21.2-23.l o. 79!0.0 
!O~O !0.0 



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 

81 

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 

(Haggerty 1971) • 

Ilmenite at different stage of Haggerty 1 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 inten~ity of reflectivity are shown in Table 7. 

Several of Haggerty 1 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 tern-
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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. 
0: temperatures at the bottom of the hole; temperature 
logs: 0: 26 August (l-3 h): 2 September (4 d): 
6: 7 September (3 d). (After Muecke et al. 1974). 



Table 1. R.e!lecdvity a.nd l'licroprobit dllta tor ilttenite and its h1.9h t~pc-rature oxidatio:'I products 

I I l I I I SAKl'LE 
P•f•th Chss Fe Ti Al Hq Cr ~" C• Si 
in !!'I 

IC/EMGE(~) I 
Cl.ASS 1 1 JS.8!0.l 29, S!O.J p,6,0.l 11.2!0.l o. 6!~. l p. 7!~.1 o.o o.o 

AU'µ 8, 5. 2 171.9 Ferri-i~nite 39. 2 19,2 0.9 1.6 0.9 1.1 o.4 0.7 
AUL Jl.1.2 292.J . [2) 31.9 n.o o. 7 l.5 l.O 1.3 o.o 0.8 
AUI. 8.5.2 171.9 Crichtoni te 23.9 37.6 0.6 1.2 0.5 0.9 o.o 0.3 
AUL H,1.2 292.3 . 26.0 33.2 0.6 l.4 0.9 0.7 0.2 0.4 

AVEPAGE Ferri-il.ctenit.e 38.6:!:0 .. 9 20.1±1.J! 0.8~0.l' L.S:tO.l l.C:O.l I l.Uc.1i ).2o0.3 p.8!0.l 
CU.SS 2 Cr-... chtor.i te 25~0.tLS 35*4!3. l 0.6±0.0 l.l:!0.1 0.£:0.l O.~!C.' ).l::O.l p.4:0.l 

AOL 18.1. 2 22). 7 Crichtonite 23.2 37.l 0,4 l.3 0.4 0.7 o.s 0,4 
A~L 31.1.2 292.J . 22.9 37 .5 o.6 l.O 0.6 0.6 0.5 o.s 
AUL 18.l.2 223. 7 lerr.i-ibenite J7 .9 20.1 0.8 l.S o.a 1.1 0.5 0.2 
J\!JL 31.l.2 292.3 . l8.3 19.8 0.9 1.5 0.6 1.0 o.s 0.6 
AUL 18.1,2 223. 7 Titanohe!latite 49.8 16.2 0.6 0.9 0.4 0.6 o.o o.o 
A!.IL 31.l.2 292.3 . 52.4 16.0 0.4 0.6 0.3 O.l o.o o.o 
AUL 18.1.2 223.7 R\:til• 13.3 43.2 o.s 0.6 0.4 1.2 o.o o.o 
AUL ll.l.2 292.3 Rutile 12.9 43.l 0.3 0.5 0.4 1.0 o.o o.o 

Crichtonite 23.J.::0.2 37.:1!:0,3 O~S±O .. l ! 1.210.2 0.5=0.1 o. ~±0.l o. s=o.o '· 5±0. l 

Ferri-ilzienite 38.l±0.3 20.0±0.2 0.9±0.1 l 1.s±o.o o. 7:0.1 l,.1±0.l o.s:o.o 0.4!:0.,3 
AVERAGE 
Cl.ASS 3 

T1ta~':'he::uttite 5L!!l.8 !.S~!::O.! o.;c±o.! l o.a±c.~ I 0.4:0.l I o.~:o .• 

1 

o.~ G.O 

o.o I 1\1,,)t.il.e 13,.l±O~J 43.2!0.l 0.(:!C~l'. O.G"!:O.l i o.~oo.c l~:!:O.l. c.o 
' : 

AUL s.s.2 171.9 Titanohe:!\atite $5.6 13.l O.J ~.8 o.s 0.4 o.o 0.6 
AUL 66.4.3 475.2 . 55.0 13.0 0.4 I o. 7 0.4 0.4 o.o o.s 
MJL e.s.2 171.9 Ru tile (3) 10,l 46.8 o.s 0.4 0.4 l.O o.o o.o 
.WL 66.•.3 •75.?. 1\utile U.'. 46. 7 o.s ! :>.5 0.3 0.9 o.o o.o 

Titanoh~tite 55.J:0.4 13.l!O.l 0~4!0.1! o.azo.1 o.s:o.1 

I 
o.~:o.o ' o.o 10.6!0.1 Alli:AAm: I CU.SS 4 Jtutile 10. 7±0.8 46~8!0.l O.S!O.o; 0 .. 5~0.l 0.4:0.l 1.e:o.1 o.o o.o 

I 

,\UL 31.l.6 296.2 P seudvbrooki te 43.9 19.8 0.6 
. 
! l.O 0.4 0.7 0.7 0.6 

AUL 49.1.l 352.9 . 44.0 19.5 o.s I l.l 0.3 0.6 0.4 o.s 
At:rL !l.1.6 296.2 Tit.anoher.atite 5J,4 21.2 o.s :>.5 0.3 0.3 o.o o.o 
AUL 49,l.l JS::!. 91 T'itar.~he::i.ati te 5:! .. 2 ~:!.) 0.6 ).5 0.4 O.J o.o o.o 
AUL 31.1. 6 296. 21 Rutile lO.J 48.2 0,, i o.4 0.4 0.9 o.o o.o 
AUL 49,l.l 3S::!,9'Rutile ; • 7 49.8 o.s ' :>.4 0.4 0.8 o.o o.o I 

~ 

Pseudohrookite 1·14.0!0.l 19. 7!0. 2 
1 c. no.1 1 l.l!O.l 0.4:0.1 0.7,0,J o.t!o.2 J.6±.0.l 

I AVEN\Gt Tit:anohe::i.atite CL.\SS 5 52.St0.9 :U.S!O.S 0.6t0.li 0.5:!.0.0 0.4:0.l 0.3!0.0 o.o o.o 
!<utile 9.o,i.a 49.0,l.1 o.s~o.1! O,HO.O o. 4:0.~ 0.9!0.l o.o o.o 

I 
; 

~ttL s.s.2 171.9 Pseudobrooki te 41.) 2<).l 0.8 I o.9 o.s 0.7 0.6 o.o 
AUL 31, 1.6 29U, :2 . 4l. 5 19.6 0.7 J.9 o.G o.7 0.4 o.o I 

A\'Ek.\0£ 
f"E:C'ud ... ~br.x.>k.it~ Cl..A."'S 6 ..12.4! l ~G 20.0•0. s lo. a•o.1 i o.·nCt.o o. 6:0.1 o. ·•o.o 0.$!0.l 

I 
o.o 

U> Av•r&-at" is to'lk<'n fn"1'1 prcvic~1s t;\\-..~u1.'lticn". T.,hl" ·L 
(2) Sh~ t'f 'rH~ht\lnttt' l.i~c.l1.tc u ~xtrcr.11."lr small {len th.1n 2i-.) ao l:J'W\tceirtac.1n.\t1~nwt.th fcrri-ilMnite ha.t 

°'-~t"tf'.:I .rnJ t)ms t\"nults ln hi'!~ t<:>~.!!. !;.!ti::;,;; 
Ul ~tU• 1~11.ae {lc-.u. than -iii) 

TotAl 
Catic.ns Fe/f'e+'ti 

66.4 0.55 

64.~ o.~7 
64.2 o.64 
65.o 0.)9 
63.l 0.44 

64,) 0.66:0.0 
64.2 0.42:0.0 

64.0 0.38 
64.2 O.JS 
62.9 0,65 
63.2 0.66 
68.5 o. 75 
70.0 0.11 
59.2 0.23 
58.2 0.23 

64.3 o.3s:o.o 

63.2 0.66:0.0 

69~~ o. 1.;:.:i.o 

SS .. 4 0.23:0.0 

71.3 0,81 
70.4 0.81 
59.2 O.sl 
60.l 0.19 

71.l o.a1:0.a 

59.9 o.1e:o.o 

67~,, 0.69 
67.2 0.69 
76.2 0.72 
76.3 o. 70 
60+& 0.18 
59.0 O.lJ 

67.3 o.69:0.o 

76.4 o. 71,0.0 

. 60.;? 0.16!0.0 

65,l 0,67 
66.4 0.69 

65.9 0.60•0.~ 
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Reflectivity I 
' in air • 

•1 Rz 
14.8-16.9 
tO.J 10.4 

1$.3-16,9 
15.) -16.9 
17.0-17.l 
17.3-17.4 

15.3-16.9 
!0.0 :o.o 
17.2-17.3 
!:0.2 !0.2 

17.2-17.6 
17.3-11.7 
15.2 -17 .o 
15.2-16. 9 
21.2 - 25.4 
21.s - 2s.6 
19.6-18.3 
20.l -18.9 

17.3-17.7 
±,O~l , .±D~l 
15.2-17.0 
±0.b ~0 .. 1 
21.4 - 25. 5 
±0.2 ±0.1 
20.0 -18,6 
±0~5 :o.4 

22.4 -25.9 
22.6-26.3' 
20. 7 -19.2 
19.8-lS.5 

2i.5-26.l 
±O.l ±093 
20.3-18.9 
±0.6 ±O~S 

15.4 -16.2 
lS.l-16.2 
22.0- 25.6 
22.9-26.l 
19. 7 - 18.2 
19.6 ·18.1 

15.l -16.2 
:!.0.2 to.o 
22.5-25,9 
!0,6 ±0.4 
19.7-18.2 
±O+l to.l 

15.0 - 15.4 
15.3 -16,l 

15.2-15,8 
10.2 ,o.s 



Table 8. A summary of high temperature oxidation classifi-
cation of titanoroagnetite and ilmenite. 
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peratures of between 20-25°C to a depth of 100 m. The temperature sud-

denly increased to over l00°C between 100 and 175 m. A uniform geo-

thenttal gradient of about 250°C/km was encountered between 175 and 

550 m. From 550 m to the bottom 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. She 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 vugs 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 

Fe-rich montmorillonites, kaolinites, barite, anhydrite, 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 equilibration 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. 

The microscopic examination oL.'QQ.l.ished sections of core rocks 
---~----~---~-- ~--·~---~-----~---------~ 

(Appendix I) indicates that progressive textural and mineralogic'a:l~..yari-
~"--"._,~ 

ations in Fe-Ti oxide phases with hydrothermal conditions occur in the 

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 solutions was not 

measured. Pressure and oxygen fugacity probably have a small effect on 

the alteration of rocks in near surface area (Kerr 1955). The conunon 

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 alteration as the major feature of the 

drill core. 

The mineralogical study of iron-tit~nium oxide phases in the Azores 

drill core together with 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. However, 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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Figure 24. Correlation between the calculated temperatures and depth. 
(From Lawrence and Maxw~ll by permission). 



(1) Hydrothermal alteration of titanomagnetite: The chemical compos-

ition of hydrothermally altered titanomagnetite, its reflectivity and 

temperatures of alteration, are all given in Table 9. The following 

are the proposed alteration classifications: 

Stage 1: Low degree hydrothermal alteration: The temperature range 
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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) . The classification of low degree hydrothermal 

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. Titano-

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

(a,b,c, and d). 

Class L1 : Homogeneous titanomagnetite, Plate 7(a). 

Class L2 : Some Fe2+ oxidizes to Fe2+ which results in the 

formation of randomly distributed lines of an 

isotropic whitish blue phase identified as titano-

maghemite. This is accompanied either by volume 

change 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). 



'fable 9 •. Jteflectivity and Jticroprobe a.nilyse.& of hydrot.herr.iall"y altered tit~notl'U\<}netlte 

Average I 
\ . Al SA.'11'!.!: Depth 

Te'f"lp~ Fe I Tl liq er 
in" "' ---· •l ! 

AVEMGJ: L1 19.5 49.5!2.0 15 .. Z!l.4 2,3±0,5 l..9±0.2 0.610. 2 

AUL U.2,7 195.S )4 50.) 16.5 2. 2 1.1 0.2 
AUL 22.1.2 249.l 46 4B.5 17.l 2.6 1.3 O,J 
A\H.. l5. S~ 1 2C6.1 

J 
42 47.3 16. 7 2,6 2.0 0.4 

AUL >2. 2. 7 455.8 32 48.9 16.2 2.1 l.3 0.5 

A\/EAAG!: L2 38.5!6.6 48.8!1.2 I 16.6!0 •• 2.5!0.2 1.4±0,4 il.410,l 

---· 
AUL 5~.1.4 411.l 58 46.9 

\ 

17. 7 2.6 l.ll 0,4 
MIL 66. t. 7 475.2 52 46.9 l7 .l 2.5 1.1 0.4 

AvtF'.>,Cil·: L3 55!4.2 .. .,ffl1r·' 2.,_6±0.l l. l!O.O 0.4±0.0 

A:JG 5.1.1'2 155 75 43.8 19.2 o.a 1.0 3.B 
AUL 6:?. 2 .. 3 453.9 68 44,5 18.6 2.9 1,0 0,4 
Al't. 75, 4. 7 521.) 72 44.J 19.0 2.6 o.s o.s 
AUL Ht-.1.7 11G.4 74 45.S 1B.2 2. 7 0.7 0.] 
>.$ 131.1.1 8G7. J 72 4G.5 18. 7 2.5 o. 7 0.4 

.AvtAAGE L4 I 77,.2!:2.3 45.211.0 lS.G-±0.3 
I . --
2. 1t0.2 0.S:!O.l 0.410.1 

A'JL 49.3.1 385,6 as 45.5 20.4 2.4 0.6 0.4 
AOL 63.1.J <Sl.S 80 44.8 20.s 2.3 o.6 0.2 

A'll:AA<lt Ml 02.S.:D.~ <s.2co.s 20.6!0.J 2.-lt0.1 o.rco 0.3±0.l 

---· 
A':JL 19. ?.2 231.G 125 41.6 20. 3 2.9 0.9 o.s 
),~L ~2. l.2 626 .9 115 41.0 20.6 2.7 0.9 0.4 
A~L 90. l.6 655.5 120 42.l 20.8 3.l 0.6 0,3 
Al'L 10: ,2,4 692.2 125 42,8 22.0 2.2 o.s 0.3 

---· 
A\."ER.'\CE H2 121.3!4.8 41 .. 9!0.B ~0.9±0.8 2. 1±0.4 o.a::to.2 0,.4±0.1 

>.Utt 3g • ..?~ 7 334.3 145 28.5 JJ.S J,O o.5 O.J 
Al'!. lH.1.8 956. 7 150 31.4 32.l 2.4 o.6 0.3 

A\'EJV,CE M3 l51.S!9.2 30.0tl.l l2.8!:LO 12.7±0.4 0.6!0.l 0.3.tO 

1.U:. 45 .... 7 367. l 158 26.4 JG.9 2.1 o.u 0,3 
A-~L 89,: .• S 607.6 168 19.6 40. 7 l.7 1.0 0.4 

.JNERA\;l:':: H4 t6J,OJ.7. l 2),0•4.8 lB.IH2.7 .9:!0.3 0,9!0.1 0.4,~0.l 

•l aver.i9e t.lkl!n h0tn previou~ calculations of un<tltered samples; TabJe l, l ti J 
•l JU:-.~uf\t fl-."'t (nN inc-lu~lcd in av~rnqrnqn) 

•· s. no ti tan('ICl..l(_Jnct i te rt'l"lt.lin!'i at: hiqht"r 3tttl)e. of alteration. 

tin Ce Si 

1 .. 7±0,7 o.o 0.() 

o.e o.o o.o 
l.J o.o o.o 
l.J o.J O.l 
l. J o.o 0.0 

1.2!0,.J O.H:0.2 0.110.2 

1.2 o.o o.o 
l.J 0.2 O.J 
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Class L3: Fe 2+ 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 L4: 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 titanomagnetite al-

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

Class Mi: This class involves all the patchy titano-

magnetite as well as the totally transformed 

titanomaghemite. This is also the same as 

L4 class of low degree hydrothermal altera-

tion titanomagnetite, Plate 8(a). 

Class M2 : Here, titanomaghemite is altered to an ani-

sotropic white color, highly reflecting 

titanohematite. Titanohematite occurs as 
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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 Fe2+ is oxidized to Fe 3+ and Ti 

continues to diffuse. Some of Fe 3+ 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) • 

Class M3 : Titanohematite becomes unstable in the pres-

ence of hot solution and transforms to 

granules phase rich in Ti02 1 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, orange, yellow and 

red) possibly as a result of internal re-

flection. This alteration and the increase 

in migration of Fe 3+ 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 M4 : 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 classified into three classes, Plate 9(a,b, and c). 

Class H1 : Totally granulated grains of titanomagnetite. 

This is the same as M4 class of medium degree 

hydrothermal alteration, Plate 9(a). 

Class H2 : The original titanomagnetite is completely 

replaced with a sphene in the cracks. Some 

titanohematite remains, Plate 9(b). 

Class H3: In this class the original titanomagnetite 

grain can be detected from the presence of 

red limonite areas and the presence of 

sphene. No titanohematite 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 alteration 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 hydrotherma~ 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 classification 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°-l00°C. Four classes are proposed and they are 

shown in Plate lO(a,b,c and d). 

Class s1 : Homogeneous ilmenite with no alteration, Plate lO(a}. 
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Class 82: 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 2+ to Fe 3+, Plate lO(b). 

Class 83 : This class is characterized by the appearance of rims, 

patches and irregular lamellae of a light grey phase, 

Plate lO(c). In this stage, oxidation occurs and iron 

is removed from the ilmenite structure according to 

the equation (Grey and Reid 1975): 

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. 

Class S4: The altered areas become enlarged and merge into one 

another, Plate lO(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 all Fe 2+ and Fe 3+ where a final composition 

of pseudorutile (Fe2 Ti3 09) is reached. The mineral 

at this stage is stable and relatively resistant to 

further alteration at these temperatures. 

Stage 2: Medium degree hydrothennal alteration: The temperatures for 
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this stage ranges from 100° to 150°C. Ilmenite is classified into three 

classes, Plate ll(a,b and c): 

Class T1 : Ilmenite contains pseudorutile. This is the same class 

as S4, Plate ll(a). 

Class T2: 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): 

Fe203•3Ti02 + 3Ti02 + 2Fe 3+ + 30- 2 
Fe203 

This reaction involves a disruption of the lattice as 

both iron and oxygen are removed and cracks appear in 

the grain, Plate ll(b). 

Class T3 : In this class all the pseudorutile is converted to rutile 

and hematite and cracks due to the oxidation and 



leaching of iron spread through the grain, Plate ll(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. 
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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 V1: In this class, the original ilmenite is totally replaced 

by rutile and hematite. This is the same class as T3, 

Plate 12(a). 

Class V2: 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 Ti02. The 

mineral is associated with a transparent orange tinted 

yellow color mineral which is believed to be asphene 

(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. 



98 

Class v3 : This is the ultimate in ilmenite hydrothennal 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: irregular lightening of the grai~s, 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 
~ 
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the mineral phases of low, intennediate 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 

From 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) 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. 

(3) 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. 

(4) The grain size of the opaque phases varied from medium to 

coarse and sometimes very coarse even in the subaqueous 

sequence. 

4.2. Features of subaerial sequence III: 0-268.4 m: 

(1) With the exception of flow unit AUL 1.1.2, titanomagnetite 

contents in the lava flows were quite high (more than 90% 
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of the opaque 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. 

(2) Agglomerate units AUG 3.1.1 and 5.1.l contained very small 

amounts of titanomagnetite and they were almost devoid of 

ilmenite. 

(3) 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. 
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(4) The first appearance of high temperature oxidation in titano-

magnetite and ilmenite was encountered in flow unit AUL 8.1. 

4.3. Features of subaerial sequence II: 268.4-428.6 m: 

(1) 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. 

(2) Generally most of titanomagnetite and ilmenite grains in the 

flow units of this sequence showed medium to high hydrothermal 

alteration. 

4.4. Features of subaerial sequence I: 428.6-762.8 m: 

(1) The flow units in this sequence showed the highest degree of 

hydrothermal alteration of titanomagnetite and ilmenite in 

the core. 

(2) High temperature oxidation of titanomagnetite and ilmenite 

were present. 

(3) Textures of titanomagnetite and ilmenite were the most complex 

textures in the core. 

{4) Intrusives AUS 98.5, 110.l and 111.2 contained small amounts 

of titanomagnetite and ilmenite in a low hydrothermal altera-

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

(1) In this sequence, both skeletal and euhedral titanomagnetite 

grains were present. 

(2) The thickness of this sequence should extend to 913.2 m in-

stead of 856.8 mas in Muecke et al. (1974), because of the 

presence of the subaerial type of titanomagnetite in all flows 

down to flow 138.1. 

(3) One of the characteristic features in this sequence was the 

low abundance of high temperature oxidation textures in 

titanomagnetite and ilmenite. 

(4) The hydrothermal alteration of titanomagnetite and ilmenite 

were of medium to low-medium degree. 

4.6. Features of subaqueous sequence: 913.2-980.5 m: 

(1) Skeletal and fine to medium grains of titanomagnetite were 

present. 

(2) Sulfides were conunon in this sequence. 

(3) There were two examples of high temperature oxidation in this 

sequence. 

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

lower scale than in several shallower sections. 

5. Discussion of the results 

5.1. Microprobe and reflectivity data for titanomagnetite of high 

temperature oxidation: From the study of Tables 6 and 8 the following 
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are noted: 

{l) When oxidation starts, iron {FeT) in titanomagnetite de-

creases while titanium (TiT) 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. 

(2) Ilmenite lamellae start to oxidize in class 3. Oxidation 
R1 R2 

is accompanied by an increase in reflectivity from 14.3-15.8% 
R1 R2 

to 15.2-17.0%. 

(3) 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 also 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: The study of Tables 7 and 8 reveals the following: 

(1) 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 Fe/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 j + 0.42 x }> an overall ratio of 0.56 is the result, 

which is almost equal to the ratio for ilmenite of class l. 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 decreases 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 rhorobohedral 

structure of ilmenite (Grey and Reid 1975) • 
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(2) Elemental behaviour of Fe and Ti: The behaviour of elements Fe 

and Ti in titanomagnetite and ilmenite during the hydrothermal alter-

ation is shown in figures 30 and 31 respectively. Iron in titanomag-

netite decreases slowly with increasing alteration until class M2 of 

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 s4 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 ilmenite, 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 M2, 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 

titanornagnetite before alteration. Figures 32b, 33a, b, show a slight 
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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 hydrothermal 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 is 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 82 

and T1. 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 irregularity results from the effect of hydrothermal 

alteration or it is an original irregularity in the unaltered titano-

magnetite. 

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

in titanomagnetite and ilmenite and the degree of hydrothermal alter-
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ation are shown in figures 37 and 38, respectively. The relations in-

dicate a gain in Ca and Si contents in both titanomagnetite and ilmenite 

by increasing the degree of hydrothermal alteration beyond class M2 

(titanomagnetite) and class T2 (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. 



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: 
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Curie temperature (Tc), saturation magnetization (Js), initial sus-

ceptibility (K) and hardness of the remanence (S). On the other 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 (J5 - Tc) were examined and the 

Curie temperatures and saturation magnetization calculated (Appendix II) • 

The thermomagnetic curves are classified into five groups which are 

listed below. 

1.1. 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 39a, 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. A 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 L1 to class L4 tends to in-

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

(2) Samples 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 rnicroprobe analysis of samples 

in this region showed that titanomagnetite in these samples was altered 

to titanohematite and granules phase rich in Ti02. 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 that the iron migrated from the structural lattice of titanomagnetite 

has reacted with hot solutions and formed magnetic phases with high 



Figure 39 

Example of Curie temperatures in the Azores drill core 

l. 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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Figure 40. Histogram of Curie temperatures of hydrothermally altered samples showing the increase 
in Curie temperature with increasing the degree of hydrothermal alteration. 
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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 hydrothennal 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 and replaced by silicate phases, nevertheless Curie temperatures 

indicate that ferrimagnetic phases are still present. 

1.3. Deuteric oxidation with hydrothennal 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 39e. 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 4lb, with an average of 574 ± 15(4)°C, close to that of pure 

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

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 (Read.man 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-
1.. 

tion. Although microscopic examination of polished sections of this 

group indicated that both titanornagnetite 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 39g. 

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

flow unit AUL 8.5 show a double and a triple Curie temperature5, 

respectively, figures 39h, 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.l.2 and AUG 5.1.l 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 contained 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 391. 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. 

From 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-



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) · 
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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 cor-

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 10-4 

emu oe- 1 .g- 1 • 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 sequence III 

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. 
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Table 12. Mean K, NRM, Q and zones of hydrothermal alteration in the Azores drill core rocks 

NUMBER DEGREE ALTERATION MEAN l< x l0-4 MEAN NRM x 10-4 

OF SAMPLES DEPTH IN m OF .1'.LTERATION ZONES emu.oe-1 q-l emu g-l 

2 88 L a 26.9±1.8 (1) * 
19 205 M b 11.8±2.9 {0.8} 16.2±5. 7 (1) 

N = 13 

4 267 L c 1.6±2.8 (l} 3.2±5.7 (3) 

9 352 M-H d 13.7±6.2 (2) 16.9±11.2 (4) 

12 438 M-L e 12.3±7.0 (2} 14.2±8.l (2) 

12 550 M f 12.9±4.0 (1) 8.4±4.l (1) 

16 6s'o H q 9.9±5.2 {l) 14.3±11.8 (3) 
I 

8 750 M h 11.8±6.9 (2) 13.1±7.1 (3) 

4 838 M-L i 9.1±4.0 (2) 15.7±4.2 (2) 

10 923 M j 6.3±2.0 (0.6) 19.2±11.9 (4) 

* Errors are one standard deviation, values in brackets are standard deviations of the mean 

ME:l'.N Q 

2.7±1 (0.3) 
N "' 13 

6.1±4.l (2) 

3.6±3.6 (l) 

5.0±7.0 (2) 

l.7±1.2 (0. 3) 

4.1±4.l (l). 

4.0±3.8 (l) 

4.5±2.9 (l) 

6.6±3.0 (!) 

I 

1~ 

w 
w 
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Figure 44. Relation between mean susceptibility in each hydrothermal 
alteration zone and depth. (For explanation of letters 
see Table 12). 
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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 Prevot (1977). The author believes that these 

factors could be responsible for the low susceptibility value 

of zone (c) 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 this can be explained 

by the variations in alteration and oxidation states, volume 

contents and grains size. In zones (b, d, 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 intensity values 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 10- 4 emu.g- 1 • 

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

(1) NRM values of higher than 30 x 10-4 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 5-15µ, 

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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NUMBER 
OF SAMPLES 

2 

15 

1 

1 

7 

6 

9 

7 

4 

9 

Table 13. Mean NRM intensity values of only 
hydrothermally altered samples 

DEPTH DEGREE OF ALTERATION MEAN NRM 
IN METERS ALTERATION ZONES x io-lemu.g-1 

88 L a 26.9±1.8 (1) 

205 M b 16.4±5.8 (2) 

287 L c 11. 7±0 (0) 

352 M-H d 5.8±0 (O) 

438 M-L e 13.0±8.3 (3) 

550 M f 7.3±3.5 {2} 

650 H g 12.2±8.3 (3) 
-

750 M h 11. 7±6.5 ( 2) 

838 M-L i 15.7±4.2 (2) 

923 M j 16.1±7.5 (3) 
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Figure 48. Plot between average intensity {J) and the degree of hydro-
thermal alteration (a) for all samples, (b) for hydrother-
mally altered samples (class 1) only. J is in (x lo-4emu.g-l} 
unit. 
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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 

(197la) have shown that the oxidation of titanomagnetite near 200°C 

actually increases the intensity of NRM. But later (197lb), 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 

Q == 

where J 

J 
KF 

= remanent magnetization emu.g- 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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Figure 49. Relation between Konigsberger ratio (Q) in each hydrothermal 
zone and depth. 



(3} The absence of correlation between NRM and K, figure 50, 

suggests that NRM and K depend largely on different 

physical parameters. 
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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 must constitute a substantial fraction of the total magnetiza-

tion. 

5. Hardness of the Remanence (S) 

The ratio Rzoo/Jo is taken as a measure of the hardness of reman-

ence in the drill core. All S values are given in Appendix 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 (O.B}. 

(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 0.09 0.0 (0) a -- --
15 0.18 0.2 ( .1) b 4 0.37±.2 (O. l) 

1 0.06 0 ( 0) c 3 -0. 79±0.3 ( 0. 2) 

1 0.66 0 (O) d 8 0.31±0.2 (0.1) 

7 0.31 0.2 (O. l) e 5 0.34±0.2 (0.1) 

6 0.34 o. 3- (0.1) f 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 0.41±0 (0) 

4 0.16 0.1 (0.1) i -- --
9 0.11 0.1 (O. 0) j 1 0.14±0 (0) 
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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; the 

in situ magnetization and the viscous remanent magnetization (VRM) in-

duced during drilling or acquired 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 µ) 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 obtained 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 42e), 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 also 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. Gromme 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 titanohema-

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 Fe 2 +, Fe 3+ and 

Ti 4+ 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 Banerjee (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) have suggested that there is some 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 opaque 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 core with a mean.value of 10.7 x 10- 4 emu.oe- 1 .g- 1 • 
~ 

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 

decreases as the degree of alteration increases. 

(4) The average NRM intensity in the drill core is 14.4 x 10- 4 

-1 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-



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 inthe 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). 

(5) 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. 

(6) 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. 
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(7) 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. 

(8) All the magnetic inclination measurements are normal. This 

indicates magnetization during the Brunhes polarity epoch 



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, CONCLUSIONS 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 of Sao Miguel on 

which the volcano Agua de Pau is located (Machado 1972 and 

1974) . 

(2) The opaque 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 alkali affinities (McGraw 1976) and pyro-

elastics. 

(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, convection 

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 temperature-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 (a and S solid 

solution zone) , b (deuteric oxidation, high temperature zone) , c (inter-

mediate temperature zone), d (low temperature zone), e (hydrothermal 

alteration zone) and f (weathering and erosion or continuing volcanic 

activity and burial of flow by younger 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 microprobe 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 (f02) and the Fe2+/Fe 3+ 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 (1976) 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+/Fe 3+ 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 ratio Fe2+/Fe 3 + 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 liquid seems in 

general to become progressively more oxidized as fractionation proceeds. 

Examination of Tables 1, 2 and 3 of the unaltered titanomagnetite in 

the Azores drill core indicates that contrary to Carmichael and Nicholls 

claim, zoned titanomagnetite has higher ulvospinel 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 liquid such as alkali 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 different 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 



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 
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and Nicholls 1967 and Prevot and Mergoil 1973). Cr content of spinels 

in general decrease with fractionation (Cameron and Glover 1973). 

Dasgupta (1967, 1969) and Prevot 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), by 

the effervescence and loss of gas (water and S02) 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 3+ by Ti~+ 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 "weak11 cations into the mineral such as Mn 2+ 

in place of Fe 2+ as an example and for concomitant explusion of A1 3+ 

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) believed 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 observations 

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 skeletal 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) • Oxygen 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 

therametemperature 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 pseudobrookite 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 14e. These pseudobrookites 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, f02 dependent. 

The latter develops at correspondingly higher temperatures (> 800°C) 

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

Gromme 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 microenvironrnental conditions which affect reaction 

rates and the degree to whichcationicexchange process will respond to 

rapidly changing physical and chemical parameters. Therefore a definite 

estimate of temperatures or oxygen fugacity (Buddington 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.l 

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 with 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 c, 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 o~idation 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 deficiences 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 d~y,. conditions 

at low temperatures <~ 300°C) (Elder 1965 and Sakamoto 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 d~ill 

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 

Fe-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 

about 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. The 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 hydrothermal areas. The abundance 

of the phases, their stability and location in the drill core were cor-

related with both the observed and calculated temperatures. Three 

stages of titanornagnetite and ilmenite alteration were adopted: 

(1) Titanomagnetite 

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

is progressively increased from class L1 to class L4 , 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 d, 

figure 

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

stage (M1-M4) , both the composition and the structure of the 

original titanomagnetite are changed. A granular, micro-

crystalline and porous phase rich in Ti02 with the addition of 

Ca and Si in the highest class (M4) was formed. Iron which is 

presumably transfered to the ferric state migrated from the 

present lattice and formed a red stain of iron hydroxides, 



while other elements Ti, Al, Mg, Mn and Cr remain unchanged 

or showed a slight decrease. 
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(c) High degree hydrothermal alteration (160-210°C): The composi-

tion and structures of the phases in this stage (H1-H3) are 

completely changed from the original titanomagnebite and a 

silicate phase (?) surrounded with a remanent of titanomag-

netite and iron hydroxides is formed. 

(2) Ilmenite 

(a) Low degree hydrothermal alteration (80-l00°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 2 + transfers to Fe 3+ and some 

migrates from the ilmenite lattice. 

(b) Medium degree hydrothermal alteration (l00-150°C) : In this 

stage (T1-T3) the phases include coarse granules of rutile and 

titanohematite and cracks as a result of volume reduction from 

ilmenite+ pseudorutile to rutile (Grey and Reid (1975)). 

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

stage (V1-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 

thermal fluids as an exchange medium account for the removal 

of iron from Fe-Ti oxides and thus 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 subaqueous section 

of the drill core. The occurrence of sulfides in the subaqueous 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 ~he 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 H20, S02, C02 and H2. 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 

studies 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. 

(2) -4 -l -1 The average initial susceptibility was 10.7 x 10 emu. oe .g • 

Susceptibility initially increased with increasing degree of 

hydrothermal alteration until it reached a maximum value in the 
~, 

medium-high hydrothermal zone, susceptibility then decreased as 

the degree of alteration increased. 

(3) The average NRM intensity was 14.4 x 10-4 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 



to a point between the medium and high hydrothermal alteration 

alteration degrees. NRM then increased as the degree of 

hydrothermal alteration increased. 

(4) The average Konigsberger ratio {Q) was 4.0 indicating that in-

duced magnetization contributes significantly to but does not 

dominate the total magnetization. 

(5) The hardness of the remanence varied in the drill core but high 

hardness was always found to be associated with high deuteric 

oxidation state. 

(6) The stable inclinations were close to the dipole inclination at 

37°48'N and were considered to be the ambient field inclination 

during eruption. 

(7) 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. 

7. Future work: 

The study of opaque mineralogy and magnetic properties of basalts 
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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 



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 ]J except for photos with focus ring (microphotometer) 

where scale bar is 25 lJ 

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 car-

rosion. Showing also the aperture diaphragm of the 

rnicrophotometer 
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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 enriched in Fe 3+ and Ti. 

Figure b: Oscillatory zoning in spinel. 

Figure c: Pyrrhotite (white) and titanomagnetite (dark grey). 

Figure 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 is enriched in Fe 3+ 

and Ti. 

Figure g: Epitaxial overgrowth in spinel. The dark central zone is 

enriched in Fe 2+, Cr and Al; the lighter grey outer mantle 

is enriched in Fe 3+ and Ti. 
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Plate 4 

Texture of Fe-Ti oxides 

Figure a: Fine lamellae of ilmenite in titanomagnetite 

Figure b: Black rods ~pine~ in magnetite (grey). The light grey is 

titanomagnetite. 
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Figure c: Complex texture of titanomagnetite. Grey are rutile 

lamellae in titanohematite (light grey). The dark grey is 

magnetite containing spine! rods., 

Figure d: Decomposition of olivine. White is magnetite. 

Figure e: Replacement in spinel by a chloritic mineral. 
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Plate 5 

High temperature oxidation (deuteric) of titanomagnetite 

Figure a: Class 2 titanomagnetite. Ilmenite lamellae (grey) in 

titanornagnetite (light grey) . 
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Figure b: Class 3 titanomagnetite. Ilmenite lamellae (light grey) 

are more than 50% of titanomagnetite area. 

Figure c: Class 4 titanomagnetite. Ilmenite lamellae are mottled and 

fine rutiles are developed in titanohematite. The host 

magnetite (dark grey) contains abundant spinel larnellae. 

Figure d: Class 5 titanomagnetite. Lenses of rutile (dark grey) i1 

titanohematite (light grey). 

Figure e: Class 6 titanomagnetite: Pseudobrookite (dark grey) in 

titanohematite (off white) . 

Figure f: Class 4 in skeletal titanomagnetite. 
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Plate 6 

High temperature (deuteric) oxidation of ilmenite 

Figure a: Class 1 ilmenite 

Figure b: Class 2 ilmenite. Crichtonite (white) in ferri-ilmenite. 

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

titanohematite + rutile (grey). 

Figure d: Class 4 ilmenite. Rutile lamellae in titanohematite. 

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

hematite + rutile (off white)." 

Figure f: Class 6 ilmenite. Pseudobrookite (dark grey). Some titano-

hematite remains (off white). 
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Plate 7 

Low degree hydrothermal alteration of titanomagnetite 

Figure a: Class L1 titanomagnetite. Homogeneous titanomagnetite. 

Figure b: Class L2 titanomagnetite. Lines of titanomaghemite 

(off white) in titanomagnetite (grey) . 

Figure c: Class L3 titanomagnetite. Patches of titanomaghemite 

(off white) in titanomagnetite (grey) . 

Figure d: Class L4 titanomagnetite. Titanornaghemite (off white) 

occupys more than 50% of titanomagnetite (grey) area. 
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Plate 8 

Medium degree hydrothermal alteration of titanomagnetite 

Figure a: Class M1 titanomagnetite. This is the same class as L4 • 

Figure b: Class M2 titanomagnetite. Dissiminated titanohematite 

(white spots) replacing titanomaghemite. 

Figure c: Class M3 titanomagnetite. Granule phase replacing titano- . 

hematite. 

Figure d: Class M4 titanomagnetite. Total granulation of original 

titanomagnetite. 
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Plate 9 

High degree hydrothermal alteration of titanomagnetite 

Figure a: Class H1 titanomagnetite. Totally granulated grain of 

titanomagnetite. 
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Figure b: Class H2 titanomagnetite. Sphene (black) replacing 

granulated titanomagnetite. Some titanomagnetite remains 

unaltered (grey). 

Figure c: Class H3 titanomagnetite. Titanomagnetite is completely 

altered. 
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Plate 10 

Low degree hydrothermal alteration of ilmenite 

Figure a: Class s1 ilmenite. Homogeneous ilmenite. 

Figure b: Class s2 ilmenite. Grey ilmenite. 

Figure c: Class s3 ilmenite lamellae and patches of light grey 

pseudo-rutile in (grey) ilmenite. 
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Figure d: Class s4 ilmenite. Patches of pseudorutile (light grey) 

in ilmenite (grey) . 
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Plate 11 

Medium degere hydrothermal alteration of ilmenite 

Figure a: Class T1 ilmenite. Ilmenite (grey) contains pseudorutile 

(light grey) . 

Figure b: . Class T2 ilmenite. Pseudorutile i's replaced by (grey) 

color and (off white) 'hematite. Some ilmenite (dark grey) 

remains altered. 

Figure c: Class T3 ilmenite. All 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 v1 ilmenite. Rutile (grey) and hematite (off white). 

Figure b: Class v2 ilmenite. Leucoxene (off white) and sphene (black). 

Figure c: Class v3 ilmenite. Black sphene with some leucoxene (grey). 
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Plate 13 

Combination of deuteric oxidation and hydrothermal 

alteration in titanomagnetite and ilmenite 

Figure a: Hydrothermal alteration in class 2 titanomagnetite. Il-

menite lamellae are replaced by titanohematite (off white) 

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

Figure b: 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). 

Figure c: Hydrothermal alteration in class 6 titanomagnetite. Titano-

hematite (white), rutile (grey) and pseudobrookite (dark 

grey). The grain is surrounded by red stain (black) in the 

polished section. 

Figure d: 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. 

Figure e: 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. 

Figure f: Hydrothermal alteration in class 6 ilmenite. Titanohematite 

(off white) in pseudobrookite (light grey). 
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Plate 14 

Texture of ilmenite 

Figure a: Trellis type ilmenite 

Figure b: Internal inclusion, composite type ilmenite 

Figure c: External inclusion, composite type ilmenite 

Figure d: Sandwich type ilmenite 

Figure e: Pseudobrookite 

215 



216 

• 
a b 

c d 

e 



AUL 1.1.2: 
59.5 m 

AUL 2.1.5: 
99.l m 

AUL 2.2.a: 
109.4 m 

Il 

APPENDIX I 

Opaque Mineralogy 

Greyish brown anhedral to subhedral titanomagnetite 

in 10-30 µ range. Low hydrothermal alteration. 

Phenocrysts, light brown euhedral to subhedral 

titanomagnetite in 40-90 µ range. Occasional 

spine! with primary growth zoning, the inner parts 

are enriched in Fe 2+, Cr, Al and Mg, while the 

secondary spine! mantles are rich in Fe 3+ and Ti. 

Reflectivity in air is 16.9% for titanomagnetite 

and 16.8% for spinel. Temperature is 25°C (H). 

Greyish brown subhedral groundrnass titanomagnetite 

of 10-30 µ dimension. Low hydrothermal alteration. 

Phenocrysts, light brown euhedral to subhedral 

titanomagnetite up to 90 µ dimension. Reflectivity 

in air is 16.1% for phenocrysts titanomagnetite 

and 16.5% for the medium grains. Temperatures is 

Greyish brown subhedral small to medium (10-30 µ 

dimension) groundrnass titanomagnetite. Low hydro-

thermal alteration. Occasional phenocrysts of 

titanomagnetite. Reflectivity is 16.2% for the 

phenocrysts and 16.4% for the groundrnass titano-

magnetite. Temperature is 25°C (H). 



AUL 2.3.a: 
114.9 rn 

AUL 2.3.b: 
119. 5 rn 

AUL 2.4.b: 
119.5 m 

AUL 2.4.T: 
119.5 m 

AUG 3 .1.1: 
148.4 m 

I2 

Greyish brown subhedral to anhedral, small to 

medium (10-30 µ dimension) titanomagnetite. Low 

hydrothermal alteration. Phenocrysts, light brown 

subhedral titanornagnetite in 50-100 range. 

Occasional large (60-100 µ) subhedral spinel. 

Reflectivity for phenocrysts is 15.8%, for spinels 

16.8% and for the groun&nass 16.2%. Temperature 

is 25°C. (H) 

Occasional large (> 100 µ) 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 µ) greyish brown subhedral to an-

hedral titanomagnetite. Low hydrothermal alteration. 

Reflectivity is 15.9%. Temperature is 25°C. (H) 

Few large (> 80 µ dimension) subhedral spinel. 

Reflectivity is 17.1%. Temperature is 25°C. (H) 

Greyish brown subhedral to anhedral titanomagnetite 

in 60-100 µ 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.b: 
149.2 m 

AUG 3.4: 
149.8 m 

AUG 3.4.T: 
149.8 m 

I3 

Greyish brown small to medium (10-30 µ dimension) 

titanomagnetite. Occasional large grains (60-80 µ 

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 µ dimension) greyish brown 

titanomagnetite with some occasional oxidation to 

whitish blue titanomaghemite. Low 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 µ dimension) 

titanomagnetite. Some grains are oxidized to 

titanomaghemite. Low hydrothermal alteration. 

~Reflectivity is 16.7% for titanomaghemite and 

15.9% for titanomagnetite. Temperature is 34°C (I). 

Fine to medium (5-20 µ) 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 µ dimension) titano-

magnetite. Low hydrothermal alteration. Reflec-

tivity of titanomagnetite is 16.1%. Temperature is 

34°C (I). 



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 

I4 

Greyish brown, small-mediilm (10-30 µ dimension) 

titanomagnetite. Occasional large grains (in the 

50-.100 µ range) titanomagnetite. Much of the 

grains 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 (10-30 µ dimension) titanomagnetite. 

Few large grains (> 60 µ) 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. Tern-

perature is 34°C (I). 

Two size generations of subhedral to anhedral 

titanomagnetite. The larger up to 80 µ, the 

smaller ranges in size from 5-15 µ. Low hydro-

thermal alteration. Reflectivity of titanomagne-

tite is 15.9% (large grains), 16.3% (small grains) 

and 16.8% for titanomaghemite. Temperature is 34°c (I). 

Titanomagnetite, greyish brown, size in the 5-15 µ 

range, anhedral form. Low hydrothermal alteration. 

Few grains. Reflectivity of titanomagnetite is 

15.9%. Temperature is 34°C (I). 



AUG 4.2.a: 
150.9 rn 

AUG 4.2.b: 
150.9 m 

AUG 4.2.T: 
150.9 m 

AUG 4.3.a: 
151.3 rn 

AUG 4.3.b: 
151.3 m 

IS 

Two size generations of titanornagnetite. Large 

subhedral ranges in size from 60 to 100 µ and 

anhedral small grain in 5-15 µ range. Low hydro-

thermal alteration. Reflectivity of titanomag-

netite ~s 15.5% (small grains), 16.1% (large 

grains and 16.8% for titanomaghemite. Temperature 

is 34°C (I). 

Medium to large grains titanomagnetite in the 

20-80 µ 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 titanornagnetite in the 

size range of 15-30 µ. Few phenocrysts of spinel. 

Low hydrothermal alteration. Reflectivity of 

titanornagnetite is 16.2% and 16.7% for spinels. 

Temperature is 34°C (I). 

Anhedral, small size titanomagnetite in 5-15 µ 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 µ. Low hydrothermal 

alteration. Reflectivity of titanomagnetite is 

15.9%. Temperature is 34°C (I). 



AUG 4.3.c: 
151.3 rn 

AUG.5: 
153.2 m 

AUG 5.1.l: 
155 rn 

AUG 5.1.a: 
155 m 

AUG 5.1.T: 
155 m 

I6 

Small to medium titanomagnetite grains in the size 

range of 5-20 µ. Occasional large phenocrysts 

(> 80 µ). 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 µ dimension). Some phenocrysts of greyish 

brown titanomagnetite. Few phenocrysts of spine!. 

Low hydrothermal alteration. Reflectivity of 

titanomagnetite is 15.9%, phenocrysts 15.2% and 

18.4%, for titanomaghemite. Temperature is 34°C (I). 

Greyish brown small (5-15 µ) ground.mass titano-

magnetite. Few phenocrysts greyish brown {> 60 µ) . 

Spinel with primary growth zoning in the 50-80µsize 

range. Low hydrothermal alteration. Reflectivity 

of titanomagnetite 18.5%, 15.3% for spinel and 

17.8% for the oxidized spine!. Temperature is 34°C (I). 

Small greyish brown (5-10 µ) ground.mass titanomagne-

tite. Few phenocrysts, spinel and titanomagnetite 

(60-80 µ). 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 µ. Few 

large grains (> 80 µ). 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 

I7 

Low hydrothermal alteration. Reflectivity of 

titanomagnetite is 15.9%, 16.5% for spinel and 

18.9% for titanomaghernite. Temperature is 34°C (I). 

Medium greyish brown in the range of 15-30 µ. 

Subhedral to anhedral grains. Low hydrothermal 

alteration. Reflectivity is 16.1% for titanomag-

netite and 18.7% for titanohematite. Temperature 

is 34°C (I) • 

Small grains brown titanomagnetite in the size 

range of 5-15 µ. Internal inclusion of ilmenite 

inside titanomagnetite. Low hydrothermal alteration. 

Reflectivity is 15.9%. Ilmenite 14.3% - 17.2%. 

Temperature is 34°C (I). 

Small grains brown subhedral to anhedral titano-

magnetite. Fairly 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. 

Few large grains (> 60 µ) titanomagnetite with 

oxidation to whitish blue titanomagnemite. Low 

hydrothermal alteration. Reflectivity of titano-

magnetite is 15.9% and 15.5% (large grains), 19.2% 

for titanomaghemite. Temperature is 34°C (I). · 



AUL 6.1.a: 
159.4 m 

·AUL 6.1.T: 
159.4 m 

AUL 6.1. 3: 
159.4 m 

AUL 6.1. 7: 
165 m 

IS 

Small to medium greyish brown titanomagnetite, in the 

size range of 5-25 µ. Low hydrothermal alteration. 

Reflectivity of titanomagnetite is 17.2%. Reflec-

tivity of titanomaghemite is 18.9%. For spine! is 

15.8%. Temperature is 67°C (I). 

Small to medium, anhedral to subhedral brown titano-

magnetite (10-30 µ dimension). Low hydrothermal 

alteration. Reflectivity of titanornagnetite is 

16.8%, for titanomaghemite 18.9%. Temperature is 

67°C (I). 

Small to medium, greyish brown, euhedral to subhedral 

grains titanomagnetite in the size range of 5-20 µ. 

Low hydrothermal alteration. Titanomaghemite with 

whitish blue color. Ilmenite as elongated anhedral 

grain in the 10-30 µ size range. Low hydrothermal 

alteration. Occasional phenocrysts of spinel 67°C (I). 

(> 60 µ). Reflectivity of titanomagnetite is 17.1%, 

21.8% for titanomfghemite, 16.8-17.1% for ilmenite. 

Temperature is 67°C (I) . 

Small to medium greyish brown titanomagnetite in 

the size range of 10-25 µ. 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 µ). 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 $.1.1: 
170 m 

I9 

Small to medium greyish brown titanomagnetite 

(10-20 µ 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 µ 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 µ 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 µ 

dimension). Occasional phenocrysts of spinel. Low 

hydrothermal alteration. Reflectivity of titano-

magnetite is 16.3% and 17.2% for titanomaghemite. 

Temperature is 67°C (I) . 

Two generations of titanornagnetite, the smaller 

size (5-10 µ) is altered to titanomaghemite and 

titanohematite and the larger size (30-60 µ) is 

deuterically oxidized to class 2 and 4 as well as 



AUL 8.1.2: 
170.l m 

AUL 8.1.3: 
170.l m 

IlO 

low hydrothermal alteration. Ilmenite, small to 

medium elongated grains (10-25 µ) 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, 19.1% (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 (I). 

Two generations of titanomagnetite, small to 

medium size generation (10-25 µ) and large size 

generation (60-80 µ). The grains are altered to 

whitish blue titanomaghemite as well as some titano-

hematite. Occasional phenocrysts of spinel. Low to 

medium hydrothermal alteration. Elongated brown 

ilmenite in (10-30 µ) 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. Tern-

perature is 78°c (I) . 

Small to medium grains brown titanomagnetite in the 

range of 10-30 µ. 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 8.1.a: 
170.2 m 

AUL 8.1.b: 
170.2 m 

Ill 

of ilmenite in the range of 10-25 µ, 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 µ. 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 range 

of 10-30 µ, Low hydrothermal alteration. Reflec-

tivity is 16.2% for titanomagnetite, 19.8% for 

titanomaghemite and 14.7-16.8% for ilmenite. Tern-

perature is 78°C (I) • 

Medium to large subhedral greyish brown titano-

magnetite in the range of (25-60 µ) . Low hydro-

thermal alteration. Ilmenite, elongated grains 

dark brown (15-50 µ) • Low hydrothermal alteration. 

Reflectivity is 16.0% for titanomagnetite, 19.9% for 

titanomaghemite and 14.6-16.6% for ilmenite. Tern-

perature is 78°C (I). 

Medium-large grains greyish brown titanomagnetite 

(20-50 µ) . Low hydrothermal alteration. Elongated 

brown ilmenite (15-40 µ) • Low hydrothermal altera-

tion. Reflectivity is 15.9% for titanomagnetite, 

21.5% for titanomaghemite 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.l m 

AUL 8.2.b: 
171.l m 

AUL 8.2.T: 
171.1 m 

AUL 8.4.a: 
171.6 m 

Il2 

Medium greyish brown titanomagnetite (15-25 µ) . 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 µ. Low hydrothermal alteration. Few 

elongated grains of ilmenite brown colored up to 

25 µ. 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 titanomagnetite (15-30 µ). Low 

hydrothermal alteration. Occasional, small to medium 

elongated brown ilmenite (10-20 µ). Low hydrothermal 

alteration. Reflectivity is 16.2% for titanomagne-

tite, 17.0% for titanomaghemite and 14.8-16.8% for 

ilmenite. Temperature is 78°C (I). 

Anhedral to subhedral greyish brown titanomagnetite 

in the size range of (5-20 µ) • Low hydrothermal 

alteration. Reflectivity is 15.8% 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.a: 
171. 9 m 

AUL 8.5.b: 
171.9 m 

Il3 

tivity is 18.9% (brown magnetite), 20.1-22.3% 

(metailmenite and titanohematite), 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% (titanohematite, 

20.2-18.3% (rutile) and 15.4-16.3% (pseudobrookite). 

Temperature is 80°C (I) • 

Anhedral grains of titanomagnetite (15-30 µ 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 µ 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 titanomagnetite class 4, 5 and 6 

deuteric oxidation. Ilmenite elongated to anhedral 

grains class 3, 5 and 6 deuteric oxidation. Medium-

high hydrothermal 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 µ),class 4 

and 5. High hydrothermal alteration. Temperature 

is 158°C (A) • 



AUL 8.5.c: 
171.9 m 

AUL 8.5.2: 
171.9 m 

AUL 8.5.7: 
171.9 m 

AUL 9.3.a: 
174.7 m 

AUL 9.3.b: 
174.7 m 

AUL 9.3.c: 
174.7 m 

Il4 

Medium anhedral to subhedral grains titanomagnetite 

in class 5 and 6 deuteric oxidation. Ilmenite, 

medium grains class 5 and 6. Medium-high hydro-

thermal alteration. Temperature is 158°C (A). 

Medium groundmass class 6 deuteric oxidation titano-

magnetite. Ilmenite also in high state of deuteric 

oxidation (class 6). Both titanomagnetite and il-

menite are very high hydrothermally altered. Tero-

perature is 158°C (A). 

Small to medium greyish brown titanomagnetite in 

the range of 15-30 µ. Occasional phenocrysts (> 60 µ). 

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). 

Anhedral small to medium greyish brown titanomagne-

tite. Low hydrothermal alteration. Few elongated 

separate ilmenite. Temperature is 34°C (I). 

Small medium greyish brown titanomagnetite in the 

size range of 10-30 µ. Few separate ilmenite. Low 

hydrothermal alteration. Temperature is 34°C (I). 

Titanomagnetite, small-medium grains (15-30 µ) . An-

hedral-subhedral form. Occasional ilmenite brown in 

color up to 35 µ. Low hydrothermal alteration. 

Temperature is 34°C (I). 



AUL 10.1: 
179.8 m 

AUL 10.1.b: 
179.8 m 

AUL 11. 2. 2: 
186.1 m 

AUL 11. 2. 7: 
195.5 m 

Il5 

Medium to large titanomagnetite (35-80 µ) 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), 14.4-

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. Temperature is 80°C (I). 

Deuteric oxidation class 2, 3, and 4 titanomagnetite. 

Few ilmenite in class 2 and 4. Medium hydrothermal 

alteration. Temperature is 80°C (I). 

Small greyish brown groundmass titanomagnetite (5-

15 µ). Occasional phenocrysts of titanomagnetite 

(> 60 µ). Separate ilmenite, elongated grain. Low 

hydrothermal alteration. Reflectivity of tipano-

magnetite phenocrysts is 15.6% and 14.6-17.2% for 

ilmenite. Temperature is 34°C (I). 

Groundmass greyish brown titanornagnetite (10-35 

dimension). Few large grains of titanomagnetite 

(up to 60 µ). Separate and intergrowth of ilmenite 

in the size range of 15-25 µ. Most of titanomagne-

tite grains 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 

Il6 

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 

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). For 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 µ. Temperature is 

165!C (H) • 

Small to medium grains 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 titanohematite. 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 

Il7 

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-

placed 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. 6 m 

AUL 19.2.6: 
235.5 m 

Il8 

17.2-17.6%, 15.2-17.0%, 21.2-25.4%, 19.6%-18.3%. 

Temperature is 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 (A). 

Class 5 and 6 deuteric oxidation in titanomagnetite 

and ilmenite. Both titanomagnetite and ilmenite 

are hydrothennally 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 16_0 °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 granulation 

after titanohematite is also present in ilmenite. 

Medium hydrothennal alteration. Reflectivity of 

titanomagnetite alteration is 22.4%, titanohematite 

23.3-27.1%, granulation 20.6%. For 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 

119 

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 grains·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, class 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: 
261.1 m 

AUL 25.5.4: 
263.4 m 

120 

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 µ) subhedral grains of 

titanomagnetite. Elongated and equigranular il-

menite. Low hydrothermal alteration. Temperature 

is l8°C (I). 

Medium to large grains light brown color of titano-

magnetite altered to titanomaghemite. 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 16.7%. 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). 



AUL 25.5.6: 
265.9 m 

AUL 25.6.7: 
266.l m 

AUL 26.6.3: 
270.9 m 

AUL 30.4.2: 
291. l m 

AUL 30.4.6: 
291.l m 

AUL 31.1.2: 
292.3 m 

I21 

Medium titanomagnetite grains (20-40 µ) • Very high 

hydrothennally altered. Ilmenite altered to sphene. 

High hydrothermal alteration. Temperature is 170°C (H). 

Medium to large titanomagnetite grains. Cation 

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). 

Few medium titanomagnetite grains. Granulation 

texture with orange, yellow and red color. Medium-

high hydrothermal alteration. Temperature is 170°C. 

Few large grains titanomagnetite in high deuteric 

oxidation state (class 5 and 6) . Occasional il-

menite class 6. Both titanomagnetite and ilmenite 

are hydrothennally altered to sphene. Temperature 

is 175.°C (H) • 

Few grains of titanomagnetite in class 6 deuteric 

oxidation starts to form sphene. Medium-high hydro-

thermal alteration. Few pyrrhotite. Temperature 

is 175°c (H). 

Small grains of titanomagnetite class 6 deuteric 

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. l. 6: 
296.2 m 

AUL 31.1.11: 
316.5 rn 

AUL 31.1.16: 
316.7 m 

AUL 36.1.8: 
317.4 m 

AUL 38.3.7: 
332.l m 

AUL 39.2.2: 
332.8 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 µ dimension) • 

All in class 6 deuteric oxidation. Medium-high 

hydrothermal 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 

sphene. 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 µ 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 

ilinenite 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 slliJhedral grains (5-

15 µdimension), 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 µ 

dimension) in deuteric oxidation state, class 4 and 6. 

The grains are altered to sphene and granulation 

texture. Medium hydrothermal alteration. Temperature 

is 165°C (A}. 

Elongated and tubular titanomagnetite and ilmenite 

up to 70 µ, in deuteric oxidation state class 5 



AUL 41.1.7: 
342.l m 

AUL 41.3.l: 
346.2 m 

AUL 41.3.2: 
346.3 m 

AUL 42.2.4: 
348.3 m 

AUL 42.2.7: 
351.6 m 

I24 

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 (A). 

Deuteric oxidation class 5 and 6 titanomagnetite and 

ilmenite. Medium to large subhedral to anhedral 

grains (30-70 µ 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 (A). 

Reflectivity of ilmenite is 17.9-18.1%. 

Elongated grains titanomagnetite up to 50 µ dimen-

sion. High hydrothermal alteration. Red stain in 

the silicates. Temperature is 160°C (I). 

Elongated grains of titanomagnetite and ilmenite 

(25-60 µdimension). 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 µ 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, S 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: 
367.1 m 

AUL 46.2.7: 
370.8 m 

AUL 49.1.1: 
382.9 m 

I25 

Small to medium grains of titanomagnetite (10-30 µ 

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). 

Mediumgrains 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 µdimension}. Titanohematite, 

rutile and sphene occur as secondary alteration 

phases. Medium-high hydrothermal alteration. Red 

stain around the opaque phases and in the silicates. 

Reflectivity of titanomagnetite alteration is, 

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

is 180°C (A) • 



AUL 49.1.2: 
383.l m 

AUL 49.3.1: 
385.6 m 

AUL 49.3.6: 
387.6 

AUL 50.1.7: 
388.0 m 

AUL 51.2.1: 
396.3 m 

AUL 51.2.8: 
397.9 m 

I26 

Medium to large grains titanomagnetite and ilmenite, 

up to 60 µ 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 µ). 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 arid 

ilmenite. The grains are medium (20-40 µ) 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 µ. 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 

I27 

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%. Tern-

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 oxidation 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: 
424.1 m 

AUL 57.1.3: 
425.0 m 

AUL 57.1.6: 
428.6 m 

I28 

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. Tern-

perature is 175°c (A). 

Deuteric oxidation class 3 and 4 titanomagnetite. 

Ilmenite also contains class 2 deuteric oxidation. 

Both ilmenite and titanomagnetite altered to titano-

maghemite. Low to medium hydrothermal alteration. 

Temperature is 97°C (I) . 

Deuteric oxidation class 5 and 6 medium grains 

titanomagnetite, hydrothermally altered to orange, 

yellow sphene and titanohematite. Medium hydro-

thermal alteration. Temperature is 122°C (I). 

Medium to large grains (30-70 µ dimension). titano-

magnetite and ilm~nite class 5 and 6. Both are 

hydrothermally altered to titanomaghemite and 

pseudorutile and titanohematite with some granula-

tion. Medium hydrothermal aiteration. Temperature 

is 122°C (I) • 

Deuteric oxidation of titanomagnetite and ilmenite 

class 6. Granulation texture and some titanomag-

hemite. Medium hydrothermal alteration. Temperature 

is 122°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 

I29 

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 is 40°C (I). 

Medium grains titanomagnetite hydrothermally altered 

to titanomaghemite phase. Separate elongated il-

menite altered to titanohematite and rutile. Low to 

medium hydrothermal alteration. Temperature is 

97°C (I) . 

Fine to medium (5-20 µ dimension) deuteric oxida-

tion class 6 titanomagnetite. Titanohematite, sphene 

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 µ size range) titanomagnetite 

altered to -titanomaghemite. The grains are sub-

hedral. Anhedral ilmenite, separate and elongated 

(25-40 µ) altered to titanohematite and rutile. 

Low-medium hydrothermal alteration. Temperature is 

40°C(I). 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: 
49&.6 m 

AUL 73.2.2: 
508.2 m 

I30 

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 oxidation. 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 deuteric oxidation of titanomag-

netite. Medium grains (15-35 µ 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 µ 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 titanomagnetite (5-15 µ) altered to 

sphene and titanohematite as well as granulation 

texture. Occastional ilmenite. Red stain in the 

silicates. High hydrothermal alteration. Tempera-

ture is 180°C (A) . 



AUL 73.2.8: 
511.6 m 

AUL 74.2.3: 
514.9 m 

AUL 74.2.8: 
516.8 m 

AUL 75.4.3: 
520.9 m 

AUL 75.4.7: 
521.3 m 

I31 

Titanomagnetite altered to yellow transparent sphene. 

Granulation texture occur. Occasional large grains 

of titanomagnetite 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 

98°C (I). 

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 titanohematite. Medium hydrothermal alteration. 

Temperature is 148°C ·(I). 

Cation deficient titanomagnetite and ilmenite. 

Medium grains (15-30 µdimension). Low hydrothermal 

alteration. Reflectivity of titanomagnetite al-

teration is 21.9%. Temperatures is 98°C (t). 



AUL 77 .4.6: 
534.l m 

AUL 78.l.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 µ 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. Titanohematite phase is present. Medium 

hydrothermal alteration. Red stain in the silicates 

around 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 µ dimension) • 

Temperature is 100°C (I). 

Deuteric oxidation in titanomagnetite class 4 and 5. 

The grains are medium in their size (2.0-35 µ} • 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 

I33 

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 titanohematite, rutile and sphene. 

Medium hydrothermal alteration. Temperature is 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 

alteration 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-



AUL 84.2.8: 
581.2 m 

AUL 85.1.3: 
583.5 m 

AUL 85.1.6: 
587.7 m 

AUL 87.2.5: 
597.2 m 

AUL 87.2.6: 
598.3 rn 

I34 

ally altered to granulation phases. Medium hydro-

thennal alteration. Temperature is 145°C (I). 

Small to medium grains of titanomagnetite and 

ilmenite. Class 4 and 5 deuteric oxidat.ion. Both 

phases are hydrothennally altered to sphene and 

titanohematite. High hydrothermal alteration. 

Temperature is 180°C (A) . 

Deuteric oxidation class 4, 5 and 6 titanomagnetite. 

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). 

Medium to large grains titanomagnetite and ilmenite 

altered to titanomaghemite and pseudorutile. Some 

cation deficiency. Low hydrothermal alteration. 

Temperature is 42°C (I) • 

Small grains titanomagnetite and ilmenite, class 

4 and 6. Both are hydrothermally altered to sphene, 

rutile and titanohematite. High hydrothermal 

alteration. Temperature is 178°C (A). 

Deuteric oxidation in medium grains titanomagnetite. 

Class 4, 5 and 6. Separate ilmenite. The phases 

are hydrothennally 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 

AUL89.l.7: 
611.0 m 

AUL 89.2.4: 
612.3 m 

AUL 89.2.6: 
612.3 m 

AUL 90.1. 4: 
618. 3 m 

I35 

Small-medium grains of titanomagnetite altered to 

titanomaghemite and titanohematite. Medium hydro-

thermal alteration. Temperature is 105°C (I). 

Medium grains titanomagnetite (25-35 µdimension), 

altered to titanomaghemite and titanohematite. 

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 titanohematite, sphene and 

rutile. Medium-high hydrothermal alteration. Re-

flectivity of titanomagnetite class 3 is 16.9%. 

Temperature is 168°C (A) • 

Medium-large grains titanomagnetite (30-60 µ dimen-

sion) , altered to titanohematite 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 168°C (A). 

Deuteric oxidation of titanomagnetite and ilmenite, 

class 3 and 4. Small-medium grains (10-35 µ). 

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 : 
641.0 m 

I36 

hydrothermal alteration. Reflectivity of ilmenite 

alteration is 20.0%. Temperature is 175°C {A). 

Large grains titanomagnetite in the 40-70 µ size 

range. Deuteric oxidation class 3 and 4. Fair 

amount of separate ilmenite in class 2, 4 deuteric 

oxidation. Medium hydrothermal alteration. Tern-

perature is 175°C (A). 

Medium grains titanomagnetite altered to titano-

hematite. Few ilmenite grains altered to titano-

hematite and rutile. Medium hydrothermal alteration. 

Temperature 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 l68°C (A). 

Medium-large grains titanomagnetite altered to 

granulation texture. Occasional ilmenite. Medium 

hydrothermal alteration. Temperature is 165°C. 

The 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-

magnetite. Separate elongated ilmenite. Both show 

granulation phases. Medium to high hydrothermal 

alteration. Reflectivity of ilmenite alteration 

is 20.2%, Temperature is 175°C (A). 



AUL 94.1.8: 
644.1 m 

AUL 95.2.3: 
648.3 m 

AUL 95.2.8: 
650.5 m 

AUL 96.1.3: 
651.l m 

AUL 96.1.6: 
655.5 m 

.AUL 97.5.2: 
660.6 m 

I37 

Medium to large titanomagnetite and ilmenite. Both 

are hydrothermally granulated. Medium-high hydro-

thermal alteration. Some red stain in the silicates. 

Temperature is 188°C (A) • 

Medium grains titanomagnetite altered to titano-

maghemite and titanohematite. Medium to high hydro-

thermal alteration. Few ilmenite. Temperature is 

175°C (A). 

Medium grains titanomagnetite hydrothermally altered 

to granulation phase. Fair amount of ilmenite with 

granulation phase and sphene. Medium-high hydro-

thermal alteration. Temperature is l88°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 (~) • 

Medium to large grains of titanomagnetite and il-

menite in medium-high hydrothermal alteration state. 

-~ Red stain in the silicates. Reflectivity of titano-

magnetite alteration is 23.3-27.2%. Temperature is 

145°C (I) • 

Deuteric oxidation, titanomagnetite and ilmenite 

class 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 

I38 

thermally altered to granulation phases and sphene. 

Medium-high hydrothermal alteration. Temperature 

is 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 the silicates 

around the opaque phases. Hydrothermal alteration, 
\ 

high in this section. Reflectivity of titanomag-

netite alteration (class 3) is 18.0% and 15.2-17.0%. 

Temperature is l80°C (A) • 

Large grains titanomagnetite and occasional ilmenite. 

Both in high hydrothermal alteration state. Tern-

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 (I) • 

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. Tern-

perature is 168°C (I) • 



AUL 99.1.6: 
668.l m 

AUL 99.2.3: 
671.2 m 

AUL 99.2.7: 
671.8 m 

AUL 100.l.2: 
674.5 m 

AUL 100.1.5: 
676.5 m 

AUL 102.1.7: 
681.9 m 

I3~ 

Large grains titanomagnetite, altered to titano-

hematite and sphene. Medium grains of ilmenite 

altered to titanohematite, 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 µ dimen-

sion). Few ilmenites, medium grains. Low-medium 

hydrothermal alteration. Temperature is 76°C (I). 

Deuteric oxidation in titanomagnetite. Class 3 

and 4. Medium grains 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 (A). 

Small-large grains of titanomagneti~e 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: 
681.9 m 

AUL 103.2.4: 
692.2 m 

AUL 103.2.7: 
698.8 m 

AUL 105.3.3: 
700.7 m 

I40 

Medium hydrothe:nnal alteration. 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 titanornaghemite. 

Medium hydrothermal alteration. Temperature is 

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, titanohernatite and sphene. Medium-high 

hydrothermal alteration. Temperature is l05°C (I). 



AUL 105.3.6: 
700.7 m 

AUL 108.1.3: 
726.2 m 

AUL 108.l.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 granulated titanomagnetite and ilmenite. 

Secondary titanohematite 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, titanohematite, rutile 

and sphene. Red stain in the silicates. High 

hydrothermal alteration. Temperature is 180°C (A). 

Deuteric oxidation as well as hydrothermal altera-

tion in titanomagnetite and ilmenite. Titanomag-

netite is anhedral and medium in size (20-35 µ). 

Ilmenite is separate elongated grain up to 40 µ 

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). 

Few 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 rn 

AUL 113 • 1.1: 
753.1 m 

AUL 113 .1. 8 : 
757.1 m 

AUL 114.1.3: 
758.0 m 

AUL 116.l.6: 
770.2 m 

AUL 116 .1. 7: 
776.4 m 

I42 

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 (A). 

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). 

Medium to large grains titanomagnetite in deuteric 

oxidation state, class 4 and 5. Ilmenite, separate 

and elongated g+ain. Titanomaghemite and pseudo-

rutile. Low hydrothermal alteration. Temperature 

is 72°C (I). 

Most of titanomagnetite grains are small. Occasional 

large grains. Few ilrnenites. All the grains are 

in deuteric oxidation state, class 3 and 4. Low 

hydrothermal alteration, some medium hydrothermal 

alteration. Temperature is 72°C (I) • 

Large grains titanomagnetite up to 70 µ dimension 

occasional ilmenite. Some replacement of titano-

magnetite to titanomaghemite and ilmenite to il-

menite type (2). Low 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: 
811.9 m 

AUL 122.3.2: 
813.2 m 

AUL 124.1.8: 
825.8 

I43 

Some high hydrothermal alteration. Reflectivity 

of titanomagnetite alteration is 22.6%. Temperature 

is 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. Tern-

perature is 178°C (A). 

Small-medium grains titanomagnetite in the range 

of 5-25 µ. Occasional ilmenite. High hydrothermal 

alteration. Temperature is 190°C (A). 

Medium grains of titanomagnetite. Occasional 

ilmenite. The grains are in high granulation 

state. Medium-high hydrothermal alteration. Tem-

perature is 168°C {A). 

Large and skeletal grains of titanomagnetite up to 

80 µ 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 µ} and large type (60-80 µ}. Ilmenite 

in large grains, elongated form up to 60 µ. 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 

large 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-skeletal grains of titanomagnetite in class 

4 deuteric oxidation. Occasional ilmenite. Medium 

to high hydrothermal alteration. Temperature is 

125°C (I). 



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 m 

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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Large skeletal titanomagnetite. Occasional ilmenite. 

Low-medium hydrothermal alteration. Temperature 

is 72°C (I). 

Large and small skeletal titanomagnetite grains. 

Occasional 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 titanomagnetite and 

elongated separate ilmenite. High hydrothermal 

alteration. Temperature is 170°C (A). 

Few very high alteration of opaque phases. Temper-

ature is l88°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. Tero-

perature is 125°C (I). 



AUL 138. 1. 4: 
917.8 m 

AUL 138.1.6: 
917.8 m 

AUL 138.1.10: 
924.2 m 

AUL 142.1. 3: 
939.7 m 

AUL 142.1.6: 
940 m 

AUL 143.1.3: 
947.3 m 

AUL 143. 1. 8: 
950.2 m 

AUL 144 .1. 3: 
952.8 m 
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Skeletal titanomagnetite. Medium-large grains. 

Fairly abundant ilmenite. Spinel occur. Low 

hydrothermal alteration. Reflectivity of titano-

magnetite is 16.6%. Temperature is 18°c (I). 

Skeletal-anhedral titanomagnetite. Slight altera-

tion to titanomaghemite. Few ilmenite. Low hydro-

thermal alteration. Temperature is 18°C (I). 

Titanomagnetite in large elongated grains and 

skeletal type.' Occasional ilmenite. Low hydro-

thermal alteration. Reflectivity of titanomagnetite 

is 15.4%. Temperature is 18°C (I) 

Few grains titanomagnetite. High hydrothermal 

alteration. Temperature is 185°C (A) •. 

Skeletal and anhedral titanomagnetite. Few ilmenites. 

Low-medium hydrothermal alteration. Temperature is 

72°C (I). 

Small skeletal an~ large altered titanomagnetite. 

Ilmenite, rare. Medium hydrothermal alteration. 

Pyrrhotite occur. Temperature is 125°C (I). 

Skeletal and large grains altered titanornagnetite. 

Ilmenite rare. Growth of magnetite and hematite. 

Medium hydrothermal alteration. Temperature is 125°C (I). 

Skeletal, anhedral, fairly large grains of titano-

magnetite. Ilmenite, rare. Medium hydrothermal 

alteration. Temperature is 125°C (I). 



AUL 144.1.8: 
956.7 m 

Large skeletal grains and anhedral of titanomag-

I47 

netite and ilmenite. Medium hydrothermal alteration. 

AUL 146.1.6: 
969.0 m 

AUL 146.1.8: 
969.8 m 

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) • 

Large skeletal grains of titanomagnetite. Fairly 

abundant ilmenite. Low-medium hydrothermal altera-

tion. Temperature is 78°C (I). 

Skeletal titanomagnetite grains. Occasional il-

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 (Verhoogen, 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 II 

Rock Magnetism and Paleomagnetism 

SAMPLE DEPTH CURIE TEMP. Ka Qb NRMC d e I f 
m oc J200/Jo Io s 

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 49.7 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 19.2.2 231.6 599 1o:s 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 

H 
H 
I-' 



AUL 22.1. 2 249.1 524 
AUL 22.1.7 251.l 552 
AUL 22.2.2 251.5 8.1 2.7 9.9 0.10 45.4 48.0 
AUL 22.2.7 256.3 5.7 4.5 11. 7 0.06 49.3 39.2 
AUL 24.1.1 257.4 570 
AUL 25.6.7 266.1 512 
AUL 30.4.2 291.1 0.1 5.6 0.25 0.96 49.0 50.3 
AUL 31.1.2 292.3 0.1 12.0 0.54 0.96 50.5 49.8 

·AUL 31.l.6 296.2 0.33 2.4 0.35 0.46 46.0 44.8 
AUL 38.3.7 332.l 7.8 6.7 23.3 0.44 66.4 71.1 
AUL 39.2.7 334.3 552 
AUL 40.1.1 337.5 17.0 l. 7 12.8 0.13 83.0 71.5 
AUL 40. I. 2 337.9 23.8 1.1 11.9 0.09 72.5 60.l 
AUL 41.l.2 341.4 7.4 11.8 39.3 0.25 60.6 59.4 
AUL 41.l. 7 342.1 11.2 3.5 17.7 0.46 67.0 68.0 
AUL 42.2.4 348.3 6.5 3.0 8.7 0.61 67.6 65.3 
AUL 42.2.7 351.6 11. 7 1.0 5.5 0.40 64.9 63.3 
AUL 45.1. 2 366.5 582 
AUL 45.1. 7 367.1 575 
AUL 46.2.7 370.8 20.7 2.9 26.9 0.08 77 .2 75.0 
AUL 46.2.8 372.l 17.l 0.75 5.8 0.66 46.1 32.6 
AUL 49.1.2 383.l 551 
AUL 49.3.l 385.6 556 11.l 1.5 7.6 0.16 41. 7 54.2 
AUL 49.3.6 387.6 556 6.1 3.5 9.7 0.08 48.6 51.3 
AUL 51. 2.1 396.3 533 24.5 0.65 7.2 0.08 30.4 49.3 
AUL 51.2.8 397.9 21.8 LO 10.3 0.06 51.9 49.0 
AUL 52.4.5 402.''"j 571 
AUL 52.4.8 403.3 566 
AUL 54.l.4 411.l 556 11. 7 2.1 10.8 0.37 52.2 43.5 
AUL 54.l.5 413.6 563 10.2 3.2 14.5 0.30 47.8 41.3 
AUL 55.1. 9 418.8 597 19.4 1.2 10.5 0.20 39.5 41.3 
AUL 55.1.10 424.1 2.4 25.7 28.1 0.65 42.0 42.7 

H 
H 
N 



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 
AUL 66.4.7 476.1 509 17.5 
AUL 68.1.3 481.8 560 
AUL 69.7.3 490.7 9.8 
AUL 69.7.6 491.2 8.6 
AUL 71. 3. 2 500.9 571 
AUL 73.2.2 508.7 8.8 
AUL 73.2.8 511.6 548 14.2 
AUL 75.4.3 521.3 18.6 
AUL 75.4.7 521.6 507 20.1 
AUL 77.4.6 534.1 562 
AUL 78.1.2 536.8 558 8.2 
AUL 78.1.5 541.2 512 12.4 
AUL 79.1. 2 541.3 589 
AUL 82.l.4 562.4 8.4 
AUL 82.1.8 563.8 547 11.9 
AUL 83.2.4 569.9 532 
AUL 83.2.7 574.8 523 
AUL 84.2.5 578.8 576 10.7 
AUL 84.2.8 581.2 596 15.7 
AUL 85.1.3 583.5 580 
AUL 85.1.6 587.7 517 
AUL 87.2.6 598.3 574 9.6 
AUL 87.2.8 600.2 536 15.8 
AUL 88.2.3 604.5 523 
AUL 89.1. 5 607.6 573 17.7 
AUL 89.1. 7 611.0 548 10.5 

8.2 15.2 
0.75 5.9 

6.8 30.1 
5.4 21.0 

3.6 14.0 
0.79 5.1 
0.56 4.7 
0.71 6.5 

1.2 4.5 
0.94 5.2 

2.4 9.1 
1.1 5.8 

2.6 12.6 
1.1 7.6 

4.0 17."2 
1.2 8.2 

2.8 22.3 
4.4 20.9 

0.64 58.1 
0.24 66.7 

0.47 44.1 
0.59 52.5 

o. 72 52.4 
0.37 66.8 
0.39 21.2 
0.09 71.8 

0.42 58.5 
0.04 69.9 

0.42 68.6 
0.12 56.8 

0.44 56.8 
0.36 57.1 

0.48 59.4 
0.40 64.3 

0.43 80.6 
0.33 80.0 

56.8 

44.7 
53.4 

51.8 
44.2 

54.3 
65.3 

78.2 
68.9 

55.4 
52.6 

60.4 
58.1 

78.3 
78.1 

H 
H 
w 



AUL 90.1.4 618.3 8.6 
AUL 90.1.8 618.9 557 10.0 
AUL 92.1.2 626.9 580 
AUL 93.1.4 635.3 570 18.5 
AUL 93.1.8 638.9 14.3 

- AUL 94.1.3 641.0 551 
AUL 95.].2 648.3 556 15.5 
AUL 95.2.8 650.5 5.2 
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 
AUL 97.5.2 665.3 560 
AUL 98.2.4 665.3 559 
AUL 98.2.6 665.6 566 
AUS 98.5.1 665.9 570 
AUL 99.1.1 666.2 8.8 
AUL 99.1.6 668.1 11.5 
AUL 100.1.2 674.5 1.2 
AUL 100.1.5 676.5 3.0 
AUL 102.1.3 681.9 570 
AUL 102.1.7 687.1 560 
AUL 103.2.4 692.2 585 8.1 
AUL 103.2.7 698.8 15.1 
AUL 105.3.6 700.7 554 
AUL 108.1. 3 726.2 574 5.3 
AUL 108.1. 6 732.7 4.3 
AUS 110. l. 2 734.6 545 
AUL 111.2.4 739.9 15.3 
AOL 111.2.8 744.2 13.9 
AUL 112.l.4 745.5 560 
AUS 112.2.8 746.7 544 

7.5 29.1 
8.5 38.3 

1.0 8.6 
1.6 10.4 

0.9 6.4 
16.2 38.1 

3.0 6.2 

1.0 4.1 
1.2 6.3 
7.5 4.0 
3.3 4.5 

2.5 8.9 
2.0 13.4 

5.3 12.6 
6.0 11.5 

0.69 4.8 
0.97 6.1 

0.53 57.7 
0.42 57.7 

0.14 61.9 
0.26 81. 7 

0.14 59.7 
0.04 56.2 

0.58 74.9 

0.29 54.9 
0.35 59.0 
0.73 58.6 
0.66 56.7 

0.17 68.3 
0.10 72.1 

0.43 61.1 
0.44 55.2 

0.05 50.8 
0.11 74.0 

56.8 
54.9 

60.1 
52.2 

49.6 
52.3 

72.2 

27.3 
55.9 
56.8 
58.0 

55.8 
52.8 

65.3 
54.0 

53.3 
44.9 

H 
H 

""' 



AUL 113.1.1 753.1 566 4.8 
AUL 113.1.8 757.1 577 9.5 
AUL 116.1. 7 776.4 541 
AUL 118.1.1 785.3 562 
AUL 118.1.2 785.6 555 
AUL 120.1. 4 799.8 570 19.6 
AUL 120.1.8 799.8 579 21.9 
AUL 122.3.2 813.2 543 
AUL 124.1.2 821.7 498 13.8 
AUL 124.1.8 825.8 . 11.0 
AUL 129.2.1 856.8 580 
AUL 129.2.2 858.6 571 
AUL 131.1.1 867.3 551 6.4 
AUL 131.1.8 877.5 559 5.3 
AUL 134.1.6 884.3 569 
AUL 135.1.3 894.1 536 4A 
AUL 135.1.5 898.5 557 7.1 
AUL 136.1.8 900.4 576 
AUL 137 .l.3 907.4 554 5.4 
AUL 138.1.2 913.2 570 
AUL 138.1.4 917.8 537 
AUL 138.1.6 919.8 4.6 
AUL 138.1.10 924.2 550 6.3 
AUL 142.1.6 940 523 
AUL 143.1. 3 947.3 556 8.6 
AUL 143.1.8 950.2 546 7.9 
AUL 144.1. 3 952.8 541 
AUL 144.1.8 956.7 573 
AUL 146.1. 3 969.0 10.2 
AUL 146.1.8 969.6 532 4.6 

11.5 24.7 
5.3 22.7 

1.3 11.1 
1.2 11.4 

2.5 15.6 
3.0 14.7 

3.8 11.1 
8.8 21.2 

4.7 9.2 
3.3 10.7 

10.3 25.2 

5.1 10.5 
6.0 17.1 

12.0 46.4 
8.1 28.5 

4.2 19.0 
3.3 6.8 

0.05 59.1 
0.41 51.1 

0.16 73.1 
0.18 66.3 

0.31 63.8 
0.20 71.8 

0.07 59.8 
0.07 74.9 

0.21 54.6 
0.07 73.8 

0.15 67.2 

0.08 80.8 
0.04 77.0 

0.14 72.2 
0.10 70.9 

0.06 60.9 
0.16 68.0 

59.4 
53.3 

59.3 
58.4 

56.5 
62.7 

71.3 
72.5 

68.5 
68.6 

66.6 

58.l 
67.8 

73.5 
76.6 

66.0 
72.9 

H 
H 
(J1 



(b) Konigsberger ratio (the ratio between remanent to induced magnetization, Q 
F is the ambient field taken as 0.45 oe for the Azores area) 

(c) Natural remanent magnetization (10-~ emu.g- 1 ) 

NRM 
kF , 

(d) J 200 is the magnetic intensity measured after demagnetization in 200 oe AF. J 0 is the natural 
remanent magnetization. The ratio J 200/Jo is taken as a measure of the hardness of remanence. 

(e) Natural remanent magnetization inclination. 

(f) Stable inclination after demagnetization in an AF. 

H 
H 
(j\ 
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Pigure 25: Samples with hydro-
thermal alteration (class 1 
only) in the Azores drill core. 
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Figure 22: Samples with deuteric 
oxidation in the Azores drill 
core. 
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