
A PETROLOGICAL/GEOCHEMICAL STUDY 

OF ROCKS FROM THE SAO MIGUEL 

~ 

DRILLHOLE, SAO MIGUEL, AZORES 

by 

PATRICIA A. MCGRAW 

Submitted in partial fulfillment of the 

require~ents of Master of Science Degree 

at Dalhousie University, March, 1976. 

EXAMINERS: 



DALHOUSIE UNIVERSITY 

Date April, 1976 

' 
Auth Patricia Ann McGraw 

Titl A Petrological/Geochemical Study of Rocks From the 

sao Miguel Drillhole, Sao Miguel, Azores, Portugal. 
---

Department or s ch 00 1 __ ----l=G:...looe~o=.:lo~g~y~D~e~pa:::!;.,!r~t:::!:!;m~e~n-=-t ------------

M.Sc. Convocation Spring Yea 1976 Degree ------ -------- ------

Permission is herewith granted to Da 1 hous i e University to 
circulate and to have copied for non-commercial purposes, at its 
discretion, the above title upon the request of individuals or 
institutions. 

Signature of Author 

THE AUTHOR RESERVES OTHER PUBLICATION RIGHTS, AND NEITHER THE 
THESIS I~OR EXTEf'~SIVE EXTRACTS FROM IT MAY BE PRINTED OR OTHERWISE RE
PRODUCED WITHOUT THE AUTHOR'S WRITTEN PERMISSION. 



(i) 

TABLE OF CONTENTS 

Page 

i) TABLE OF CONTENTS 

iii) ABSTRACT 

iv) ACKNOWLEDGEMENTS 

1 CHAPTER 1: INTRODUCTION 
1 i) Location of Study 
2 ii) Purpose of the Thesis 

3 CHAPTER 2: GEOLOGICAL SETTING 
3 i) Regional Tectonics 
5 ii) Geology of Sao Miguel 

9 
9 

13 
15 
17 
18 
19 
20 

22 
22 
22 
22 
23 
23 
23 
30 
30 

32 
32 
34 
38 
38 
39 
40 
40 
42 
43 

CHAPTER 3: PETROLOGY/PETROGRAPHY 
i) A Summary of the Rock Sequence 

ii) Hand Speciment/Thin Section Study 
a) Subaerial Basalts 
b) Submarine Basalts 
c) Trachybasalts 
d) Trachytes 
e) Intrusives 

CHAPTER 4: CHEMICAL STUDY 
i) Sample Selection 

a) Volcanic.Flows and Intrusives 
b) Pyroclastic Units 

ii) Elements Analysed 
iii) Tables of Results 

a) Major Elements 
b) Trace Elements 
c) Pyroclastic Units 

CHAPTER 5 : PLOTS OF RESULTS 
i) Elements Versus Depth 

ii) Elements Versus Differentiation Index 
iii) Variations in the Alkali Elements 

a) Na 2o + K2o Versus Si0 2 Diagram 
b) Na 2 0/K2 0 Versus Si0 2 Diagram 
c) K2o/Na 2o + K2 0 ~ersus Si0 2 Diagram 
d) K;Rb Versus K D1agram 
e) Na 2 o - K2o -cao Diagram 
f) Movement of the Alkali Elements 



Page 

44 
44 
45 
45 
45 
46 

47 
47 
48 

50 

52 
52 
52 
53 
54 
55 

(ii) 

iv) Other plots 
a) AFM Diagram 
b) Ni Versus Cr Diagram 
c) Ni Versus MgO Diagram 
d) Pearce and Cann Diagram 
e) CaO Versus Y Diagram 

v) Discussion of Chemical Study 
a) Nature of the Volcanism 
b) The Trachytic Sequence 

vi) Summary 

CHAPTER 6: MICROPROBE STUDIES 
i) Nature of the Phenocrysts 

ii) Olivine Phenocrysts 
iii) Clinopyroxene Phenocrysts 
iv) Plagioclase Phenocrysts 

v) Co-Existing Phenocrysts 

56 CHAPTER 7: DISCUSSION 
56 i) Alkaline Versus Tholeiitic Nature 

of the Magmatism 
60 ii) Comparison of S. Miguel with Other 

Islands 
61 a) The Azores Group 

b) Other Atlantic Islands 
67 iii) The Existence of a Daly Gap 
72 iv) Petrogenesis 
78 v) Significance of the Pearce and Cann 

Diagram 

80 CHAPTER 8: SUMMARY 

82 References 

A-1 Appendix I: Analytical Methods 

A-7 Appendix II: Discussion of Errors 

A-9 Appendix III: Photomicrographs 



(iii) 

ABSTRACT 

Thirty-six rock units sampled from a 980 m borehole 

drilled into the island of Sao Miguel, Azores were analysed 

for major and trace elements. Twenty-four basalts, two 

trachybasalts, four trachytes, two intrusives, and four 

pyroclastic units are represented. Electron microprobe 

analyses of olivine, clinopyroxene, and plagioclase pheno

crysts were made. 

The chemical and microprobe studies indicate that 

the rocks are of alkaline affinity. A lack of rocks of 

intermediate chemical compositions is demonstrated and is 

considered to represent a Daly Gap for the volcanic flow 

units. However, the pyroclastic units appear to have 

chemical compositions intermediate to the trachytes and 

trachybasalts. 

Projections in the CMAS system show a probable 

equilibration of the basalts at one atmosphere pressure 

with an enrichment in plagioclase phenocrysts. 
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CHAPTER 1: INTRODUCTION 

i) Location of 

In 1972, a program was initiated by the scientists 

of Dalhousie University and Lamont-Doherty Geological 

Observatory which involved deep drilling into oceanic 

islands in order to better understand their structure, 

petrology, and geochemistry. The initial project consisted 

of the drilling of an 800 m. hole into the island of Ber

muda. The Deep Drill Project for the summer of 1973 

involved the drilling of a borehole into the island of 

Sao Miguel, Azores, Portugal. This thesis is a study of 

the rocks from that drillhole. 

The Azores consist of a group of nine islands 

stretching from west to east across the Mid-Atlantic Ridge 

between 37° and 40°N latitude and 32° and 25°W longitude. 

Corvo and Flores are on the west flank of the Mid-Atlantic 

Ridge, while Faial, Sao Jorge, Pico, Graciosa, Terceira, 

Sao Miguel and Santa Haria trend from northwest to south

east across the eastern flank of the Ridge (Figure 1). 

The drillhole was located at 25°31.4'W, 37°48.9'N, 

approximately 5 km from the main crater on the northwest 

flank of the volcano of Agua de Pau (Figure 3, Chapter 2). 

The surface area immediately around the borehole is covered 

with trachytic ash. The core consisted of 981 m of sub

aerial and submarine lavas and pyroclastics. 

1 
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ii) Purpose of the Thesis 

This thesis includes petrological, mineralogical, 

and geochemical studies of the rock units recovered from 

the borehole, with major interest centred on the volcanic 

flow units. Forty-three rock units consisting of four 

pyroclastics, two intrusives, and thirty-seven lavas were 

chosen for major and trace element geochemical analysis. 

Petrographic descriptions of the volcanic flow units and 

of the intrusive units were also made. 

The data obtained have been studied for chemical 

variations with depth in the core, and have been compared 

with available data from other oceanic islands, including 

others in the Azores Group. 



CHAPTER 2: GEOLOGICAL SETTING 

i) Regional Tectonics 

The position of the Azores as an island group astride 

the volcanically active Mid-Atlantic Ridge makes their tec

tonic setting particularly pertinent to a discussion of 

their geology in terms of present theories about plate tec

tonics. The tectonic features in the region are of importance 

in understanding the occurrence and nature of the magmatism 

at this particular spot within the ocean basin. 

Krause and Watkins (1970) have recognized five morph

ological features in the Azores area (Figure 2): (1) the 

presence of the East Azores Fracture Zone, which is seismi

cally active; (2) the presence of the West Azores Fracture 

Zone, which is seismically inactive; {3) the Azores island 

chain which extends transversely across the Mid-Atlantic 

Ridge; {4) the change of trend of the Mid-Atlantic Ridge 

just south of its intersection with the Azores; and (5) the 

broadening of the Mid-Atlantic Ridge into the Azores Platform 

on the eastern flank of the ridge. These features are 

important in terms of the igneous and tectonic history of 

the area, and will be discussed briefly in the following 

paragraphs a 

(1), (2) The East Azores Fracture Zone is part of 

the Alpide Tectonic Zone which extends through the Mediter

ranean Sea westward from Gibralter to connect with the Mid-

3 
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FIGURE 2: Tectonic features of Azores area showing the Mid-Atlantic Ridge [MAR] , 

the East Azores Fracture Zone [EAFZ] , and the West Azores Fracture 

Zone [WAFZ] . The 3000 m suhnarine contour line is included .. 



4 

Atlantic Ridge in the vicinity of the Azores. The Fracture 

Zone is offset northwards at the Ridge, continues westward 

as the West Azores Fracture Zone, and terminates at 38°N 

latitude at Corner Rise in the Kelvin Seamounts (Krause, 

1965). The East Azores Fracture Zone is seismically active; 

the West Azores Fracture Zone is aseismic (Heezen, 1962; 

Krause and Watkins, 1970). 

(3) The nine islands of the Azores Group are separated 

into two groups by the Mid-Atlantic Ridge. Corvo and Flores 

are on the west flank of the Ridge and the remaining islands 

stretch across the east side of the Ridge. The line of 

islands has been interpreted by Krause and Watkins (1970) 

as representing a linear tensional axis. They see the 

Terceira Trough, which extends from the Ridge through 

Terceira towards Sao Miguel (Figure 2) as a secondary spread

ing centre to the Mid-Atlantic Ridge. 

(4), (5) The Mid-Atlantic Ridge changes direction 

from trending north-south above approximately 38°N latitude 

to trending northeast-southwest below 38°N latitude. There 

is also a broadening of the Ridge known as the Azores Plat

form represented on Figure 2 by the 3000 m depth contour, in 

the area of the Azores (Krause, 1965). This area is charac

terized by a positive free air gravity anomaly relative to 

hydrostatic equilibrium (Kaula, 1972). 

The tectonic features described above have been inter

preted by Krause and Watkins (1970) and by others as a triple 

junction in which the two sections of the Mid-Atlantic Ridge 
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act as spreading centres, and the East and West Azores 

Fracture Zones are transform faults. The Terceira Trough 

is viewed as a secondary spreading centre.. l'-1organ (1971) 

has proposed the existence of a mantle plume located under

'neath the Azores; Schilling (1975) has inferred the existence 

of a mantle "blob". The evidence for such a plume or blob 

will be discussed in a later chapter. 

ii) Geology of Sao Miguel 

Sao Miguel is composed of volcanic rocks, with pumice 

and ash comprising the greater area of surface covering on 

the island. As shown on the geological map of Sao Miguel 

(Figure 3), the major volcanic centres are: Sete Cidades, 

Agua de Pau, Furnas, and Provoacao of the Nordeste Complex. 

Historic eruptions have been recorded for all but 

Provoa~ao. Numerous volcanic events, both subaerial and 

submarine that have occurred in the area of the Azores are 

presented as Figure 4 after Ridley et al. (1974, Figure 5, 

p. 450). The locations and dates of these eruptions are 

shown. The data were based on a compilation made by Weston 

(1964). 

Sete Cidades is composed chiefly of a large composite 

cone with a summit calderaa The slopes of the volcano are 

made up chiefly of trachytic pumice. The smaller cinder 

cones are basaltic in nature. The lavas of the main cone 

are classed as "olivine andesites" in Portuguese usage, but 

they appear to have the chemical composition of basalts. 
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There are also some alkaline trachytes and younger basaltic 

lavas. 

Agu~ de Pau is centrally located on the island of 

Sao Miguel. It is in the form of a composite volcano with 

a summit caldera. An historic eruption occurred in 1563 

with a Plinian cloud which covered much of the island with 

ash before lava erupted from the northwest flank (Machado, 

1967). A lava eruption also occurred in 1652. The lavas 

which form the main cone are basaltic and are covered by 

trachytic flows. Basaltic lavas are present in the younger 

vents. Walker and Croasdale (1970) have studied four trach-

ytic pumice layers, the oldest dated at 4600 years B.P. 

obtained by the dating of a carbonized wood sample. 

Furnas and Provoa~ao are found adjacent to each other 

on the southeast end of Sao Miguela Provoacao is considered s 

extinct since there have been no recorded eruptions from this 

site. Furnas erupted in 1630 with a violent pumice explo-

sion (Machado, 1967). The older lavas of these volcanoes 

are basalts which are covered in places by trachytic flows. 

Abdel Monem et al .. (1968) have dated the basalt flows of the 

Nordeste complex on the east end of Sao Miguel at ages between 

1.92 and 2el5 m.y. 

In addition to the major volcanic centres noted above, 

a feature noticeable on Figure 3 is the presence of many 

smaller volcanic cones located both within the larger cal-

deras and on their flanks. Much of the surface character of 
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Sao Miguel consists of these smaller volcanic cones which 

form lineaments, apparently along fissures extending out 

from the main volcanic centres. A photograph of the Agua de 

Pau area illustrates this feature (Plate 1). 

Fumarolic activity is another notable volcanic feature 

of Sao Miguel. Hot springs are found in the north central 

section of the island in the region of Agua de Pau, and also 

on the southeastern section at Furnas (Plate 2). Sulphur 

is deposited at both locations. 

Geological correlation of the volcanic units on the 

island are hindered by the use of every available plot of 

land for agriculture (Plate 3). In the absence of cultiva

tion, the land is covered by natural vegetation which grows 

profusely in response to the extremely humid climate. Thus, 

there is very little outcrop of lavas in the vicinity of 

Agua de Pau and very little outcrop other than pyroclastic 

material on the island as a whole. Some flows are visible 

on the eastern side of the island in the Nordeste Complex, 

.but it is impossible to trace rock units from one area to 

another. Alternating basic flows and pyroclastic units are 

exposed in the cliffs on the western end of the island 

(Plate 4), but they are inaccessible. In addition, there is 

exposure on the north and south coasts, but it is not readily 

accessible in all cases. 

The rock units which are exposed on the island are 

both trachytic and basaltic in naturee The trachytic.flows 



PLATE 1: Secondary volcanic cones forming lineaments. 

Photograph looking west from Agua de Pau. 

PLATE 2: Fumarolic activity at Furnas. 





PLATE 3: Natural vegetation and cultivation of the 

island of Sao Miguel. Photograph of the 

east end of the island. 

PLATE 4: Alternating flows and pyroclastics in a cliff 

exposure on the west end of Sao Miguel. 
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are in most cases porphyritic with feldspar laths up to 1 em 

length present. On the eastern end of the island in the 

Nordeste Complex, several basic lavas containing aggregates 

of green pyroxene phenocrysts are exposed. There are several 

flow units in the core which show similar pyroxene aggregates, 

but they are present at a greater depth than the surface 

outcrops, and are of different ages (Muecke et al., 1974; 

Abdel-Monem et al., 1968). 

At Serra Agua de Pau, 15 km east of the town of Ponta 

Delgada, ejected syenitic blocks have been reported to occur 

(Cann, 1967). These blocks contain mineral assemblages of 

sanidine-arfvedsonite-quartz-aegirine-fayalite-astrophyllite

dalyite-pyrrhite, and sometimes with biotite-zircon replacing 

the astrophyllite-dalyite. 

It is apparent from this brief outline that the sur

face geology of Sao Miguel shows a variety of volcanic acti

vity. The sampling of rocks from just one drillhole can 

obviously provide only the minimum indication of the vertical 

distribution of the varied and multitudinous volcanic pro

ducts present on the island, but it does augment our knowl

edge about the evolution of this volcanic island. 
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CHAPTER 3: PETROLOGY/PETROGRAPHY 

i) A Summary of the Rock Sequence 

The rocks retrieved from the borehole comprise a 

complex sequence of lava flows, pyroclastics, agglomerates, 

and breccias, which are denoted by the letters AUL, AUA, AUG, 

and AUB, respectively. Several intrusive units have also been 

recognized and are labelled with the letters AUS. Much of 

the descriptive material in the following section has been 

taken from the core log, with additional observations and 

interpretations added as necessary. 

The rock units are numbered according to the core 

box in which they first appear. For example, AUL 006.1 

means that the unit is a flow which starts in core box 

number 6 as the first new recognizable unit in that core 

box. The second recognizable unit in core box 6 would be 

labelled AUL 006e2, if it were a flow unit, or AUA 006.2 

if it were a pyroclastic unit, etc. 

The volcanic flows are massive basaltic or trachytic 

rock units which may have autobrecciated or vesicular tops. 

They are usually separated from one another by ash beds 

or brecciated topso They have a limited colour range from 

grey-brown to green. 

The units which are labelled pyroclastics consist 

chiefly of fine-grained to medium-grained ash material, 

sometimes containing flattened pumice fragments. 



Bedding is rarely seen, although size gradations are 

sometimes visible. The category "pyroclastics" also 

includes ignimbrites. 
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The agglomerate units consist of pebble-sized, 

slightly rounded to subangular trachytic or basaltic rock 

fragments which are contained in a matrix of fine-grained 

ash. Some of the units are graded. 

The intrusives are recognized by the occurrence 

of chilled margins in abrupt contact with the flow units 

into which they intrude. The contacts dip steeply in some 

places. The intrusives are fine-grained, green-grey in 

colour, and some contain large feldspar phynocrysts. 

Subsequent analyses have shown them to have trachybasaltic 

compositions .. 

Basaltic breccia units are recognized to consist 

of brown, grey, and maroon angular basalt fragments 

contained in a chloritic matrix. The matrix can also be 

calcitic, hematitic, or clayey in nature. Subhorizontal 

bedding is recognized in some units and is indicated by 

the presence of size grading. AUB 118.2 is striking in that 

it consists of basalt fragments contained in a lithic sand

stone matrix with a carbonate-quartz cement .. 

Muecke et al. (1974) have noted the following 

divisions within the core (Figure 5): 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, 
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762.8 - 856.8 m; and Subaqueous Sequence, 856.8 - 980.5 m. 

Possible changes suggested from the study of the opaque 

minerals (Abdel-Aal, personal communication) would increase 

the thickness of the Transition Sequence. The subaerial 

material is distinguished from the submarine rocks by the 

lack of pillow structures, the absence of evidence indi

cating re-working of the pyroclastic units, the presence 

of some lateritic horizons, and the occurrence of vesicular 

and auto-brecciated flow tops. The subaerial sequences are 

separated from each other by the presence of thick pyro

clastic units (Figure 5) a The transition series is unique 

in containing sedimentary-type rocks interbedded with 

basaltic flow units. The submarine sequence contains pillow 

basalts and exhibits a lack of pyroclastic units. 

In Subaerial Sequence III, 25 flow units have been 

recognized as well as 15 pyroclastic units and 5 agglomerate 

units. With the exception of the first flow unit (AUL001.2), 

the flows appear to be basaltic in nature. Pyroxene pheno

crysts, both singly and as glomeroporphyritic aggregates, 

are visible in some flow units (AUL's 020.1, 020.3, 022.2, 

024.1, 025.5). The pyroclastic units vary in nature from 

trachytic to red or green altered ash material. Some of the 

pyroclastics are ignimbrites (AUA 025.1, 025.2, 025.3, 

025 4) e A notable increase in temperature of 3 - 5° C 

above the ambient temperature was noted at the time of 

extraction of the core at 217.5 m, at flow unit AUL 014.3, 
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which was noted to be highly brecciated with slickensides 

visible on the surfaces of the fragments, indications of 

the occurrence of a fault in this area. This suggests that 

the rise in temperature and the faulting could be related. 

A 5° C elevation in temperature was recorded at 261.1 m 

in the vicinity of flow units AUL 022.2 and 024.1. It 

must be noted that these temperatures are not reliable 

indicators of in situ temperatures. 

Subaerial Sequence II contains the remaining 3 

trachytic flow units uncovered in the core. AUL 030.4, 

031.1, and 036.1 occur in sequence between 290.8 m and 

327o9 mat the top of Subaerial Sequence II. There are 28 

volcanic flows in this direction, 25 of which are basaltic 

in appearance and chemistry There are 17 pyroclastic units 

in Subaerial Sequence II, most of which are trachytic. 

AUA 026.1, 026.2 and 049.2 are ignimbritese Two agglomerates, 

AUG 027.3 and AUG 030.3, are present, both of which contain 

trachytic fragments® 

Subaerial Sequence I is the thickest (333.7 m) 

sequence in the core. According to the core log this 

sequence contains 68 flow units, 36 pyroclastic units, 4 

agglomerates, 6 intrusives, and 1 breccia unit. However, 

AUS 097.1 and AUS 097 4, and, AUS 098 4 and AUS 098.5, 

could represent the same unit cut twice by the core, re

ducing the number of intrusives to 4. The flow units are 

mainly basaltic, but trachybasalts were analysed from the 
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section between 650 and 700 m. The pyroclastics are mostly 

trachytic, and 15 of these have been identified as ignim

brites. This is the only section in which intrusive units 

have been recognized. The intrusives are thin units, with 

plagioclase phenocrysts present. Chemical analysis have 

revealed these intrusives to be close in composition to 

the trachybasalts. 

The Transition Sequence starts at 762e8 m and 

extends to 867e3 m. This section consists of 12 breccia 

units, 8 flow units, 1 pyroclastic unit, and 1 agglomerate 

unit. The breccia units consist of angular basalt fragments 

in matrices of either chloritic or reddish hematitic material, 

with some localized sections of calcitic or clayey matrix. 

Some of the material is sedimentary in appearance, with a 

matrix of sand-sized particles which are volcanic in origin. 

The Subaqueous Sequence begins at 867.3 m and 

extends to the bottom of the drillhole (980.5 m). This 

sequence is notable for its lack of pyroclastic units and 

in the presence of pillowed basalts with chilled margins. 

Most of the 13 flow units are porphyritic, containing pheno

crysts of plagioclase, olivine, and pyroxene. 

ii) Hand Specimen/Thin Section Study 

The rock units which were chosen for chemical 

analysis have been listed in Table 1, and only these units 

have been studied in detail in thin section. Since there 



TABLE 1: Units chosen for chemical analysis. 

SUBAERIAL SEQUENCE III: 0-268.4 m 

ANALYSED UNIT 

AUL 001.2 
AUL 006.1 
AUL 008 .. 5 
AUL 014 .. 3 
AUL 020.3 
AUL 022 .. 1 
AUL 025.5 

DEPTH 

56.7- 59.5 m 
159.4-169 .. 5 
171 .. 9-185.6 
205 .. 6-220.3 
240.8-247.8 
247 .. 8-251.1 
263 .. 4-265.9 

SUBAERIAL SEQUENCE II: 268.4-428.6 m 

AUA 026.4 
AUL 030.4 
AUL 031 .. 1 
AUL 036.1 
AUL 046.2 
AUL 048.1 
AUL 051.2 

270.5-272.9 
290 .. 8-292 .. 3 
292.3-317 .. 4 
317.4-327 .. 9 
370.8-381.0 
381 .. 0-382 .. 9 
396.3-399.1 

SUBAERIAL SEQUENCE I: 428.6-762.8 m 

AUA 058 .. 9 
AUL 062 .. 2 
AUL 066.4 
AUL 068 .. 1 
AUL 071.3 
AUA 080 .. 5 
AUL 082 ,,1 
AUL 087e2 
AUL 094.1 
AUL 096.1 
AUL 098.2 
AUS 098 .. 5 
AUL 099.1 
AUL 108 .. 1 
AUS 111.2 
AUL 112.1 
AUL 114 .. 1 

433 .. 2-436.1 
454 .. 0-458.7 
475.2-480.3 
481 .. 8 486.8 
498.6 501e6 
55002-557.8 
563 .. 8-568.3 
598e3-602.,2 
641e0-646e3 
651 1-658.2 
662.1-664.5 
665.5-665.9 
665 .. 9-668 .. 1 
726a2-734e6 
739.9-744.2 
745e5-753.1 
758 .. 0-762 8 

TRANSITION SEQUENCE: 762e8-856e8 m 

AUL 124 .. 1 821 .. 7-829.5 

_SU_B_A_E~Q~U_E_O_U_S __ S_E~Q~U_E_N_C_E: 856.8-980.5 m 

AUL 134.1 884.3-894.1 
AUL 136.1 900-4-907.4 
AUL 138.1 913.2-939.7 
AUL 143.1 947.3-95205 

THICKNESS 

2 .. 8 m 
10 .. 1 
13 .. 7 
14.7 

7 .. 0 
3 .. 3 
2.5 

2 .. 4 
1 .. 5 

25.1 
10.5 
10.2 
11.9 

2.8 

2.9 
4.7 
5.1 
5.0 
3.0 
7e6 
4.5 
1 .. 9 
5.3 
7 .. 1 
2.4 
Oo4 
2.2 
8e4 
4 .. 3 
7.6 
4.8 

7 .. 8 

9.8 
7.0 

26.5 
5 .. 2 
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are many similarities in thin section between the rocks of 

a given type, detailed petrographic descriptions of each 

flow unit would serve no purpose. Therefore, each rock 

unit which was sampled for analysis was summarized as 

to rock type, type of phenocrysts, type of groundmass 

grains, and texture of the groundmass. This information 

has been included as Table 2 which can be used to get an 

overall view of how each sample differs, and of how the 

mineralogy varies with depth in the core. 

The basaltic flow units in the core are generally 

porphyritic with a fine-grained groundmass. Their colour 

varies from medium-grey to greenish-grey to brown. Plagio

clase, olivine, and pyroxene are present as phenocrysts 

and occur as euhedral to subhedral grains both singly and 

as glomeroporphyritic aggregates. The amount of phenocrysts 

varies, and all three minerals are not present as phenocrysts 

in every flow unit. 

The trachytes are generally fine-grained, grey, and 

porphyritic with feldspar phenocrysts. The intrusives are 

fine-grained, green to grey in colour, and show distinct, 

chilled margins where they are in contact with the volcanic 

flows into which they intrude. The intrusives are porphyritic, 

with feldspar phenocrysts which are up to 2 ern in length. 

In thin section, five distinct rock types can be 

recognized: 1) subaerial basalts, 2) submarine basalts, 

3) trachytes (alkali feldspar porphyries), 4) trachy-
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basalts, and 5) intrusives. 

a) Subaerial Basalts 

The subaerial basalts generally possess a ground-

mass of feldspar microlites which are predominantly plagio

clase. The microlites appear to be labradorite in composition, 

varying from approximately An 50 to An
65

e Numerous small 

irregular opaque grains and varying amount~ of clinopyroxene 

and olivine are also present as groundmass minerals. Apatite 

almost always occurs as an accessory mineral. Some glass is 

found in the groundmass. An X-ray study of the secondary 

minerals found in vugs and fractures and in the groundmass 

has been conducted, and has revealed that in altered samples, 

most of the olivines have been replaced by Mg-rich mont

morillonite which has subsequently been replaced by chlorite 

(P. Sarkar, personal communication). No zeolites were found, 

but various other phases including Ca-rich and Fe-rich mont

morillonites, kaolinite, barite, anhydrite, fluorite, 

hematite, limonite, calcite, and quartz were present as 

secondary minerals in the vugs and fractures of some highly 

altered samples. 

The phenocrysts found in the subaerial basalts vary 

in size and type. The clinopyroxenes are present as pheno

crysts in just about every subaerial basalte The most common 

type found is a faint brown-coloured augite showing cleavage 

traces, sometimes good euhedral outlines, and quite often, 
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zoning. Where zoning occurs, the rims of the pyroxene are 

darker brown, an indication of the increase of Ti02 in the 

rims as noted in the microprobe analyses. Sometimes simple 

twinning is present, and even more rarely, hourglass 

structure& In basalt sample AUL ll2ol, two types of pyroxene 

are present: a brown-coloured augite and a pale green 

pleochroic aegirine-augite The aegirine-augite occurs 

only as phenocrysts, whereas the augite is present as 

phenocrysts and as small grains in the groundmass. Aegirine

augite is rerely seen in the other subaerial basalts. 

Olivine is rarely found in these basalts as fresh 

grainse In general, the presence of olivine is inferred 

from relict grain outlines and the presence of chlorite. 

In several samples, iddingsite is present as an alteration 

product of olivine. 

Plagioclase is frequently present as a phenocryst 

phase. It occurs as generally lath~shaped grains exhibiting 

polysynthetic twinning, and quite often occurs as aggregates 

of randomly-oriented individual plagioclase grains. In some 

cases, the plagioclase is mildly sericitizedo The grains are 

found to vary in composition from labradorite to bytownite 

(approximately An60 to An 75 ) e Normal zoning is found in some 

grains, but is not a very common feature. 

The texture of the subaerial basalts varies from 

fluidal to sub-fluidal, showing an alignment of feldspar 



microlites in the groundmass. In most cases, the flows 

are vesicular in parts, with the vesicles filled mainly 

with calcite and/or chlorite. Where chlorite is present, 

it is common for calcite to rim the vesicle and chlorite 

to fill the centre. Quartz is found in some of the 

vesicles of the flow units, but was present in only 
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AUL 046.2 of the analysed units, and was of such small 

concentration that it was not seen as greatly contributing 

to the contamination of the sample. 

b) Submarine Basalts 

The submarine basalts vary little macroscopically 

from the subaerial basalts. In thin section, the opaque 

minerals of the submarine basalts occur as very fine 

needles in the groundmass, in direct contrast to the 

small, subequant grains found in the groundmass of the 

subaerial basalts The presence of the needle-like 

opaques is first seen in AUL 131.1, the first submarine 

basalt encountered in the core. All of the basalts 

below AUL 131 1 (below 867.3 m) show this same feature. 

In other respects, the submarine basalts appear 

to have a smaller grain size than the subaerial basalts, 

both in the phenocrysts and in the groundmass. There are 

no visible signs of a change in pyroxene composition, 

although the grains of clinopyroxene are more common 

in the groundmass of the submarine basalts. The 
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clinopyroxene appears to be slightly darker brown in 

colour in the submarine basalts. No pyroxenes of aegirine

augite composition were observed in the submarine flow units. 

In general, the submarine basalts tend to be non

porphyritic. The phenocrysts tend to be small, where present, 

and composed of plagioclase, olivine, or clinopyroxene. 

In these basalts, as in the subaerial lavas, the presence 

of olivine is inferred from relict grains. 

Submarine basalts rarely show good fluidal texture 

although, in some cases, the feldspar microlites in the 

groundmass are somewhat aligned. Vesicles are rare in 

the submarine basalts. 

c) salts 

The trachybasalts differ from the basalts in 

having few phenocrysts of olivine or pyroxene, although 

some completely serpentinized relict grains of olivine 

were observed. Plagioclase is a common phenocryst in 

these trachybasalts The composition of the plagioclase 

in both AUL 098.2 and AUL 099.1 varies between An
50 

(andesine-labradorite) and An 66 (labradorite) o There are 

some plagioclase phenocrysts which show much lower 

extinction angles, indicating the presence of two types 

of plagioclase, one more sodic than the othere Many 

plagioclase phenocrysts show normal zoning, making it 

difficult to obtain an accurate extinction angle Some 



of the grains have been partially sericitized. 

The trachybasalts are porphyritic in texture, 

and also show fluidal texture of the groundmass 

feldspar microlites. Not all of the feldspar grains 

of the groundmass are twinned, possibly indicating that 

some potassium feldspar is present as a groundmass 

constituent. Some vesicles were observed, and were 

seen to vary in the amount of calcite and chlorite 

filling. 
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In summary, in comparison with basalts, trachy

basalts are characterized by the occurrence of plagioclase 

as the common phenocryst phase, by the small amount of 

pyroxene and olivine both as phenocrysts and in the 

groundmass, and by a fluidal texture. 

d) Trachytes 

The trachytes (AUL 0012, 030.4, 031.1, and 0.36.4) 

differ from the basalts and the trachybasalts in having 

phenocrysts that are essentially all potassium feldspar 

rather than plagioclase, pyroxene, or olivine. 

Plagioclase is present only as a groundmass phase. 

Olivine and pyroxenes are lacking, except in the case 

of AUL 001.2, in which a large phenocryst of aegirine-augite 

was found, and small clinopyroxene grains were present in 

the groundmass. 

All of the large phenocrysts appear to be potassium 
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feldspar present as the minerals sanidine and/or anortho

clase. The sanidine is present as grey, subhedral feature

less grains with very small axial angle (2V = 0 - 4°), and 

optically negative. In some cases, the sanidine phenocrysts 

show square grain outlines, and very striking normal zoning. 

Anorthoclase is also present, and in some cases exhibits 

tartan twinningo Anorthoclase has been found as a secondary 

mineral (P. Sarkar, personal communication). 

The groundmass consists of feldspar microlites 

which appear to be both potassium feldspar and plagioclase. 

Small irregularly-shaped opaques are common as a ground

mass constituent, as is a yellow material, probably 

palagonite Apatite grains are extremely uncommon. 

The trachyte units show a trachytic to subtrachytic 

texture in the alignment of the feldspar microlites in 

the groundmass The trachytes are vuggy in places, but in 

general, they tend to be massive rather than vesicular. 

e) Intrusives 

The intrusives are distinctly different from the 

extrusive lavas in that they have a very small grain 

size, giving them almost a granular appearance. This 

feature probably reflects a rapid cooling of these 

units during intrusion since the intrusives with the 

exception of AUS 111 2 are thinner than the basaltic flowse 

In the groundrnass, the feldspars occur as small 



rectangular or square grains rather than as the needle

like and lath-shaped microlites of the volcanic rocks. 
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The intrusives are porphyritic, with plagioclase comprising 

the phenocryst phase. 

The intrusives, AUS 098.5 and 111.2 are close in 

composition to the trachybasalts, and as such, do not 

have phenocrysts of clinopyroxene or of olivine, 

although AUS 098.5 appears to contain some remnants of 

olivine grains. Some small grains of potassium feldspar 

appear to be present also. 



TABLE 2: Summary of Thin Section Study 

Note: The rock names used in this table and in the text of this thesis 
were determined on the basis of thin section identification. 

Sample & Depth 

AUL 001.2 
56.7-59.5 m 

AUL 006.1 
159.4-169 .. 5 m 

AUL 008.5 
171 .. 9-185.6 m 

AUL 014 .. 3 
205 .. 6-220 .. 3 m 

The nomenclature used is that of Barley (1974) and Wilkinson (1974). 
The term "trachyandesite" is the potassic equivalent of a mugearite 
and implies that the plagioclase contains less than 50% An. The term 
"trachybasalt 11 implies that the plagioclase has An greater than 50%, 
and is used as an equivalent to andesine basalt, olivine andesite, and 
hawaiite, although hawaiite is usually used to denote a sodic nature, 
and can have Si0 2 less than 50%. 

Rock Type 

TRACHYTE 

BASALT 

BASALT 

BASALT 

Phenocrysts 
Common Rare 

Anortho
clase 
Sanidine 

Plagioclase 
Augite 

Aegirine
Augite 
Placio
clase 

Plagio
clase 
Augite 

Biotite 

Plagio
clase 
Olivine 

Groundmass 
Common Rare 

Feldspar Biotite 
Microlites 
Palagonite 
Opaques 
Hornblende 

Texture 

Porphyritic 

Opaques Augite Subfluidal 
Feldspar Chlorite Amygdaloidal 
Microlites Apatite 
Palagonite 

Glass 
Palagonite 
Opaques 
Plagioclase 
Microlites 

Hematite Porphyritic 
Apatite Amygdaloidal 

Opaques Apatite Aphanitic 
Plagio-
clase 
Microlites 
Palagonite 



TABLE 2: Continued 

Sample & Depth Rock Type Phenocrysts Groundmass Texture 

Conunon Rare Conunon Rare 

AUL 020.3 BASALT Plagio- Palagonite Apatite Highly 
240.8-247.8 m clase Opaques Porphyritic 

Olivine Plagioclase 
Augite Microlites 

Augite 

AUL 022 .. 1 BASALT Olivine Opaques Apatite Porphyritic 
247.8-251.2 m Augite Augite 

Olivine 
Plagioclase 
Microlites 
Palagonite 

AUL 025.5 BASALT Olivine Olivine Augite Subfluidal 
263 .. 4-265 .. 9 m Augite Apatite Vesicular 

Opaques 
Palagonite 
Iddingsite 
Plagioclase 
Microlites 

AUL 030.4 TRACHYTE Sanidine Anortho- Opaques Hematite Trachytic 
290.8-292 .. 3 clase Feldspar Biotite Porphyritic 

Microlites 
Feldspar 
Laths 

AUL 031.1 TRACHYTE Sanidine Anortho- Feldspar Hematite Trachytic 
292 .. 3-317.4 m clase Microlites Quartz Porphyritic 

Opaques 
Chlorite 



TABLE 2: Continued 

Sam:ele & Depth Rock Type Phenocrysts Groundmass Texture 
Common Rare Common Rare 

AUL 036 .. 1 TRACHYTE Sanidine Anortho- Opaques Calcite Trachytic 
317 .. 4-327 .. 9 m clase Feldspar Porphyritic 

Microlites 

AUL 046.2 BASALT Olivine Feldspar Apatite Sub fluidal 
370 .. 8-381.0 m Augite Microlites Vesicular 

Plagio- Opaques 
clase Hematite 

Palagonite 
Calcite 
Augite 

AUL 051.2 BASALT Augite Plagio- Apatite Highly 
396.3-399.1 m Olivine clase Plagioclase Porphyritic 

Microlites 
Chlorite 
Opaques 

AUL 062 .. 2 BASALT Augite Olivine Feldspar Apatite Porphyritic 
454.0-458.7 m Microlites 

Opaques 
Palagonite 
Augite 

AUL 066.4 BASALT Augite Opaques Apatite Aphanitic 
475.4-480.3 m Olivine Plagio-

clase 
Microlites 
Augite 

AUL 068.1 BASALT Augite Aegirine- Opaques Chlorite Porphyritic 
481 .. 8-486 .. 8 m Augite Augite Hematite Vesicular 

Plagio- Apatite 
clase 
Microlites 



TABLE 2: Continued 

Sample & Depth Rock Type Phenocrysts Groundmass Texture 

Common Rare Common Rare 

AUL 071 .. 3 BASALT Olivine Plagio- Apatite Aphanitic 
498.6-501.6 rn Augite clase Vesicular 

Plagio- Microlites 
clase Opaques 

Hematite 
Chlorite 
Augite 

AUL 082.1 BASALT Augite Olivine Opaques Olivine Fluidal 
563.8-568.3 rn Plagio- Augite Apatite Vesicular 

clase Plagio-
clase 
Microlites 
Chlorite 

AUL 087.2 BASALT Augite Opaques Apatite Fluidal 
598 .. 3-602.2 m Olivine Plagioclase Vesicular 

Microlites 
Hematite 
Calcite 
Chlorite 

AUL 094.1 BASALT Plagio- Biotite Feldspar Apatite Porphyritic 
641 .. 0-646 .. 3 m clase Olivine Microlites Vesicular 

Augite Opaques 
Chlorite 

AUL 096.1 BASALT Olivine Feldspar Augite Aphanitic 
651 .. 1-658.2 m Augite Microlites Hematite Vesicular 

Chlorite 
Palagonite 
Glass 



TABLE 2: Continued 

Sample & Depth Rock Type Phenocrysts Groundmass Texture 

Common Rare Common Rare 

AUL 098.2 TRACHY- Plagio- Olivine Opaques Chlorite Trachytic 
662.1-664.5 m BASALT clase K-spar Hematite Apatite Porphyritic 

Plagioclase 
Microlites 
K-spar 

AUS 098 .. 5 INTRUSIVE Olivine Opaques Aphanitic 
665.5-665 .. 9 m Plagio- Plagioclase 

clase Glass 

AUL 099.1 TRACHY- Plagio- Olivine Plagioclase Apatite Trachytic 
665 .. 9-668.1 m BASALT clase K-spar Microlites K-spar Porphyritic 

Opaques 
Chlorite 

AUL 108.1 BASALT Augite Olivine Opaques Chlorite Porphyritic 
726.2-734.6 rn Plagio-

clase 
Microlites 
Augite 
Apatite 

AUS 111 .. 2 INTRUSIVE Plagioclase Opaques Apatite Aphanitic 
739 .. 9-744 .. 2 m Chlorite 

Calcite 

AUL 112.1 BASALT Augite Opaques Apatite Vesicular 
745 .. 5-753.1 m Plagioclase Plagio- Biotite Fluidal 

Olivine clase 
Microlites 
Augite 
Chlorite 



TABLE 2: Continued 

Sample & Depth Rock Type Phenocrysts ~roundmass Texture 

Common Rare Common Rare 

AUL 114 .. 1 BASALT Olivine Opaques Apatite Aphanitic 
758 .. 0-762 .. 8 m Augite Plagio- Fluidal 

Plagioclase clase 
Microlites 
Augite 
Chlorite 

AUL 124 .. 1 BASALT Plagio- Plagio- Apatite Aphanitic 
821 .. 7-829.5 m clase clase Fluidal 

Microlites 
Augite 
Palagonite 
Opaques 

AUL 134.1 SUBMARINE Plagioclase Plagio- Hematite Aphanitic 
884 .. 3-894.1 m BASALT Olivine clase Apatite Slightly 

Augite Microlites Vesicular 
Opaques 
Chlorite 
Augite 

AUL 136.1 SUBMARINE Plagioclase Opaques Hematite Aphanitic 
900.4-907 .. 4 m BASALT Olivine Plagio- Apatite 

Augite clase 
Microlites 
Chlorite 
Augite 

AUL 138.1 SUBMARINE Plagioclase Opaques Apatite Aphanitic 
913 .. 2-939 .. 7 m BASALT Olivine Plagio-

Augite clase 
Microlites 
Chlorite 
Augite 



TABLE 2: Continued 

Sample & Depth 

AUL 143.1 
947.3-952.5 m 

Rock Type 

SUBMARINE 
BASALT 

Phenocrysts Groundmass 

Common Rare Common Rare 

Plagioclase Plagio- Apatite 
clase 
Microlites 
Opaques 
Augite 

Texture 

Aphanitic 
Fluidal 



CHAPTER 4: CHEMICAL STUDY 

i) Sample Selection 

a) Volcanic Flows and Intrusives. 

The volcanic flows selected for major and trace 

element analysis were chosen to try to represent the 

divisions of the core noted in the core log descriptions: 
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Subaerial Sequences I, II, and III, the Transition Sequence, 

and the Subaqueous Sequence. Much of the core was sampled 

by G.K. Muecke for analysis forK, U, and Th. These 

sample powders, with the exception of the pyroclastics 

and AUL 001.1, AUL 030.4, and AUL 036 1 were used for the 

major and trace element analyses. Each sample represents 

4 to 6 transverse cores spaced over the thickness of the 

unit. Two intrusive units, AUS 098.5 and AUS 111.2 were 

also analysed. The method of sample preparation is 

included in Appendix I 

Table 1, which was presented in Chapter 3, lists 

the rock units which were selected for analysis& Each 

division of the core has been represented as presented 

in Table 3. Only those chemical analyses whose totals are 

within the range 98.5 to 101.5.are included in Tables 1 

and 3. 

b) Pyroclastic Units 

The pyroclastic units present in the core are 

almost completely altered to clays, and as such, are not 



TABLE 3: Number of Analyses from each division of the core. 

Division of the Core 

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 

Submarine Sequence 
856.8-980.5 m 

Number of Ana 

1 trachyte, 6 basalts 

3 trachytes, 2 basalts, 
2 pyroclastics 

2 trachybasalts, 11 basalts, 
2 intrusives, 2 pyroclastics 

1 basalt 

4 basalts 
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particularly useful for major element analysis. However, 

since a large number of the pyroclastics are trachytic, 

it was thought important to at least represent them in 

the analytical work carried out. Four pyroclastics units 

taken from the thicker of the pyroclastic sequences 

encountered in the core were sampled and analysed, and 

are also represented in Table 1 in Chapter 3. 

ii) Elements Analysed 

The major oxides which were analysed were as follows: 

Si0
2

, Ti0
2

, Al
2

0
3

, Fe
2

o
3

, FeO, MgO, K
2

0, Na
2

o, MnO, + H
2

0 , 

-H2 0 I P205, and co
2 

.. 

The trace elements which were analysed were as 

follows: Nb, Y, Sr, Rb, Zr, Cr, and Ni. The analyses were 

performed by Dr. Ian Gibson of Bedford College, London. 

The methods of analysis and a discussion of errors 

are presented in Appendices I and II. 

iii) Tables of Results 

a) Major E}ements 

The analyses of the major elements have been 

presented along with their C.I.P .. W. norms in six Tables 

numbers 4 to 9 under the following headings: 

1) Table 4: "As Is" 

2) Table 5: caco 3-free 

3) Table 6: co 2-free 



TABLE 4: Analyses "As Is" .. 

AUL 
001.2 

AUL 
006.1 

AUL 
009.5 

AUL 
014.3 

AUL 
020.3 

AUL 
022.1 

AU!4 
025.5 

AUL 
030.4 

AUL 
031.1 

AUL 
036.1 

SIC2 &~ol& 42.64 45.47 44.17 4l.fS 43.43 43.41 69.~6 &o.Jj 6~.M~ 
U02 .r,7 4.~() ltu51 _.4.Z2.. __ J.6l __ J •. lt!J ____ J.J1 _ ___..5Jl.._ __ _.zJ _ __.___s,~---

-AL2~C ..... l------:1'"£>,--ll.75---f3.2Ei--I-4.79--13.CJ3 13.?9 14.?5 17.£>3 14.4! 15.8u 1~·F 
C~Z0-3 0.0.0 0.00 0.00 0.00 O,!Ju 0.00 OoOG J.O~ O.OC '~·\!~ 
FE203 1.01 3.313 .43 2.39 1.26 3.% 5.CJ4 2.9u .81 '·~~ 
FE 0 2. 5lJ 9, R g 11, 54 .. __ 9 • lJ 2 10, 7 2 7. 6 3 5 • 4 8

7 
• 3( u

7 
- 2 • 5

2 
i:i
1 

• ~ 1 
HNO .16 .25 .18 .zo .25 .21 •1 • • ·~J 
NIO o.~o o.oo o.oo o.oc o.o~ o.oo o.on u.on o.au o.~c 
H~O .48 5o22 4o84 5.39 6o46 4o48 2.43 oC9 o2u o41 

--E~-20 0 a19 __ Ho14___9_.9L _ _.1Q. 35_....1.1o.36__1.Q.-46_______.1_ll •. 6 Z.iL __ .a.LJ._ ____ ..Jt~ 
nl4 =----7.-az- 2.23 2.68 2. 39 2.31 2.71 2. 75 5,94 5.2u 5.57 
K20 So/31 1,54 1.56 1o64 ·1o23 1o46 1o60 4o79 6.22 5.~~ 
P205 .12 .90 .65 o76 o47 .54 o46 .o~ •9g ·~b 
C02 ,03 2eR3 1.30 2.19 4o19 5.30 6.88 _____ OoOt: -- low:.> - C.u .. 
HZO .03 •. IHJ .92 .55 1.47 1.84 1.78 .71 .24 _.88 
s o oo o.oa o.aa o.oo o.oo o.oc o.ct o.co ~.oo o.s~ 
TOTAL 99:33 99.00 98.84 99.60 100.23 .· 99.95 100.45 99.90 99.84 ~CJ.72 

0 71 9 !l 0 0 0 0 • :) (l 0. 0 0 6. 6 (J .. 15. 21 .17. 54 -.- __ 1 u. 2 3 -·-· . 9. 8 6 
----·-·oR 34:u 9:28 ·· 9:42 9.79 7.37 a.8o 9.59 28.56 37.14 .1 1•·71 

AB 54.16 1g.zz 23.16 20.41 19.79 ~3.37 23.58 47.81 44.41 47.&a 
AN 0.00 22.03. 24.22 22.65 23.37 15.14 6.22 O,C0 J.gG 2.01 
NS.______ _ _.__21t_ o....Jlij____IL,.l)JL___Qo!JG D.OC O ... Jl'· J.J::.O 0.!10 0."'' ft.r,;,i__ __ _ 

--AC--2-• 9 4 --0 • 0 .l 0 • C Q 0 • 0 0 0 • 0 G 0 • 0 e 0 • 0 u 2 • 51 u • u L 0 • U l 
wo o.oo o.oo o.oo o.oo o.oo o.oo o.oo .01 o.o~ a.cc 
OI .83 8o1R 11.C1 10.75 3.09 O.OG 0.00 ,49 O.uG O.~~ 
HY 4 59 17 22 10 74 15 46 22.77 16.CJR 6.14 0.00 3.d1 .1.~3 
OL o:oo a:ou · 7:39 - :a3 3.57 o.ou DeliO o.u~ o.llc o.llu 
HT o.oc 4.99 .&4 4.23 1.85 5.76 8.73 o.u~ 1.19 o.o~ HM o.oo o.oo o.oo o.oo o.oG o.Lo o.oo 2.~6 o.ao 3.39 
IL 1 28 9 4L_ 13 B.& 9o 05 7 • 44 6. 6.& _ __6. • ..J..l • 79 i.o.JH ____ . ......:.-'-----

---RU -----o:oo----·-o:ou ·--o:oo--·o.oo- o.oc o.oo o.ilo .G9 o.tJL .c.B 
AP o28 2o13 1o54 1.78 1.10 1.28 1o08 oG7 o14 o14 
c o.oo -o.oo -.o.oo o.oo o.oo 3.13 1.22 .o .. oo .s.t _, .2J 

ror~E -· -·-··- 1uo :S ~ to8:~~ 1o~: ~ ij ---rofi: 8 ~---1 o6: 8g --d~: ~6~·1 ~~: 88 -- ro8: 8&---ro1:~~-- i ·a8: ~·~- -----

AUL 
046.2 

AUL 
051.2 

AUL 
062.2 

AUL 
066.4 

AUL 
068.1 

AUL 
071.3 

AUL 
082.1 

AUL 
087.2 

AUL 
094.1 

AUL 
096.1 

SI02 45.84 45.71 42.86 42.06 43.16 42.57 48.~6 43.6u 45.42 4J.22 

-H ~ br----..r~: 2 ~--d: H---1 ~: ~ h~: H---/t :-~-~--11: -g}-~·~g}--i~~i.>f-~--.,.-1~~ ..... : ..... ~-!::-~--11-lL. +-~~7--
c~zoJ o.JJ o.~o o.oo o.an a.cr. o.oo o.i.Jo o.cc o.oo o.: ... 
FE203 7.49 .4.3Q 6.31 5.65 5.47 6.37 5.98 6.54 8•?? 7.79 
FEO 5.43 6.62 6.19 7.20 5.91 7.81 4oLt2 ... 6.16 .4.o.~. ______ 4ol9 
HNO .19 .19 .16 .21 .iCJ .18 .18 .1& .14 .17 
NIO 0.00 0.00 0.00 0.00 0.00 O.OG O.GQ O.GJ O.OJ O.Gu 
MGO z.gs 5.7& 8.0& B.Q4 9.13 5.36 3.80 5.26 5.48 5.58 

_CAD
0 

.ft.._la.____i_!. 1.f>. __ ,<i_ • ..9..6.__11_--5.9._ __ _1L.66 ___ 9 .... ltA ___ .a__._s.2_____9_.a.67 7. iL 8. 67 
~A-2 2 • 57 2. 3 5 1 • 8 2 1. 7 3 1. 7 2 1. 8 2 2 • 31 2 • 14 2. 56 2 • 3 7 

K20 1.91 .89 .57 1.13 .95 .84 2.00 o91 1.57 1.5~ 
P205 1.76 o62 o54 o83 o47;. o82 o50 o71 e65 o57 

___ Hc~ 02 2.14 3.49 J.c4 2.51 1.9a J.o5 ___ 3.63.. 4.67 .2.tio ___ 3.72. 
~ 1.27 2.05 2.64 1.81 2oR4 2.47 2.D6 2.14 2.55 2.5/l 

s o.Jo o.oo o.oo u.oo o.oo a.oo o.oo o.oa o.oc u.cJ 
TOTAl 100.25 100.45 99.83 99.08 99.4CJ 99.35 99,33 1G0.55 98.99 99.23 

a 12.29 7.16 6.57 2.15 2.21 
0~ 11.41 5.35 3.47 6.87 5.81 
AB 21.g7 20.21 15,84 15.05 15.G6 
AN 16.39 24.79 27.43 22.~4 21.97 _ru ___ ____j)_.Jl_u_ ..3 .... 9.2__11 .... 0 iL__.ll.a_J 2__j 6. 9 3 
HY 7.42 ~5.8~ 21.C5 17.49 15.68 
HT 3.87 6.34 9.41 8.42 7.25 
HH 4.90 C.OO 0.00 0.00 .66 
!L 9.46 &.~3 7,17 8.03 ~.59 
AP 4.13 io46 1.29 1.98 1.13 
c 3.24 o.oo .65 o.oo o.oo 
CC 4o92 8e07 7o1i 5o87 4o66 

_!Q_ffi 10 0 0 Q 0 1 0 0 0 0 0 1 0 0 0 0 Q 1 0 0 !1 {) 0 1 0 0 0 0.0 

10.96 15.52 .. 14.G9 ... 11.18 ___ e.a& .. 
5.13 12.16 5.47 9.63 ~.18 

15.89 2G.u9 18.40 22.46 20,75 
22.9C 15.99 14.C3 13.36 16.31 

i ~~-~--t:it~§-+1--.1,-+'~...Jl..: -¥-t ~-~tr--
9.53 6.31 7.66 2.9u 3.65 
o.oc 1.ao 1.36 6.57 5.54 
q. 6 7 5 • a 6 8 • 5 s __ a. s L _____ a. ~~ s 
1.96 1.19 1.67 1.56 1.37 
1.11 2.e6 4.67 Z.94 2.76 
7o16 8o49 10o79 6o74 8.7~ 

100.00 100.00 1CO.OO 10J 9 0J jQij.QO 

·- ·~~-·-··--· -· ·--~--··-----------· --------~-~·------·---- --------- ------------·--·-·· -·-- --·-·------- -----· 



TABLE 4: Cont'd. 

AUL 
.098.2 

AUS 
098.5 

AUL 
099.1 

AUL 
108.1 

AUS 
111.2 

AUL 
112.1 

AUL 
114.1 

AUL 
124.1 

AUL 
134.1 

AUL 
136.1 

SI02 54.27 51.77 53.2q 45.22 ~1.65 48,36 45.04 47.61 43.8~ 43,67 
. TI .. ~ ~J---.2 ·.-t·r' _---.2 t.• 6 L -.2 •. '-1---. J ~~..%. __ 

4 
2., LC. __ -.2. •. 9 !L __ I. Ji 2._ _ __3 _ _. .5.3 _ __tt_._J_k_ _ __!t_a_-'=-: -!,-7 __ -,rr," .~.7 .. -TI OiJ .~.7.56 .~.2.J6 ,~6,2' A.4.'38 .13.55 16.1'1 E~·Dit 14.€-5 

C~2CJ o.Jo o.oo o.co o.oo o.o~ o.oo o.oa o.cJ o.o~ o.~~ 
FE20J J.~g 2.39 1.66 7.79 2.33 4.14 5.24 2.24 2,4ry 2.'31 
FEO 3.00 5.16 4,07 4.02 5.60 5,25 5.37 7.55 .,g,Q8 8.74 
H~O .~9 o09 .15 .13 .12 .16 .17 .16 .2u e13 
NIO 0.00 0,00 0.00 0.00 O.CC 0.00 O.CO O.GG Q,Q; il.G~ 
HGQ 3o01 3o87 2oG8 6o99 5o31 '4,76 5o42 Jo16 3.9~ 4o21 

_G_A_o_ .ii__!t_. 96.__&. .. _1tL-8..4.C..._5 .... 26 a ..... S.9___U.l8 a. 49.___.1j)._...J..a___j . .!l-"--:.~-:--
NG20 J.27 3.&5 3.79 J.oo 3.13 3.21 2.45 2.96 2.21 z.J'3 
KZO 3o60 3.7J 3.41 1.18 3,82 2.55 1.75 2.37 1.97 1.89 
P205 .BCJ o65 .89 .54 o54 .68 o54 .75 .63 .S7 
C02 .56 1.40 2.2!3 3.49 .85. __ 2.15. 2.92. 2.'34 ..... 3.4J .3.57 
H20 1o47 2o46 lo40 2o67 io82 1e22 io54 1o5~ 2o22 1~J8 s o.oo o.oa a.cn o.oo o.oo a.oo o.oo o.co o.ou o.oo 
TOTAL 98.&0 99.13 99.2a 99.39 99.35 98.95 98.99 99,45 99.48 q8.25. 

AUL 
138.1 

AUL 
143.1 

2o70 ··- 4e40. ___ 5a5'3 .. _.Jeft1 __ .2,94 __ 
15.43 10.62 14.31 11.98 11.54 
21.79 21.21 zs.74 19.22 zu.a7 
1Y.37 21.35 19.01 25.59 24.12 

4..._5fl__i.il_, 1 2 \l • G !J 0. L ·, O_.._Gi_ __ 
11.75 9.16 14.69 1dou5 18.34 

6.14 6.97 3.32 J.67 4.36 
. OaOC .57 0.00 o.OL C.OG 
5.64 7o45 ..... 6o85 ____ 8o48 ...... -.le9d __ _ 
1o61 1o29 1~78 1o5G lo37 
o.ou o.oo 1.89 .16 .11 s.on &.81 &.83 7.95 a.Ja 

100.QQ -~i~O~O~a~O~D~~1u0uO~·~o~o~_.1~Q~OL.~O~tl __ ~1~0uOu•uU~l.C~---

S I 0 2 45 .J 9 4 5. 64 . ····--- -· --------·- ··--------- --------·--------· ·------·-------------·---
TIOZ 4.12 3.59 
AL20l 15.45 15.49 

_ FC.ER. 
2
2 

0
Q*3 ____ 1J • D _Q ____ Q a O.!J. 

3 1.C7 2.70 
FE:O 10.37 !3.77 
HNO .17 .ill 
NIC 0.~0 0.00 
MG 0 4 .1 7 J .1 !l 

. - ~-.----·-#·- -· ·~- -------¥---------:----...!'-~-·------------------------·-~----·-----

CAO 8.27 8.65 
NA20 2.75 2.R3 

~--~-00 ___ 5 ~-~~L~J~9--------------------------------------------------------------------------
I" .~7 .75 
C02 2.53 3.18 
H20 1.76 1.60 
s o.ou o.oo ·- ------- -----·----TOTAL. <:!8. '36 138.8 7 ----· ------· ---·--- -·-- ··--·-·- ---- ·---·------·---------·------------. 

------··---- -----
0 1o12 4o01 
0~ 12.~1 14.53 
AB 23.'34 24.62 
AN 21.?.4 18.40 '··----···--·-·-·-- ----~-·----------·----·--------
HY 22.35 16.45 
MT io60 4.03 

__ up'--_..-..1Lt.~4--7....~..Ju _________ ,, . 
· A 1.60 1.79 ' c 1.18 1,73 '~ 

CC 5.'32 7o44 
__ _TOTAL. _ .... 100.00 _.1GO.OO_. 

., 
li 

I I 

~:: •• • t ·-



TABLE 5: Analyses Caco
3
-free. 

AUL 
001.2 

AUL 
006.1 

AUL 
008_~ 

AUL 
014 .• 3 

AUL 
_020.3 

AUL 
022.1 

AUL 
025.5 

AUL 
030.4 

.l\UL 
031.1 

AUL 
036.1 

SIOZ &4.36 45.61 46.87 46.49 ~7.57 49.38 51.52 69.96 &&.98 &5.83 
T1 0 2 o_6 L__2 I 2!i_ Itt Zi_ .!t .4.9 Z______!t • 2Ji _ _l..__s.l.__J.a.9.J._-,-:--"--:'r;·J)________,L~4 __ _..._5.5.__ 

--l\[203 16.76 14o18 ..... i5.25--r4.6E. 15.C2 16.54 18.55 14.41 1&.03 1&.H 
c~zcJ O.JO o.oa o.oo o.oo o.cc o.oc o.co o.cG o.GL o.u. 
FE20J 1.01 3.62 ,44 3.04 1.39 4.43 5,86 2.9u .82 J.35 
fEO 2.50 10.58 11.90 10.34 11.85 8a68 &.5Q. .30 2.63 .JJ 
HNO .16 .27 .19 .21 .28 e24 .2.:; .Q7 .21 ol9 
NIO o.oo o.oo o.oo o.ac o.oc o.oc o.ou o.co o.o~ o.u. 
HGO .4.~ 5.58 4o99 5.67 7.14:. 5.09 2.88 .09 .2~ .41 

---.CAQ _______ •. 3.9. ____ 1L.ll5..-B • .S.11___8~59___6 .• &.5 __ !t.._22 2 1a 2'1 o en _.._/J.Jl. __ 
NA20 7.12 2.38 2.76 2.52 2.55 3.08 3.26 5.94 5.28 5.~7 
K20 5o81 1o65 1o61 1o73 1aJ& 1o66 1o90 4o79 6o31 5o8~ 
Pzos .12 .96 .&7 .ao .sz .61 .55 .oJ .o6 .06 
C 0 2 0 • 0 0 0 • 0 \l 0 • 0 0 0. 0 0 0 • 0 G 0. 0 u 0 • 0 0 ·- 0. 0 0 __ .. _ • 4 9 0. l ~ 
H20 e03 o92 a96 e58 1o62 2,09 2.11 o71 o24 o88 
S 0.00 0.00 0.00 0.00 OoOO 0.00 0.00 O.CO O.OL Q.JG 
TOTAL 99.13 99.0J q8.85 99.60 100.23 99.93 99,44 99.90 99.99 gg,72 

-----------

o .E6 1.oa o.oa o.oo o.oc 
OR 34.61 9.95 9.73 10.33 8.15 
AB 54.21 2U.5l 23.85 21.53 21.8R 
AN 0.00 23.59 24.99 23.81 25.88 

---~~ -~53__, 0. J Q_ __ j). 0 (l ___ _o .• .O.Jl ____ il. c c 
~ 2.94 o.ao o.oo o.oo o.ou 
WO 0.00 O.~J O.CO 0.00 O.GG 
OI .99 8.73 11.31 11.35 3.39 
1-1 y . --- -· - '• • 5 :J ill. 4 3 11 • 1 2 16 • 16 c 5 • 2 5 
OL OoJO 0.00 7.62 .96 3.94 
HT O.OJ 5.35 .65 4.45 2.G4 
HM O.OJ 0.00 0.00 0.00 O.Ou 

---~L_. _ __1_L2..1L __ 1JL 0 7 9 •iJL---...9 .... 5_3_.. 8, 2 4 
RU 0.00 OoOG 0.00 0.00 O.OL 
AP o28 2.27 1.59 1.87 1.22 c o.oo o.oo o.oo o.oo o.ou 

--· rorkE 108:~8 io8:3~ ··1o8:88 -1o~:88 u8:88 

AUL 
046.2 

AUL 
051.2 

AUL 
062.2 

AUL 
066.4 

AUL 
068.1 

7 • 51 17 • '3 0 17 • 54 ---- .1 0 • 3 7 .. -·-- 9 .tl6 -"·-
10.04 11.55 28.56 37.63 34.71 
26.63 2~.34 47.81 45,03 47.6d 
17.32 7.41 O,Qt) O,OQ 2.u1 

0 • 0 (1 o ,·jjJL ___ fL .. JlJL__J)_Jj_ u. .l.l.u_.. • .J,jJ.J,j:, __ 
o.Go o.ou 2.51 o.uL ;,.a ... 
0.00 O.OG .07 O.Ou iJ,GJ o.oG o.Go .49 o.oo o.o.:; 

19.36 8.37 .. _ O.GQ ___ J.85 __ .... .J..::3 ... ___ . 
o.o;; o.oc o.ao J.oo o.c.-, 
6,57 8,73 o.cu 1.2u a.G~ a.ou o.co 2.05 o.oa 3.39 
7 o 5_9_ 7 • 67 • 7 q 1 • 4.2.__ __ao~9t..-__ 
0.00 0.00 .09 O.OG .08 
1o45 1o31 oC7 e14 ol4 
J.54 a.72 o.oJ .s1 .2~ 

. o .. oo ---··· o.oo._._.o.,.au.---~ ... 14.-.--.-0.cJ ___ _ 
100.00 100.00 100.00 100.00 1u0.~~ 

A'UL 
071.3 

AUL 
082.1 

AUL 
087.2 

AUL 
094.1 

AUL 
096.1 

48.18 49.~3 46,C5 44.63 45.2L 45.77 52.98 48.4~ 48.&1 ·47,25-
SI 02 5 ... 18___3 .. !l!L___3 .g_!t __ 4 ~~.J.D.__Lt.,.5.8___5....31J __ :t .. .2L~ 93 t.,._f.? 4 7, 

--!t~~c~J------16.24 14.95 15.o5 12.96 12.19 14.72 1s.16 15.7? 14.42 15.27 
CR203 0.00 0.00 0.00 O.OG J.C~ O.GG O.CJ Q,Gu O.OC O.u" 
FE20J 7.~7 4.57 6,78 6.ao 5.73 6.85 6.52 7.27 8.84 8.sz 
FEO 5.71 7.19 6.65 7.64 6.19 8.4C 4.82 .6.85 - '+.93.._ 5.2'+ 
HNO ,2Q .21 .17 .22 .t.~ .19 .20 .1~ e15 .19 
NIO o.ou o.oJ o.oo o.oa o.oc o.oc o.uo G.ou a.oc o.~~ 
MGO 3.10 6.25 8.66 8.53 9.~6 5.76 4.14 5,85 _i:l; ~:i~ 

__...CA.: s_,._aa_ _2....Z9_____1i....S.L _ ___a_._g o 9 • .? z 5 .• ..9.L---.1! ... 1 4 u 1 4 z. 7 '· 2. " .. , 
NA20 -2.70- 2.55 1.95 1o/J4 1.80 1.96 2.52 2.~8 -. -"" 
K20 2.01 .97 .61 1.2v .99 .90 2.18 1.ul 1.68 1.&4 
P205 1.85 .G7 .58 .ns o49 .88 .55 .79 o7u .&2 

__ cHo20z o.oo o.oo o.oo o.oo o.co. o.ou o.Lc o.oo_. ___ o
2 

•• 
7
o
3
u-.

2 
o •• 8u; 

1.33 2.22 2.84 1.92 2.97 2.66 2.25 2.38 -~ o.oo o.~o o.oo o.oo o.co o.oo o.oo o.oc a.oc o.G~ 
'OTAL 100.25 100.44 99.82 99.08 g9.47 99.36 99.33 1DO.G1 98.99 99.24 

0 12.93 7.7~ 7.11 2·26 2.41 
0~ 12.02 5.84 3.72 7.31 6.07 
A9 23.09 21.97 11~01 16.02 15.78 
AN 17.25 26.96 29.54 24.25 2J.G6 

_j) I Q • U Q_ __ 4 • 2 'l __ 0 _. 0 0 ___l2.a.l12.____1 7 • 7 6 
-- Hv·----7-.-a-a- 17.27 22.£:7 18.57 16.44 

HT 4.09 6.~9 10.14 8.95 7o59 
HM 5.14 O.QJ O.GO 0.00 .7G 
TL q.g5 7.43 7.72 a.s2 9.01 
AP 4o34 1o58 lo39 2•1C 1o18 c 3.41 o.oo .ro o.oo o.oo 

TOTAL 100.00 100.00 100.00 100.00 100.00 

...... 

11.80 16.98 15.79 . 11.99- 9.7~ 
5.51 13.28 6.12 10.32 10.06 

17.15 21.96 20.&3 2~.08 22.73 
2~.67 17.4~ 15.74 14.31 17.92 
ig~--~~~-:~-'!~-----,1,..0.~'-A· :~~fi-~i·~ 
10.27 6o.91 8o58 3o11 4oG3 

O.OG 1.95 1o53 7.04 6.C6 
10.41 6.40 ___ .9.59 9.12 .. _~ __ 9.26 

2e11 loJi ie88 1o69 lo49 
1e64 3.14 5.23 3.16 3.u1 

10U.OO 100.00 100.vG i~O.OG iuu.OQ 



TABLE 5: Cont'd .. 

AUL AUS AUL AUL AUS AUL AUL AUL AUL AUL 
098.2 098.5 099.1 108.1 111.2 112.1 114.1 124.1 134.1 136.1 

SI02 55.76 53.49 56.22 49.15 S2.t7 50.87 48.28 51. c 4 47.54 4fl.71 

--It~~1 ~. J 3._2 al:.O.___ _ _z a.3l_ __ !i_._.2JL__.2.._l_5_ __ .3 ... _L.5 __ !i__..£.9 3.Z3 !! z l 4 ..... ~ 
17.95 17.56 18.53 13.11 16.54 15.76 14.52 17.31 1&.31 16.17 

C~203 0. 0 0 o.oo \I.GO o.oo o.oc o.ao o.oc a. o u a. J J (}.IJ(; 
FE203 3.48 2.47 1.75 8. 4 7 2.38 4.36 5.64 2.40 12.69 3. 3 3 
FEO 3.09 5.35 lto29 4.37 5.71 5.52 5.76 8.G9 - .. ':}, 64 -- 10. J 1 
I'P~C .og .09 .16 .14 .12 .17 .18 .1') .22 • 21 
NIO o.oo O.IJO o.oJ o.oo o.oc 0. Qij 0. G C o.ou o.ou J. 0 u 
HGO 3.09 4.00 2.20 7.60 5.42 5.01 5.81 3.3'.:1 4.23 1+.65 ___cA..O. ______ !i..L.52.__3_ .. _2..9...____J._lJ}_4_. 2 9 4_...2.~ ... ..1.5.____8_._ 0 ,. s.ca Do 34 __6.,.Jl..3.__ 
NA20 3.36 3.15 4.0~ 3.26 3.19 
1<20 3.90 3.82 3.60 1.28 3.9() 
P20S o91 .67 .94 .59 .55 
C02 0. 0 (j 0. 0 0 o.oo 0. 0 Q . a.oc 
H20 1.51 2.54 io48 2.90 1.86 s o.oo o.oo o.oo o.ou o.oo 
TOTAL 99.95 99.13 99.20 99.40 99.35 

. a 9.7o s.to g.sz 6.68 1.65 
OR 23.42 23.39 21.79 7.85 23.66 
~B 28.M7 27.59 34.61 28.58 27e68 
AN 16.72 12.36 12.49 17.99 17.99 

-fl~..,-----1:~l--1g:-~~:gg-iq·:~-§--1g:~~ 
HT 3.55 3.71 2e60 2.33 3.54 
HM 1.08 0.00 0.00 7o17 O.GG 

.. IL 4o49 5a31 4o53 .. 8o35 5o36 
AP 2o14 1o61 2e23 1o42 1o31 
C 2o20 4o00 3o66 OoOO o66 

TOTAL 100.00 100.00 100.00 100.00 100.00 

AUL 
138.1 

AUL 
143.1 

SIC2 48.19 49.24 
TI02 4,59 3.~7 
ALZCJ 16.40 16.71 

~~~B~3-------~:1~~~r 
FEO 11.J1 9.46 
HNO .18 .19 
NIO O.QO o.oa 
HGO 4.43 3.34 
CAO 5.36 4.96 
N~20 2.92 3.05 

_K.2JL. 2.1>.1 l_ _ __.2_._5_¥----
P20S ,71 e31 
C02 0.00 0.00 
H20 1.~7 le73 
s. 0. 0 0 0. 0 u 

-·TOTAL 98.'37 t;8.85 

a 1.37 4.36 
0~ 13.22 15.71 
AB 25.44 26.57 
tN 22.~0 19.86 
HV 23.75 17.76 
MT 1.70 4.34 

--~I~~----f*---1-!-~l 
C 1o24 1o88 

TOTAL 100,0& 100.00 

-.'.-.. 

3.38 2.63 3.20 2.4fl 2.64 
2.68 1.88 2.54 2.14 2.G9 

• 71 .58 • 80 .68 .63 
D. OG __ o.co . 0. G G J.uil . -- . 0 • G (J 
1.29 1. b5 1.61 2.4.1 1.52 o.oo O.(JQ 0. OG O.OG 0 • iJ L 

98.95 99.02 93.43 99.51 100.48 

2.83 4.69 5.97 3.66 3,39 __ 
16.23 11.42 15.3b 13.~4 12.4i 
29.28 22.85 27.68 20.91 22.57 
20.39 22.86 20.41 27eH1 2boC6 

4 .. .Bi__iJ_,._gu__ o. r r o. on o n jo 

12.36 9.81. 15.77 19.58 2t..4J 
6.47 7.49 3.56 4.J2 ~.88 o.oo .62 c.co o.oc o.o~ 
5 • 93 7 • 98- ---7 • 34------ q. 21-------- .. B. 62 --·---· 
1o69 1o38 1e90 1o62 1o48 o.oo o.oo 2.02 .15 .11 

100.00 100.uu 100.00 1vO.OO 100.Ju 

'~--?- ----------------------·- ---·- --··-' 



4) Table 7: co 2-free, Fe2 o 3 = Ti0 2 + laS wt. % 

5) Table 8: C0 2-free, Fe 2o 3 = maximum 1.5 wt. % 

6) Table 9: C0 2-free, Fe 2 0 3/(Fe0 + Fe2 0 3 ) = 0.15 

Table 4 presents the analyses "As Is", i .. e .. , as 

they were obtained with only H
2

0 removed from the totals 

in order to allow Si0 2 , a water-free analysis, to be 

added to the remaining oxide concentrations@ When co 2 

is included in the calculation of the norms, some analyses 

generate normative corundum (C) a Presenting the analyses 

24 

as caco 3-free as in Table 5 does not solve the problem, 

since corundum still appears in the norms of some analyses. 

In neither Table 4 nor Table 5 are the analyses suitable 

for projection in the basalt tetrahedron (nepheline-olivine

quartz-clinopyroxene) . 

However, by calculating the analyses on a co 2-free 

basins, "reasonable"-looking norms, i.ee, norms that conform 

to usually fresh basalt compositions and can be projected 

within the basalt tetrahedron are obtained (Table 6). 

By presenting the results as co 2-free, it is assumed that 

all of the CaO present as carbonate in the vesicles has 

come from the rocks and all of the co 2 was added from sea 

water, juvenile water, or groundwater. This is partially 

justified by the fact that removing CaO as carbonate 

(Table 5) results in a deficit of CaO in the norms. One must 

11, however, be aware of a possible error in CaO concen

trations in accepting the results as co 2-free. 



TABLE 6: 

AUL 
001.2 

Analyses co
2
-free. 

AUL 
006.1 

AUL 
008.5 

AUL 
014.3 

AUL 
020.3 

AUL 
022.1 

AUL 
025.5 

AUL 
030. 

AUL 
031.1 

AUL 
036.1 

SICZ 64 l8 43.89 4&.G8 45.16 44.93 45.86 46.64 c9.96 6&.7u 65,83 
TI02 .&7 s.oo 4.63 4.83 4.04 3.63 3.56 ,50 .74 .~5 

----n--zcJ 1&. 76 13;15-s Ilf. YY 14.24 :lt+.11r----r-5;-JO---n-;7-.:r--w.~t1---rs-;-gr--Io.-:rr-
C~2C3 o.oc o.oo o.oo o.ac o.cG o.cc o.Lu o.c~ o.~c u.us 
FE20J 1.01 3.48 .44 2.96 1.32 4.12 5.06 2o9u .~2 3.35 
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TABLE 6: Cont'd .. 

AUL AUS AUL AUL AUS AUL AUL AUL AUL 
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In Table 6, four of the flow units at the top of 

the volcanic pile (AUL 006.1, 014.3, 020.3, and 022.1) 

are nepheline (Ne) normative. However, three of these 

have Ne small enough to be accounted for by analytical 

error The remainder of the analyses are either quartz (Q) 

normative or hypersthene (Hy) normative, indicating that 

from their present composition, the majority of the rocks 

are tholeiitic, with only a small capping of alkali rocks 

at the top of the drillhole. It must be remembered that 

the norms for these samples could have resulted from 

alteration, and thus, the younger rocks might be expected 

to have retained more of their original chemical character. 

The question of alkaline versus tholeiitic character for 

the analysed rocks will be discussed in a later chapter. 

One could accept the analyses as presented in 

Table 6, but it is common practice to make an adjustment 

f h 'd . f 2+ 3+ h' h or t e ox1 at1on o Fe to Fe , a process w 1c occurs 

readily during alteration. Since there is no doubt that 

much of the core has been subjected to hydrothermal 

influences, as attested to the high water temperatures 

reached during the drilling of the hole, and from an 

examination of polished sections (Abdel-Aal, personal 

communication) , a correction for iron oxidation is believed 

to be justified. 

Table 7 presents those analyses for which a 

correction for the alteration of iron has been made. The 

adjustment used was proposed by Irvine and Baragar (1971) 



TABLE 7: 
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HNC .16 .26 .18 .20 .26 .22 .18 .07 .21 ,(g 
~~8 0.00 O.OJ 0.00 o.oo U.tu 0.00 o.co o.oo iloilO GoOL 

o48 5.37 4.91 5.51 &.74 4o73 2.61 .u9 .2G e41 
_C.A..~----= o-.3..9___1_i_al.i.l.___i.ll..._G 4 1 i . 2 n 11 • B n 11 • Q5___.1.1_ 4,·, , 2,1 7 4 ....._u_ 

NA20 7.02 2a30 2a72 2o44 2o41 2a86 2o95 5o94 5.25 5,57 
~20 5.81 1.59 1.58 1o68 1o28 1.54 1o72 4.79 6,29 5o8u 
P205 o12 o93 o66 o78 .49 o57 e49 .03 o:i6 8 (o 

H
co

2 0
2 o. o o -· o. o o o. o o o. o o . . o. c c. o. o o IJ. Go a. co o. o !L.-- . o. :J OJ _ 

o03 .89 .93 oSo 1.53 1o94 io91 .71 o24 .88 
s o.oo o.on o.oo o.oo o.Lo • o.ou o.oo a oo o o·· o o· 
TOTAL 99.33 99.01 98.85 99.60 100.23 ~ 99.94 99.41 99:81 q~:at 99:5§ 

--~-·-a OR 
AB 
AN 

.66 
34.61 
54.21 
0. 0 0 

O.OG 
9.59 

19. 22· 
22.65 

o.oo o.oo ---- o.oc 
9.54 10.03 7.67 

23.50 20.17 14.78 
24.53 23.16 24.41 

---ttt;..§----lL' n .... flJ1. ___ ..._.3.3._____.11......0..r; __ ...,...3..1__ 3. 1 9 
.sJ o.oJ o.oo o.oo o.co 

AC wo 
0! 
HY 
OL 
MT 
IL 
AP 
c 

TOHL 

2.94 o.oo o.oo o.oo o.oc 
o.oo o.oo o.oo o.oo o.oc. 

.99 .23.72 18.21 22.63 26.24 
4.5o o.oo .3o o.Jo o.co o.oo 7.48 12.72 8.22 12.86 
o.oo 5.14 .&5 4.33 1e94 
1.a.2.8..___9.a..fi1L 8.98 9.26 7.71 

.28 2.20 1.56 1.83 1.15 
o.oo o.oo o.oo o.oo o.oo 

100.00 100.00 100.00 100.0 0 100.00 

o.oo .89 17.38 3. 29----·. 9. 7i..-
'3.30 10.43 28.5'3 37.35 34.76 

23.08 25.60 47.~6 44.6G 47.74 
25.02 28.14 0. 0 J 1.42 2.02 

......_87 0. 0 il 0~ il l c () 0.\ 
o.oo o.co G. 00 o. 0 c G.GG 
o.oo o.oo 2.52 O.O.i O.OG 
0. u 0 2.G2 (J. 00 O.QJ uoC.u 

21.94 17. J(j ~--- .68 i. 6 3 -···. - . (i • c ... --o.oc o .• 0 0 .29 2.97 1.36 
5.31 0. 0 0 o.oJ o.oo o.ou 
6.10 7o52 1.£) 7 1.19 3oi:.i. 
7.G4 6o94 96 .1·41 :l • i:· c 
1.35 1.17 .c7 • 14 o14 
D • OC o.oo o.oo a.oo o2J 

100.00 100o00 100.00 100.00 100.i.lu 
~-··-------~- -·- --·-· -·-·-·--··-~·-·-------··---·--------.. ------···------- ------------·-------·-----------· 

-···-· -·· -· -· -····--· -------- ·------- ·---··- . --------~---·----·----------

AUL 
046.2 

AUL 
051.2 

AUL 
062.2 

AUL 
066.4 

AUL 
068.1 

AUL 
071.3 

AUL 
082.1 

AUL 
087.2 

AUL 
094.1 

AUL 
096.1 

5102 46.84 47.35 44.21 43.15 44.04 43.92 50.42 45.72 46.77 44.9~ 
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TABLE 7: Cont'd .. 
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An adj tment for the of that is used 

some sts (Coombs, 1963; G1assley, 1974) is: 

Fe 0 o %) = 1 5 (wt %) 

i e. Fe 0, is set 
.) 

1 to maximum of 1.5 we per 

cent excess is converted to FeO This has been 

cal the Azores rocks and is presented as 

'rable 

appl of s adjustment to Azores 

1 a total of 



TABLE 8: 

AUL 
001.2 

AUL 
006.1 

AUL 
008.5 

AUL 
014.3 

AUL 
020.3 

AUL 
022.1 

AU It 
025.5 

9,-
0 • 

AUL 
030.4 

AUL 
031.1 

AUL 
036.1 

SIC2 64.18 ~3.89 ~6.e8 45.16 ~4.93 45.86 46.6~ 69,96 66,70 65.83 
TI02 .67 s.cu 4.63 4."13 4.L4 3.63_ 3_..!56 .50 '!_74 .!55 
~ c-zr-c?J---.,..x-.::-6--"--. 77-r:-6---.-1-:r. o7---x1i-;-g-r----r~~rt-;;-rcr--rs ;·35 ---n .-,g~4r--I"?. <rr--rt. -rr-
c~2o3 o.oc o.oo o.oo o.ou o.oG o.oo o.oo o.oo a.G~ c.~u 
FE203 1.01 1o5J .44 1.50 1.32 1.50 1.50 1.~J .82 1.5~ 
FEO 2.5J 11.96 11.69 11.35 11.19 10.42 q,32 1.56. 2.&2 z.~( 

. MtJC .• 16 .26 .113 .2C ..... 26 .22 .18 .07 .21 .C':1 
NIO o.oJ o.oQ o.oo o.oo o.c~ o.oo o.oo o.oo o.oG o.oc 
MGO .48 5.37 4.91 5.51 6.74 4.73 2.61 .09 .2( .41 
CAO o19 11.47 10.C4 11.2C j1,86 11.05 11.4~ .20 .74 .48 

-rf~Zo r.oz---z;Ju 2.72 2.44 2-;&+-r-----z.ln>-------z--;-g-s- 5.94 5.z-; s.s7 
K20 5o81 1o59 1o58 1o68 1o28 1e54 1.72 4.79 6o29 5.8~ 
P205 .12 .93 .66 .78 .49 .57 .49 .GJ .ob .c•o· 
C02 o.oo OoOIJ 0.00 0.00 OeClli o.OQ O.OD O.Gu __ O.OG O.G~ 
H20 e03 o89 o93 · --- o56 · 1o53 1o94 ~- 1o91 .71- ·--- .24 -·-- o88 
s o.ao o.oo o.Go o.oc o.oo o.oo o.oo o.oo o.oo o.o ... 
TOTAL 99.33 98.81 913.85 99.45 1fiO.Z3 99.68 99.07 99.76 99.84 99.54 

0 .66 o.oo a.oa 0. 0 c o.ou 0. 0 G o.oo 16.81 9. zg 
. 3 ~ : ~ j -~---OR 34.61 9.60 9.54 10. :15 . - 7. 67 - 9. 32 1Q. 4 7 28.6:1 - 37. 35 

Ail 54.21 16.77 23.50 18.38 14.78 19.84 21.97 47.88 44.60 47.77 
AN 0. 0 0 22.69 24.53 23.20 24.41 25.09 28.29 0. G ll 1. '+2 2.02 
NE 0 • G 0 1.68 o.oo 1.35 3.19 2.66 2 • G 2 0 • C .i 8-;-%-8- --&· 1- • ~-- .53 o·. o u u.u-u---~r;-uu- 0 • 0 u a·. oJ o.r;u~r--. ;_, - ~ 
AC 2.14 o.ou o.oo 0. () 0 O.Ol 0. Q(i 0. c () 2.52 0. 0 c 0 .C: c 
DI o9'3 24.14 18.21 22.92 2b • .24 22.52 22.37 .7u 1o63 iJ.(il, 
HY 4.50 . - 0. 0 G .3() --1a:gs 0. i) 0· 0. C G o. ail 6:65 ··-- 2.97 2. 75 - ----OL 0 • 0 0 11aOIJ- - 12.72 12.86 9.93 4.52 u.uo o.ou 
MT o.OG 2.22 .65 2o2C 1.')4 2.23 2o24 .93 1.19 2.2G 
IL 1.28 9.70 8.98 9.28 7. 7 7 7.05 6. 96 • 96 1.41 1.0& 
AP o28 2.20 1.5& 1o83 1.15 1.35 a·F ·F ·~~ 2~~ c o.oo o.oa o.oo o.oc 0" 0 0 . 0. 00 • 0 o. c 0 ol: • IJ 

TOTAL 100o00 too.oo 100.00 .100.00 100.IH 10 o. 00 100.00 100.00 10_0. 00 1\IO.u.J 

AUL AUL AUL AUL AUL AUL AUL AUL AUL AUL 
046.2 051.2 062.2 066.4 068.1 071.3 082.1 087.2 094.1 096.~ 

SID2 46.84 47.35 44.21 41.15 44.G4 43.92 50 42 45.72 46,77 44.g: 

-~f~y;a..,J---,.r-r-s :-~~---,-~;~t----rt-:-~-~--ti-!-~~-rt~ ~~--I~-;~ i--I~-:-~ ~: Ht---:rl:~-~~-H-
cq2oJ o.oo o.ao o.co o llO o~oL o.oG o.co o.o~ o.oG o.oJ 
FEZOJ 1.~0 1.5ij 1.50 1.51.1 1,5[ 1.50 1.5D 1.50 1.5~ 1.5C 
FHE1,g 11.u9 9o51 10.89 11.26 9.7C 12.63 8,83 11.28 11,(5 10.91 

' • 1 '3 • 2 .) - • 16 . • 2 2 • 1 g • 1 g • 1 g • 1 7 • 1 4 • 1 8 
NIC O.GG O.OJ O.CJ O.OC O.OG O.GG 0 CC 0.00 0.0~ 0.&0 
HGO 3.01 5.97 8.31 8.25 9.31 5.53 3.94 5.52 5.64 5.8u 
CAO 8.5G 11~56 10.27 11.89 11.9( 9.74 8.74 10.14 7.31 9.(1 

--,q A co 2 .----o:r--z; 11:-r---r;tJ B 1. r s 1 • 7 s--r. 8 8 2 • 4 u 2 • 24 2 • 6 4 2 • 4 6 
K20 1.95 o92 o59 1.16 e97 .87 2.08 .95 1.62 1.56 
P205 1.~o .64 .56 .as .48 .85 .52 .74 .67 .59 
coz o.ao o.oo o.oo o.oo o.on o.oo o.oo o.oo o.oo o.o: 

-· H20 1.30 2.12 .2.72 1.86 2.90 2.55 2.14 2.24. 2.63 2.68 
s o.oa o oo o.oo o.oo o.oo o.oo o.oo o.oo o.oo o.oc 
TOTAL 99.64 100.14 9'3.33 98.67 ~9.08 98.87 98.87 100.00 98.29 S8o57 

a 2.47 (!. 0;) 0. 0 i) 0. ~ 0 0 0( 0. OG 4. 3G 0. 0 ') 0. J G c. 0 •: OR u.n 5.55 3 f-,1 7. () 9 5.97 5.34 12.72 5.75 1 u. J 2 
---

':1.62 tlB 22.63 20.97 16.46 14.4 4 15.39 16.51 20.99 19.39 23.35 21.71 AN 25. g 5 25.82 30.27 23.52 22.56 28.57 24. 8 2 28.29 22.17 24.97 NE u. 0 G Oo1J 0.00 .6G O.GG o.oc o.oJ o.o:; J. 0 '] u. s ~· -----ur-----rt& T-s-----z-r. o--r~. 21 25. sr---za. 64 1 J;-1T'3 1 J • bo------r-5--;-rr-v 3.18 14. 4--g---· HY 16.88 10.93 13.06 0. 0 G 2.16 21.85 13.91 17.19 22.23 7.04 OL 0 • 0 D 2.63 10.3 3 15.98 .:l3.G~ .29 o. (j u 1.37 • 32 9o64 HT 2 21 2.22 2.25 2.25 2. 2 6 2. 26 2.25 2.23 2.27 2.2.7 IL 9o7J 7.11 7.45 8.28 8oi.H 10.04 6.11 -. 9. G 3 8.84 8.85 AP 4o25 1. 52 1.35 2.04 1.16 2.05 1.25 1.76 1.63 1.43 TOTAL 100 "(j 0 100 00 .100.00 100.()0 ill~. 0 (j 100&00 100.00 100.00 iOO.OG 1;;o.o~ 
.I 



TABLE 8: Cont'd. 

AUL AUS AUL AUL AUS AUL AUL AUL AUL AUL 
098.2 098.5 099.1 108.1 111.2 112.1 11-4.1 124.1 134.1 136.1 

SIOZ 54.5 8 52.51 54.54 46.87 52 oiC 49.43 46.41 49.06 47.4C 45.79 
TIOZ 2.28 2.65 2.26 2.72 3.94 4,(14 2. 96 3.64 4.49 4o22 

--atZCJ ·i ;;•.n---rr•-zrr--rr.-'3 1 l2o5U 16o30---r~~~-g~6.64 15. 5 ( 15~ 
C~20J 0. 0 0 o.oJ o.oo G • 0 C o.oo o.oc o.oo o.uo 0. 0 0 Oohl 
FEZ OJ 1.50 lo5J 1.50 1o5G 1o5C.. 1.50 1o50 1e5J 1.5J io5Li 
FEC 4.74 6.08 4.35 10.09 6o42 7 .fl3 9oC:4 8.51 10. 34 10.44 
HIW • 0 g .o9 .15 • 13 ·12 .10 .18 .18 • 21 a2C 
NIO' 0. 0 c o.oJ o.oo 0. 0 0 o.oo 0. c 0 0. 0 0 O.Oll 0. 0 0 tJ,(ii) 
HGO 3.J3 J.n 2.13 7o24 5o36 4.87 s.s9 3.211 4o04 4.37 
CAO 5.14 5.03 6.56 8.71 5o31 8.78 11.52 8.75 10.54 10.3'3 

-rflt20' .-z-r--:s. ) g 3.88 .J;TI 3.16 3. 2.8 2 0z----J. 0 7 z,zg 2. 4-cr-

... 

1<20 3.82 3.75 J ,4 9 1.22 
P205 ,89 .66 .91 .56 
C02 o. a o o.oo :1.00 0. u 0 
H20 <" 4- -- --•R••- 1.48 2.50 1.43 --·· 2.77 
s o.'JG o. o a o.oo o.oo 
TOTAL 98.41 99.02 99.17 98.74 

a 6.23 2.91 3.&7 0. 0 0 
0~. -----. 23. H 22.98 - 21.12 7.52 
A3 28. ( 2 27.09 3J.59 27.42 
AN 20.3 0 21.38 21.80 17.24 
NE o.oo 0 0 00 O.OG 0. () c 
01 0. 0 0 u.rr-u---z.-~41 19.51 
HY 11.77 16.04 6,65 6o28 
OL o. G a o.o.J 0. 00 10.42 
MT 2.24 2.25 2.23 2. 2.7 
1L --· 4.47----5.21----4.39 ·-·- 8. 0 0 
AP 
c 

TOTIIL 
2.13 

.84 1oo·. o o 

AUL 
138.1 

1.59 
.55 

100.00 

AUL 
143.1 

2.16 1.35 o.oo o.oo 
100o00 100.00 

3o85 
o55 o.ou 

1.84 
o.oo 

':!<3.29 

o.oc 
"23.37 u. 44 

19.58 
Q.GO 
3o04 

15.29 
2.45 
2o2J 
5o3i.J 
1.31 o.ou 

··100.00;· 
........... ~- .. .. 

2.61 1o80 2.44 2.(14 1oCJ6 
• 70 .56 .77 .65 .5'1 o.oo o. u a 0. 0 .J 0. 0 u 0. 0 Q 

1.25 '1.59 1.55 2~3J 1.43 o.oo o.oo 0. 0 J 0. 0 J 0. 0 G 
98.68 98.61 99.37 9'Jo37 .98. 57 

J. 00 o.oo .. ig: ~~ --·1~: 2~·· .. -1~:~~ --·-15.85 10.97 
28.48 19.62 26.55 19.96 21.42 
19.85 22.12 C::4.96 26.97 25.27 

0. OtJ 1.28 0 0 00 0. 0 0 ·r 
16-; 49 26.95 n. 83 l8obf 19; rT-

• 24 o.oo 9.26 1.66 0 o C'v 
9.43 7.77 1.53 7. 73 9.65 
2.23 ? : n ___ .. -~: ~' ---- ~= ~ ~---- --· ij: ~ ~ -----5o 77 
1.67 1.34 1.83 1. 55 1o41 o.oo 0. 00 0. 00 o.oo o.oo 

.100. 00 100.00 100.00 uo. oo UD! og 
..· -·· 

sroz----- -46.58 1~7.16 
·-·- ---···--------------------

TI02 4.43 3.71 
AL2C3 15o85 16.0U 
c.~~~z~c73 ______ ~o~.o~ o.00~J~----------------------------------------------------------

-rE 203 1.-r-u-----I. :> 
FEO 10.64 10.22 
MNO .17 .19 
~~g 2: ~g .... g: ~ g· ·-·-·-·-------·----- -- -___ ._ ____ . -.-- ------ --~-- ~·---- -------·------ ·-------
GAO 8.49 8.94 
NA20 2e82 2o92 K20 z.Gg 2.4~7 _____________________________________________________________ __ 

--;pn.z::;.;;.u,.s---- -;l)q----~7 
C02 O.Ou OoOO 
H20 1.81 1.65 

-- ~OUL -9g: ~ g 9 g: ~g -----------------------·-- .. ----- --·- --·-- .. _ .. ___ -------------·-·-... -_...~-------

~·'!'' ,.· _ ______ ,. ---------
0~ 
AB 
AN 
DI 
HY 
Ol 
MT 
ll 
AP 

TOTAL 

12.73 
24.56 
25.13 
11.27 
5.95 
8o41 
1.64 
8.66 
1o&5 

100aOC 

15.05 
25.45 
2 J. 9 5 ..... ·--·-. ---·-·- -·-··- ---·-. 
13.87 

1o63 
8.72 
2.24 
7.26 1., .. 

100.00 

*- - ----·--------- -·-- ·---------------- --------



normative samples. Also, many samples which were quartz 

normative become hypersthene and/or oliv~ne normative. 

An alternative to the two adjustments presented 

above is to express iron as: 

Since fresh, i.e., unaltered basalts have frequently 

been found to have Fe 2o3 /(FeO + Fe 2o3) = 0.15, this 

adjustment is a further attempt to determine the unaltered 

state of these rocks. 

This iron adjustment has been calculated for these 

Azores samples and is presented as Table 9. Its effect 

on the analyses is, generally, to increase Ne in the norms 

and to decrease Q, i.e., to make the rocks appear more 

undersaturated relative to the analyses "As Is" as 

presented in Table 6. 

27 

It must now be decided which form of iron adjustment 

is most valid. The effect on the placement of the samples 

within the normative basalt tetrahedron is shown in 

Figures 6, 7, 8, and 9. Figure 6 shows samples with no 

iron correction. Figure 7 shows the effect of making Fe 2o3 I 

(FeO + Fe 2o3 ) = 0.15. Figures 8 and 9 illustrate the 

effects of setting Fe 2o3 equal to Ti0 2 + 1.5 weight per 

cent and Fe 2o3 equal to a maximum of 1.5 weight per cent, 

respectively. 

. 3+ 2+ In general, the effect of convert1ng Fe to Fe 



TABLE 9: Analyses C02-free, Fe 2o 3/(Fe0 + Fe 2o3 ) = 0.15. 

Trace elements included. 

AUL AUL AUL AUL AUL AUL AUL AUL AUL AUL 
001.2 006.1 008.5 014.3 020.3 022.1 025.5 030.4 I 031.1 036.1 

n8 ~ . 64.38 43.69 46.06 lt-5.16 44.93 45.86 46.&4 69.96. 6&.70 65ofiJ 

---n-2 oJ n·! ~t---r~!~-,J; ~~~!~~~: ~~---d :-.~~-d: 1~! ~ h;-: ~~-r1i:-j1-
C820J o.oo o.oo o.oo o.oo o.oo o.oo o.oo o.oo 1 ·o.oo o.oo 
F~203 ,52 2a04 1e85 1o90 1.89 loBO 1eo4 o44 0 51 8 51 

--- E~00 '----- 2,94
6 

____ 11.4
26

6 ___ 10.43 _____ 10,75 _10,66 ____ 10,15 __ 9oi~O ____ 2.51 ____ ~.90 _____ 2.88 ... 

Nn• oi • o16 o20 o26 o22 a18 .07, I .21 o09 · 
10 o.oo o.oo o.oo o.oo o.oo o.oo o.oo o.oo 'o.oo o.oo 

MGO ,48 5,37 4.91 5.51 6.74 4e73 2.61 ·.09 .20 o41 

~-a--,!-~!----lt:~~-:~~_i!:~e 1!~-e-i---1~:-~~~~~----s-!§a-~-~~--s:~9-
~~g5 5e81 1o59 1o58 1o68 ieZ6 1o54 io72 4e79 Go29 5o80 

0 
. .12 o93 o66' o76 e49 ' o57 olt9 .OJ 8 0& ·.06 

_cH
2

2 ..... _____ o.
0
oo_ o.

6
oo

9 
______ o.

9
oo .... o.oo ______ o.oo ___ o.oo o.oo o.oo .L o.oo o.oo 

0 . • J • • 3 .56 1.53 io94 1o91 .71 o24 .aa 
S 0 • 0 0 0 • 0 0 0 • 0 0 0 • 0 D 0 • 0 0 ," 0 o 0 0 0 • 0 0 0 • 0 0 0 • 0 0 0 • 0 0 
TOTAL 99.28 96.87 99o00 99.25 100.29 99.71 99.09 99.65 99.81 99o43 

----------------·----------·--------

Oao-------·-----31··684 --- o.oo --- o.oo o.oo o.oo o.oo --· o.ao 16.27 6.94 7.98 
" "'' 3 9.6il '3.53 ·--·1o.J7 ·--- 7.67 9.32 10.47 ---28.64 .. :!7.37 -- 34.6'1 --

AB 54.24 17.43 23,47 19.14 15.46 20.21 22.13 47,94 44.61 47.82 
AN 0,00 22.68 · 24.50 23.24 24.39 25,08 28.29 0.00 1.42 2.02 

--~~- o :-~H----1-;~~a-: 8~--tr!i-8--~: 8 ~ ~!-~8--~ :-~~__o·!-~%----8: ~ 8~ :-&~ 
AC 1.52 o.oo o.oo r.oo o.oo o.oo o.oo 1.29 o.oo · o.oa 
DI 1.00 24.03 18.01 22.66 26.13 22.47 22.34 .71 1.&4 0.00 

-----~(----·--6:H 18:8g------ ~:~~----- ~=?~ 1~:gg ~:g~ ~:~~ ~:ga ~:b~ --- ~:~~ 
HILT 

1
o.o

8
o 3.02 2o74 2.79 ~ e.7B 2.67 2.45 o.oo ,74 .75 

o2 9o69 8e97 9o30 . 7o77 7o05 6o96 o96 1o41 1o06 
---~-p ---lf.!..~~20 1~56 __ 1.83' '• 1e15 I . 1o3,5 1t.H .o.07 _ ._1~ =~~ 

• u u u • o o o • rru u.~ o. o o . .. o. co-o • rro-----u. o u- rr. o u-rorAL 1oo.oo 1oo.oo too.oo too.oo 1oo.oo ··toa.oo 1oo.oo too.oo too.oo too.oo 

Nb 163 48 52 
y 64 36 36 
Sr 18 838 720 
Rb 147 34 35 
Zr 823 229 256 
Cr N.D. 77 87 

Ni 2 25 39 

AUL AUL AUL 
046.2 051.2 062.2 

Q 2.93 o.oo o.oo ---·oR-·-- 11.72 5.55 3.61 . 
AB 22.&2 20.97 16.46 
AN 25.94 25.82 30.26 --liz o.oo o.oo o.oo 

4 • T4---z:r.-z-r--r 5 • 1 I 
HY 15.88 a. 2r. 13.78 
Ol o.oo 2.14 9o12 

·-·· 

55 

37 

843 

43 

255 

o.oo 
7.08 

14. qa 
23.51 

.31 

--. 

45 

28 

636 

28 

186 

326 

99 

AUL 
068.1 

o. 0 0 
5.96 

15.39 
22.55 o.oo 

2!:1.~6.60 
o.oo 2.56 

15.20 12.43 
·------~l- ~:~g ---~=~~----,:e~-- ~: ~i. 2e55 

8. 81 
AP 4.21+ 1.51 1.34 2.04 1.16 

TOTAL 100.00 100.00 100.00 100.00 100.00 
'-...·' --- -~. - ~·-- . 

Nb 65 58 45 50 48 
y 49 32 25 30 30 

Sr 1089 775 632 596 577 

Rb 41 9 11 21 13 

Zr 263 238 171 216 207 

Cr 53 282 414 386 439 

Ni 38 93 138 165 203 

49 51 202 216 198 

28 35 56 74 88 

663 640 6 18 57 
24 41 189 212 214 

204 209 1182 1360 1363 
332 134 N.D. N.D. N.D. 
125 51 2 1 2 

AUL AUL AUL AUL AUL 
071.3 082.1 087.2 094.1 096.1 

• 64 ~ ·1~: H 0. 0 IJ .34 o.oo 
5.34 5.74 10.01 9,62 

1&.50 20.99 19.37 23.34 21.70 
28.55 24.82 28.30 22.16 24.% o.oo 0. 00 re :-Q~:-~~&!--2-a-13-;. 03 13~65 
20.64 13.77 17.98 21.67 7.80 o.oo o.oo .03 . 0. 00 8.39 
3.22 2.34 2.86 2.86 2. 83 

10.03 6.11 . --. 9 • 0 3 -----· 8. 6 3 -·. --- 8 • 8 5 --·---
2.05 1.25 1.76 1. 62 1o43 

100.00 
.......... :,~--

1~0.00 100.00 100.00 100.00 

51 68 56 54 59 

36 32 36 30 33 

783 784 850 739 780 

24 41 13 34 26 

210 309 258 244 259 

234 281 187 273 295 

77 89 66 62 94 



TABLE 9: Cont'd. 

Nb 
y 

Sr 

Rb 

Zr 

Cr 

Ni 

AUL 
098.2 

94 

56 

1226 

67 

419 

12 

18 

AUS 
098.5 

75 

44 

880 

64 

358 

71 

22 

AUL AUL 
138.1 143.1 

---SI02 46.56 47.16-
TIOZ ~.~J 3.71 
AL2C3 15.85 1&.00 

AUL 
099.1 

95 

54 

1315 

63 

405 

12 

17 

AUL 
108.1 

54 

31 

565 

20 

226 

327 

74 

AUS 
111.2 

59 

36 

609 

57 

309 

90 

27 

AUL 
112.1 

71 

39 

665 

60 

365 

194 

73 

AUL 
;u~1.1 

60 

35 

660 

39 

295 

227 

70 

AUL 
124.1 

87 

42 

892 

41 

374 

AUL 
134.1 

69 

42 

792 

109 

321 

64 

23 

AUL 
136.1 

70 

41 

834 

115 

307 

55 

24 

-ftJ8-~-:-+~~~~!~~--------------------
FEO 10.03 9o91 
HNO .17 o19 

-- ~~g ----------- f:~a g:~a 
c~o 6.49 e.94 
NA20 2.82 2.92 
K20 2o09 2.~4~7~--------------------------------------~-----------------------pz-(fS . • 6 9 ~ 77 
C02 0.00 0.00 
H20 1.81 1.65 

---f OT AL·-·---· 9~: 8 ~ ---· 9 g: g ~ . --·---------

Nb 77 82 
y 42 46 

sr 711 880 
Rb 50 52 
Zr 321 355 

Cr 49 
Ni 24 
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FIGURE 6: 01-Pl-Q projection in nonnative basalt tetrahedron. Samples m 2-free. 
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FIGURE 7: 01-Pl-Q projection in normative basalt tetrahedron .. 

Samples co2-free, Fe2o3/ (FeO + Fe2o3) = 0 .. 15 .. 
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FIGURE 8: 01-Pl-Q projection in normative basalt tetrahedrono 
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FIGURE 9: 01-Pl-Q projection in normative basalt tetrahedron. 
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is to change the norms of the rocks from tholeiitic to 

alkalic by changing the concentrations of the normative 

minerals. This effect is illustrated by Figure 10. 

Here, the ratio, Fe 2o3 /(FeO + Fe
2
o

3
) of AUL 006.1 

(co
2
-free) has been varied from the original value of 

0.25 to a maximum of 0.80 and to a minimum of 0.15. As 

is apparent on the diagram, decreasing this ratio causes 

the sample to move into the field of alkali basalts 

(Ne-normative) on this projection in the basalt tetra

hedron. Increasing Fe 2o3 /(FeO + Fe
2
o3 ) causes the sample 

to become Q-normative, or tholeiitic. In this case, 

AUL 006.1 reaches a maximum of 0.21 normative quartz 

and then changes occur in the normative amounts of 

magnetite, hematite, rutile, and ilmenite (Table 10). 

The adjustment for iron used by Irvine and Baragar 

(1971) has been shown (Table 7) to have little effect 

on the norms of the analyses. After the adjustment, Fe
2
o3 

(Ti0 2 + 1.5) weight per cent has been applied, some 

28 

= 

samples still appear to have been oxidized. Thus, it appears 

that, because of the high Ti0 2 , the relationship used 

by Irvine and Baragar is not valid for these rocks. 

Setting Fe 2o3 = (maximum) 1.5 weight per cent is a some

what arbitrary relationship, whereas, using Fe
2
o

3 
I 

(FeO + Fe 2o3 ) = 0.15 does have some validity since it is 

frequently observed in fresh basalts. 
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TABLE 10: Change in norms with change in Fe
2
o

3
/(Fe0 + 

Fe 2o3 ) for sample AUL 006.1. 

-. 2 3 5 ... 1 8 9 10 

SI02 43.~9 43,89 43.89 43,89 43.89 43o89 43.89 43.69 43.89 43.89 
----+I~t~~J ,J:~i--1-J~t}---rl~~r-cl:~--1-!~~t----rj:f~ 11:g~--rt~--1H~s:-g5 

cq203 o.oo o.oo o.oo o.oo o.cu o.oo J.eo o.~c o.oc o.o~ 
FE203 3o4B 4.04 4.60 5.16 5.72 6,28 6.84 7.40 7.96 8.52 
FEO .. _. ___ .10.18 9.68 9.18 . e.&B ... 6.18 7.68 7.16 .. &.68 __ 6.18 .. 5oo!i 
MNO .26 .2& .26 .2& .26 ,26 ,26 .2b e26 .• 26 
NIO 0.00 0.00 OoOO O.OQ O.OC Q.Ou OoOG OoOu O.OG O.G: 
MGO 5,37 5.37 5o37 5.37 5.37 5.37 5.37 5.37 5,37 5.37 

----H~O 
0 

11 t.'.t Z__!j,_, 4? ___ _11 .__4_7 ___ u_. !t.L___11, ~ L:._11. ltL__1L_4l____tl._.___!-f.L__.llL4L__U_.._il_ 
n~2 2o39 2o39 2.39 2.39 2o39 2o39 2o39 2o39 2o39 2o39 
K20 1o59 1o59 1o59 1o59 1o59 1o59 1•59 1o59 1e59 1o59 
P205 o93 o93 o93 o93 o93 o93 o93 o93 e93 o93 
C 0 2 0 • 0 0 0 • 0 0 0 • 0 0 0 • 0 (: 0 • 0 D 0 • 0 0 0 • 0 0 0 • 0 J _ _ _ 0 • 0 :.. _ __ _ 0 • U ~ 
H20 .aq ,89 .89 o89 .89 .89 .89 .89 .89 .89 
S 0.00 0.00 0.00 0.00 0.00 .. O.OIJ O.UO OoOO 0.00 OoGu 
TOTAL 99.10 99.1& 99.22 99.28 99.34 99.40 99.46 99.52 99.58 99.64 

----------· -----------------------------------

Q Oo:JO .. 0.00 OoOO 0.00 o-.0(1 0.00 .21-----· .2L---- .21---- .Zi ... 
OR 9.58 9.57 9.5& 9.56 9,55 9.55 9,54 9.54 9.53 9.52 
AB 18o91 19.60 20.28 20.55 20,54 20.53 20.S1 20.50 20.49 2u.48 
AN 22.22 22.20 22.19 22.18 22.16 22.15 22.14 22.12 22.11 22.1~ 

-----~I---~--:-~-~-23-:~·}--z-i: ~~--2g-:-~h_g: ~§ zg:f~~~%-~}--2r.-g~---rl~-
HY OoOO 0.00 Q,CO .&8 1.77 . 2.82 2.95 2.95 2.95 2e95 
OL 7,35 6o39 5.45 4o04 2.37 .77 · O.CO O.Ou O.Ou ' C.Ow 
MT 5o14 .... _ 5o96 ___ 6o78 .. 7.&0 8.42 9o24 · · .9.&4 _____ a.oo_ ______ G,.36 .. -----4o72---
HM OoOO OoOJ OoOO OoOO OeOO OoOO " o29 lo99 3o68 5o37 
IL 9o67 q,66 9o66 9a65 9a65 9o64 9o63 9a63 9o62 9o62 
AP 2o20 2a20 2o19 2o19 2.19 2o19 · 2o19 2e19 2o19 2a19 

__ __.T_Q_'UL__j,_O 0. 0 0 10 0. 0 Q_..1Jl 0 A 0 0 t Q 0 e 0 0 '·1 0 0. 0 0. ;· .1 0 0. (l__{}__j_.D.Jl..o.ll.Jl___ill.O...aJlll.__jjliL.Jl n 1 0 Q e 0 0 

1 AUL ll06.1 .. 1 
~ ~~t g gg: i=~ -----------------------------------~------ --··------------------·--------------------
.. AUL 005.1•4 
5 AUL 006.1-5 
9 ta~t6~.41=:~7-------------------------------------------------------~-----
8 AUL 006.1-8 
9 AUL 006.1-9 

__ 1Q._AUL Oll6e1-10. _______________________________ ·-------------------------------

1 2 3 4 5 6 7 8 9 
SI02 43.89 43,89 43.89 43,89 43.89 43,89 43,89 43•89 43.89 
TI02 . 5.00 5.00 5e00 5.00 5.00 S .• OG 5.00 5.0G 5.GC 
Al203 13.65 13.65 13.65 13,65 13.65 13,65 13.65 13.65 13,65 

__ CR.2.g~ O__._DO_Q,.OQ_ _ _il_._o_Q__o_._ll_IL__Q,IJ.(i_._O,fu:_JL.J)u_____n____.___a__;.. _ __j)_.Q_!i_ 
FE2 9,U8 9.64 10.20 . 10.76 10.32 10.88 2.98 2.4B 1.98 
FEO 5.18 4.68 4o18 3.68 3.18 2.68 10.63 11.08 11.SJ 
MNO .26 .26 o26 .26 .26 .26 .26 .26 .26 NIO o.oo o.oJ o.ua o.oo o.Lu o.oa o.oo o.oJ o.ou 
MGO 5.37 5.37 5.37 5.37 5,37 5,37 5.37 5,37 5,37 
CAO 11.47 11.47 11.47 11o47 11.47 11.47 11.47 11.47 11.47 
NA20 2.39 2.39 2.39 2o39 2,39 2o39 2.39 2.39 2.33 
KZ..Q 1. 2..9._.lL2.9___1...59 ·1.5__9__....L59 ___ __1__._.5__9 1. 59 1. 59 __1_.__53__ 

-----pzo5 .93 .93 e93 ·93 .93 .93 .93 .93 .93 
co2 o.oo o.oo o.oo o.oo o.o~ o.oo o.oo o.oo o.oc 
H20 o89 o89 o69 o89 o89 o89 o89 o89 o89 
'OrAL ________ 9~:~~ g~;~g 9~:g~ -9~:gg 9R:~t 9~:~8 9~:~g ·g~:gg--- gg:~~----

a .21 .21 .21 .21 .21 
OR 9.52 26:~~ <}.51 9. 5 s g, st AB 20.46 20.44 20.4 .. 20.6 
AN 22.0 8 22.07 22.[;6 22.04 &:2.25 
NE 0. 0 0 o.oo o.oo O.OG o.oc 
OI 22.64 22oA3 22.~2 22.80 23.0 2 H y _____ 2_.___3ll __ _z__._g_t~ 9Jt___2_._..9..!L____ 2 • 9 7 
OL o.o~ o.oo o.oo o.oo o.o6 
MT 3. 0 9 1.46 o.oo o.oo 
HH 7o06 8.75 10.31 10.8 7 
IL 9.61 ____ 9o60 ___ ·-- 9o49 ...... 6o41 
RU o.oo 
AP 2.18 

TOTAL 100.00 

1 AUL 006.1·11 
2 AUL 00&.1•12 

o.oo 
2.18 

100.00 

.or, .62 
2.18 2o16 

100.00 iOOeOO 

o.oo 
10.53 
7.42 
1.19 
2.20 ·too.oo 

• 21 o.oo 0. 0 0 a. a ·:J 
9.59 9.58 q.sg 9, 59 

20.&1 -- U:~l 17e68 .. -g:~~---22.24 22.24 o.oo 1o25 1.?9 1.93 
23.01 24.15 24.26 24.36 

2 __.__g_o_____n_. _ _fj__O o.o£1 o._a__J__ 
o.oo 8.22 9.11 10.0\J o.oo 4.40 3o67 2. 93 

11.09 o.oo 0. 0 u o.oo 
6o34 9.67----- 9. 68 _____ 9. 68 _______ 
1o76 o.oo o.oo o.oo 
2.20 2o20 2o20 2.20 

100.00 100.00 100.00 100.00 

----~ ~~t -~~~:i=l~ -·---·---------·------------,--- ·---------------·---·----------------·------------
5 AUL 006.1•15 
& AUL 0 06 .J.-1& 

-t---ta~:-~a~~-f--8--------------------........__ _______ _ 
9 AUL 006a1•19 
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Therefore, since it appears to come closest to the 

unaltered state of these rocks, Table 9, with Fe
2
o

3 
adjusted 

so that Fe 2o3/(Fe0 + Fe 2o3 ) = 0.15, has been used for the 

values plotted in subsequent chapters. The difference in 

using Table 9 rather than the other iron corrections means 

small changes in the value of the Thornton-Tuttle Differentia

tion Index (norm Q + Ab + Or + Ne + Lc + Ks) , but these changes 

do not alter the basic relationships between the different 

samples on plots of elements versus differentiation index. 

Also, choosing Table 9 rather than Tables 6 or 7 means that, 

generally, the samples are less Q-normative, i.e. are more 

undersaturated. 

Part of the problem in determining which adjustments 

to use lies in the inadequacy of the norm programme, and 

also with limits to the analytical methods. Stice (1968) 

found that for intermediate basalts, a change in Na 2o from 

2.00 to 1.82 weight per cent changed the sample from alkalic 

picrite basalt (Ne-normative) to tholeiitic picrite basalt 

(Hy-normative). He also found that laboratories could differ 

as much as 0.4% Na
2
o, 0.3% K

2
o, and 0.7% Fe 2o3 in their 

analyses. These three elements are all important in deter

mining whether a rock is Ne- or Hy- normative, i.e. whether 

a rock is alkalic or tholeiitic. MacDonald and Katsura (1964) 

note that the presence or absence of hypersthene in the norm 

depends not only on the degree of alkali richness and silica 

poorness, but also on the oxidation state of iron, as has 
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heen demonstrated above in Figure 10. 

Thus, one must consider many factors in deciding 

whether these rocks are originally alkalic and have been 

altered to tholeiites, or whether both alkalic and tholeiitic 

basalts were originally present in the core and have not been 

affected by the alteration. The effects of alteration on 

these rocks will be considered in a later chapter as a dis

cussion of the nature of the magmatism on Sao Miguel. The 

analyses which were used for chemical plots in subsequent 

chapters are, as noted above, those of Table 9: co
2
-free, 

Fe 2o3/(Fe0 + Fe 2o
3

) = 0.15. 

b) Trace Elements 

The trace element analyses were performed by Dr. Ian 

Gibson, Bedford College, London, and have been presented 

with the major element oxides in Table 9. All values are 

in ppm. A discussion of errors has been included in Appendix 

II along with the method of analysis. 

c) Pyroclastic Units 

Table 11 contains the analyses of four pyroclastic 

units: AUA 026.4, AUA 048.1, AUA 058.9, and AUA 080.1. 

These results are presented here to illustrate that the 

pyroclastic units are chemically closer to the trachytes 

than to the basalts. These pyroclastics have Sio2 , Tio 2 , 

MgO, cao, and P
2
o 5 concentrations intermediate to the values 

for the trachytes and trachybasalts. A notable feature of 

these units is the high Al 2o3 content, to a maximum of 22.00 



TABLE 11: Analyses for the pyroclastic units. 

Trace element data included. 

AUA AUA AUA AUA 
026.4 048 .. 1 058.9 080.1 

SI02 60:40 5 4113 64:22 63;03 
TI02 .71 1.05 .96 .93 
AL203 20 ~ 07 22.00 17.97 17.10 
GR203 ___11_.~__00 o.oo o .. oo o .. 0 0 
FE203 3.13 5.95 3.16 2.40 
FEO e46 .74 .82 1.09 
MNO .02 .03 Ill{} 6 .14 
NIO o.oo o.oo o.oo o.ou 
MGO .72 1.72 1.70 1.95 
CAO • 78 1.28 1.85 2.16 
N.A20 5.29 2.52 2 .. 04 2.34 
K?O 4,41 3 .. 1 8 2 .. 53 3 .. 69 
P205 .11 .19 .15 .13 
C02 .14 o.ou .23 1.21 
H20 2.63 4.14 3 .. 39 3,.33 
s o.oo o.oo o.oo o.oo 
TOTAL 98.87 99.93 99.08 99.SC 

Q 11 • .10 26.64 38.89 32.67 
OR 27.10 19.64 15.64 22.70 
AB '46.51 22.26 18.04 20.59 
AN 2.35 5,33 7.05 2.30 
HY 1.66 4.47 4.42 5.05 
MT O.DO o.oo .06 1.33 
HM 3.25 6.21 3.26 1,58 --------u 1.05 1.70 1.91 1.84 
RU .18 • 20 o.oo o.no 
AP .27 !1146 .3G .31 

8c 5ej9 13.09 9.83 8-.78 
Ill 3 o.oo .ss 2.86 

TOTAL 100.00 100.00 100.00 1oo.nu 

Nb 206 269 189 196 

y 76 77 71 76 

Sr 100 309 230 358 

Rb 109 115 96 122 

Zr 1227 1143 945 968 

Cr N.D. N .. D. N.D. 

Ni 10 8 2 
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weight per cent, a value 5 weight per cent higher than any 

of the basalts or the trachytes. 
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CHAPTER 5: PLOTS OF RESULTS 

The data contained in Chapter 4 can be overwhelming 

and not particularly meaningful unless summarized carefully 

and presented in a graphical manner. Therefore, the follow

ing pages contain a series of plots which attempt to illus

trade trends and variations inherent in the chemical data. 

A summary of the salient points regarding the variations is 

also included. 

i) Elements Versus Depth 

Chemical changes in the eruptive products with time 

are common features of volcanoes. Therefore, to demonstrate 

these changes, plots of the major oxides (as weight percent

ages) versus depth (in metres) in the drillcore have been 

made and presented as Figures 11, 12, and 13. The data have 

been taken from Table 9. 

Two areas of major chemical differences are present: 

the three trachytic flow units in Subaerial Sequence II 

between approximately 300 and 350 m, and a series of trachy

basalt units between 650 and 700 m in Subaerial Sequence I. 

The flow unit at the top of the volcanic pile (AUL 001.2) is 

also trachytic. 

The presence of the three trachyte units in Subaerial 

Sequence II is evident on the plots as distinct minima of 

MnO, MgO, P2o 5 , CaO, Tio 2 , and FeOT (all Fe expressed as FeO) 

on Figures lld, 12a, 12c, 13a, 13b, and 13c, respectively, 
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FIGURE 11: (a) Sio2 , (b) Al2o3 , (c) ~0, and (d) MnO as weight per cent plotted versus depth(rn) .. 

Symbols·: basalts ( •), trachybasalts ( o), trachytes ( +), and intrusives (c) .. 

Correlation coefficients of +0.35, +0.21, +0.47, and -0.45 for (a), (b), (c), and (d), 

respectively .. 
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FIGURE 12: (a) MgO, (b) Na2o, and {c) P2o2 as weight per cent plotted versus depth (rn) .. 

Correlation coefficients of -0.21, + 0.25, and -0.12 for (a), {b), and (c), 

respectively. 
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FIGURE 13: (a) cao, (b) Tio2, and (c) FeOT as weight per cent plotted versus depth (m) .. 

Correlation coefficients of -0.51, -0.23, and -0.37 for (a), (b), and (c), 

respectively. 
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and as distinct maxima of Sio 2 , K2o, and Na 2o (Figures lla, 

llc, and 12b, respectively). 

The samples AUL 094.1, 096.1, 098.2, 099.1, and 

AUS 098.5 in the section of the core between 650 and 700 m 

have the chemical characteristics of trachybasalts. These 

rocks exhibit the same maxima and minima shown by the 

trachytes described above, but the trachytic features are 

not as pronounced, and the maxima and minima are intermediate 

to the values of the trachytes and the basalts. This is 

particularly noticeable in the intermediate potassium, sodium, 

and silicon values of the trachybasalts. 

There appears to be no systematic variation of K20, 

Na 2o, or Sio 2 in the basalts from top to bottom of the core. 

CaO, Ti0 2 , and MgO appear to decrease slightly with depth 

in the core. FeOT and Al 2o3 appear to vary randomly, although 

alumina appears to undergo a slight increase overall with 

depth (Figure llb) . 

Figure 14a is a plot of Fe 20 3/(Fe0 + Fe 2o 3 ) versus 

depth using the Fe 2o3 and FeO values without adjustment. 

The diagram appears to show an increase in Fe 2o3/(Fe0 + Fe 2o 3 ) 

in the basalts with depth to approximately 730 m (sample 

AUL 108.1). Below this depth, the value of the ratio for 

the basalts decreases as the depth increases. 

Figure 14b is a plot of the analysed value of Fe 2o 3; 

(FeO + Fe 2o 3 ) versus (co
2 

+ H
2
o+) in weight per cent. There 

appears to be a rough positive correlation between the two 
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quantities, but in general, the scatter of the points is too 

great to make any definite statement. This scatter appears 

. d' th t th. 'd . f 2+ 3+ . to 1n 1cate a e px1 at1on o Fe to Fe 1s not asso-

ciated with an increase in co2 and H2o+ in all cases. 

The concent~ations of the trace elements (in ppm) have 

also been plotted against depth (in metres) in the core. 

These diagrams are included as Figures 15, 16 and 17. 

The trachytic flow units between 300 and 350 m and, 

to a less noticeable extent, the trachybasalts between 650 

and 700 m define maxima and minima on these diagrams. The 

trachytes show maxima for Nb, Rb, Y, and Zr (Figures 15a, 

16a, 16c, and 17b, respectively), and distinct minima for 

Sr, Cr, and Ni (Figures 15b, 16b, and 17a, respectively). The 

trachybasalts show slight maxima for Nb, Zr, Sr, Rb, and 

Y, and slight minima for Cr and Ni. 

Nb and Zr (Figures 15a and 17b, respectively) show 

irregular increases in concentration with increasing depth 

in the core. These possible trends are dealt with in Chapter 

8. The Cr and Ni values (Figures 16b and 17a, respectively) 

show extremely random variations, possibly reflecting the 

fact that these two elements are concentrated in olivine, 

which is the most easily altered mineral in these samples. 

The other trace elements (Sr, Rb, andY, Figures 15b, 16a, 

and 16c, respectively) show no marked trends with increasing 

depth. 

ii) Elements Versus Differentiation Index 

Thornton and Tuttle (1960) proposed a concept which 
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FIGURE 15: (a) Nb and (b) Sr as ppm plotted versus depth (m).. Correlation coefficients 

of +0.76 and+ 0.09 for (a) and (b), respectively. 
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FIGURE 16: (a) Rb, (b) Cr, and (c) Y as ppn plotted versus depth (m).. Correlation coefficients 

of +0 .. 39, -0.18, and +0.43 for (a), (b), and (c), respectively. 
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FIGURE 17: (a) Ni and {b) Zr as ppn plotted versus depth (m).. Correlation coefficients 

of -0.24 and +0.71 for (a) and (b), respectively. 
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has been termed the Thornton-Tuttl~ Differentiation Index 

and is defined as D. I. = (Norm Q +Or + Ab + Ne + Lc + Ks). 

It is based on the observation that in both natural and 

experimental systems, most magmas tend to crystallize toward 

the system of silica-nepheline-kalsilite (Sio 2-NaA1Sio
4

-KA1Sio4 ) 

or, as it is commonly known, petrogeny's residua system. 

Thornton and Tuttle (1960) plotted oxides versus D.I. 

and outlined limits to chemically define the nature of the 

rocks. Barley (1974) has used similar limits to those pro

posed by Thornton and Tuttle. ·Rocks of alkaline affinity 

are those with Sio
2 

values which plot below the an-or line 

on the plot of Sio2 versus D. I. Figure 18) .. Of the rocks 

which plot in this region of Sio 2 undersaturation, alkali 

basalts tend to have a D.I. less than 40, trachybasalts a 

D.I. between 40 and 65, trachyandesites a D.I. between 65 

and 75, and trachytes a D.I. greater than 75. 

The D.I. for a rock changes in value as the ratio 

Fe 2o 3/(Fe0 + Fe 2o 3 ) changes. This is shown by Table 12, which 

lists the value of the D.I. as the Fe
2

o 3/(Fe0 + Fe
2
o 3 ) ratio 

changes for sample AUL 006.1. As Fe
2

o 3/(Fe0 + Fe 2o
3

) changes 

from 0.15 to 0.80, the value of the D.I. changes from 28.577 

to a maximum of 30.425 at Fe 2o 3/(Fe0 + Fe
2

o 3 ) = 0.76, a diff

erence of 1.848 in the value of the D.I. Thus, changing the 

Fe 2o 3/(Fe0 + Fe 2o 3 ) ratio will produce a significant change 

in the evaluation of a sample only if it is on the border 

between two rock types, or if it plots close to the an-or line. 



TABLE 12: Change in Thornton-Tuttle D .. I. with changing 

Fe
2
o3/(Fe0 + Fe

2
o

3
) for sample AUL 006.1 

Fe 20 3/(Fe0 + Fe2o
3

) D.I. 

0.15 28 .. 577 

0.18 28.850 

0.22 29.123 

0.25 29 .. 396 

0.29 29 .. 689 

0.33 29.999 

0.37 30.110 

0.41 30 .. 091 

0.45 30.073 

0.49 30.267 

0 .. 53 30.246 

0.56 30 .. 228 

0 .. 60 30.209 

0 .. 64 30.191 

0 .. 67 30.173 

0 .. 71 30.154 

0.74 30 .. 136 

0 .. 76 30.425 

0.80 30.406 
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In the latter case a change of ±2 in the D.I. could move the 

sample into or out of the undersaturated region o~ the plot. 

Thus, on a plot of Sio
2 

versus D.I. such as ~igure 18· 

changes in D.I. resulting from adjustments of the Fe 2o 3; 

(FeO + Fe
2

o 3 ) ratio will not change the basic trend of the 

graph. In Figure 25, the values for D.I. used are for Fe 2o 3; 

(FeO + Fe
2

o 3 ) = 0.15. The silica-saturation line (an-or) 

of Thornton and Tuttle (1960) has been included. Rocks 

which plot above this line are considered to be saturated. 

Those which plot below it are undersaturated. 

As is evident in Figure 18a, all but seven of the 

Azores rocks plot below the an-or line in the region of 

silica undersaturation, i.e., as rocks of alkaline affinity. 

What is also evident in Figure 18a is that there are no rock 

units represented which possess a D.I. between 60 and 85. 

The apparent absence of rocks with the compositions of 

trachyandesites will be discussed later in more detail. 

Based on Barley's (1974) definitions, one can chemi

cally classify 17 of these rocks as alkali basalts, 7 of 

them as trachybasalts, and 2 as trachytes. Six of the samples 

plot above the an-or line as saturated rocks. Not one of the 

analysed rocks falls within the range of composition of 

trachyandesites. 

The oxides of the major elements (in weight per cent, 

co 2-free) and the concentrations of the trace elements (in 

ppm) have also been plotted against the Thornton-Tuttle 



70 (a) 

I 
I 
I 
I 
I 
I 
I I TRACHY..; I 

I ANDESITE I TRACHYTE· 



t 6 (a) 
"0 • • • 0': • +-' 

i • N a a q, 

0 
;:: + t + 

(b) 

II • 
Ell Ell 

• + • • • .. • •• Ill Ell • • • + 
Ell 

0 

+-' • 
i 0.1 

a 

a 0 + 
0 + c 
~ 

0 

1.8 (c) 

1.6 

1 
1.4 

1.2 

1.0 
0 

'0"" • 8 
+-' 

CICD 

~ 0.8 Ell •• • • • • ... Ill 

0
tO o.6 Ill • Ill 

II 
N • • • 

a.. 0.4 

+ 
0.0 

.... 
20 40 60 80 

D. I.~ 

FIGURE 19: (a) Tio
2

, (b) MnO, and (c) P 
2
o

5 
as weight per cent 

p1otted versus Dei. 

100 



(a) 

0 

Q 0 

ED • + + ICI , Ill + 
Ill • 

+ 

• 
<( 

10 

i 8 
(b) 

+ 
,....6 + + 

0 

0: + 

+-'4 0 

~ . , •• • Q Q 0 

~2 •••• .. ::- ,. 
C'U z 

i 8 
(c) 

--6 + + 
-;!. + 

+ 
+-'4 
~ a a \ 

~2 •• • • I" 
~ • • Ill 

• (d) 

1 8 • 
• • 

~ 6 Ill 
I • o. • Ill • Ill ICI 

+-' Ill • 
~ 4 • • • • • a .......... 

• •• 0 0 • Ol2 0 

2: 
0 
20 40 60 80 100 

D. I.~ 

FIGURE 20: (a) Al2o3, (b) Na2o, (c) K2o, and (d) MgO as weight per 

cent plotted versus D.I. 



37 

differentiation index for each analysed unit (Figures 18 to 

23). This series of plots illustrate how each element reacts 

to increasing differentiation. 

Of the major elements, CaO, FeOT, Tio
2

, P 2o 5 , and MgO 

(Figures 18b, 18c, 19a, 19c, and 20d, respectively) show 

distinct decreases in concentration with an increase in the 

value of the D.I. MnO (Figure 19b) shows a very slight 

decrease at higher differentiation indices. Na 2o and K
2
o 

(Figures 20b and 20c) both show marked increases in value as 

the D.I. increases. The samples with higher D.I. also have 

slightly higher Al 2o 3 contents (Figure 20a). 

The trace elements also show variations with changes 

in the differentiation index. Zr, Nb, Rb, and Y (Figures 

2la, 2lb, 22b, and 23c, respectively) are all distinctly 

higher in those samples with higher differentiation indices. 

Sr, Ni, and Cr (Figures 22a, 23a, and 23b) show decreases in 

concentration with increases in the D.I. 

The plot of Sr versus D.I. shows that Sr is slightly 

enriched in the trachybasalts but is depleted in the trachytes 

relative to the basalts. Hughes and Brown (1972) noted two 

trends for alkali olivine basalts from Madeira and attributed 

them to two different trends in fractionation. However, the 

presence of this trend on one plot does not necessarily imply 

that two types of fractionation have occurred. 

Thus, patterns of variation for the major and the trace 

elements can be seen in these plots of elements versus 
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differentiation index. Similar trends have been shown by 

Baker (1969) for the island of St. Helena, and Borley (1974) 

has amply demonstrated the Sio2 variation pattern for many 

of the oceanic islands which have alkaline rocks. It thus 

appears that alteration effects have not obscured the major 

differentiation trends for these Azores rocks. 

iii) Variations in the Alkali Elements 

a) Na 2o + K2o Versus Sio2 Diagram 

A common method used to chemically distinguish between 

alkalic and tholeiitic rocks is to construct a plot of total 

alkalis (Na
2

o + K
2
o) versus Sio 2 . Such a diagram has been 

presented for the Azores data as Figure 24. 

In order to separate tholeiitic and alkalic rocks, 

the dividing line proposed by MacDonald (1968) has been 

included. Alkaline rocks from Hawaii plot above this line; 

tholeiitic rocks plot below. 

This type of division was first made by MacDonald and 

Katsura (1964) to separate the alkaline and tholeiitic rocks 

of Hawaii. Since that time, there have been several pro

posals as to where to plot this line: MacDonald, 1968; 

Kuno, 1968; Irvine and Baragar, 1971; Hyndman, 1972; and 

Schwarzer and Rogers, 1974. What is evident from all these 

proposals is that it appears to be valid to divide basalts 

into alkaline and tholeiitic on the basis of their total 

alkalis content. The position of the separating line is 

dependent on the bulk composition of the individual magmatic 
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province. 

The presentation of such a plot for these Azores 

analyses is useful in indicating the alkaline affinities of 

these rocks. All but one of the Azores rocks plots above 

MacDonald's (1968) dividing line. They plot within what 

Schwarzer and Rogers (1974) classify as a mildly alkaline 

series. 

b) Na 20/K2o Versus Sio
2 

Diagram 

A plot of Na 2o;K
2

o versus Sio
2 

is useful in distin

guishing sadie volcanic rock suites from those which are more 

potassic. It is also useful in determining the behaviour of 

Na 2o and K2o relative to each other. 

Figure 25a is a plot of Na
2
o;K

2
o versus Sio

2 
for the 

Azores analyses. There appears to be a wide variation of 

the ratio for basalts with Sio 2 between 45 and 50 weight per 

cent. However, of the 24 basalts with that range of Sio
2

, 

19 plot between Na 2o;K2o = 1.0-2.0. Other oceanic islands 

have Na 2o;K2o for basalts ranging from 1.8-2.5 (Cape Verde 

Islands), 1.3-1.5 (Tristan da Cunha), and 2.5-3.4 (Terceira) 

(Schmincke, 1973). Therefore, it appears that these Azores 

samples have alkali chemistry consistent with fresh rocks 

from other oceanic islands. The remaining five units (AUL 

051.2, 062.2, 071.3, 087.2, and 108.1) have widely varying 

ratios from 2.0 to 3.25. In these five samples, this may be 

a manifestation of alkali movement during or after magma 

emplacement. 
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On Figure 25a, the main trend appears to be for the 

trachytes to decrease slightly in the Na
2
o;K

2
o ratio. This 

indicates that K2o has not been greatly enriched relative to 

Na 2o during the evolution of the magma. 

c) K20/Na 2o + K2o Versus Sio
2 

Diagram 

Figure 25b is a plot of K
2
0/Na2o + K

2
o versus Sio

2
. 

This is a different presentation of the data used above 

for Figure 25a. In this diagram, the variation of K2o is 

judged relative to the total alkali content of the rock. 

A similar trend to Figure 25a is shown: K2o is 

slightly higher relative to total alkalis in the trachytes 

and the trachybasalts than in the basalts. A range of 

K20/Na2o + K2o between 0.3 and 0.5 is notable for the basalts, 

with the five basalt samples mentioned above (AUL 051.2, 

062.2, 071.3, 087.2, and 108.1) having this ratio less than 

0.316. This appears to indicate that in these samples, K2o 

has been mobile during or after extrusion. The variation 

in K20/Na 2o + K2o for these four samples could be a reflection 

of the mobility of the alkalis, and also incorporates an 

analytical error. However, on the plots of Na 2o and K2o 

versus D.I. (Figures 20b, 20c), there are no anomalous values. 

Thus, it is a possibility that these five rocks represent a 

continuation of the differentiation trend, and not movement 

of the alkalis. 

d) K/Rb Versus K Diagram 

Figure 26 is a plot of K/Rb versus K (ppm) on a log-
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log scale. The ratio K/Rb varies from 300 to 849 for basalts, 

with an average value of approximately 400. The K/Rb ratio 

is slightly less for the trachytes and varies from 210 to 328. 

AUL 051.2, 062.2, 071.3, 087.2, and 108.1, which have anomal

ous Na 20/K2o and K20/Na2o + K
2
o, have K/Rb ratios of 849, 

445, 301, 607, and 506. Removing these as possibly being 

altered samples reduces the range of K/Rb for basalts from 

324-619. However, if, as noted above, these five samples 

were a continuation of the differentiation trend, they would 

be expected to have the highest values for K/Rb, and they 

thus may not have suffered alkali depletion. 

An important feature of this plot is the decrease in 

the K/Rb ratio in the trachytes, while the K content has 

increased. This type of variation was noted by Lessing et 

al. (1963) for potassium and rubidium distributions in 

Hawaiian lavas. Lessing et al. suggested that a contamina

tion of the Hawaiian magma with Rb-rich material had occurred, 

or that there had been a differential gaseous transfer of 

the alkali elements. The average K/Rb recorded for Hawaiian 

rocks was 512 ± 11 for low-K tholeiites to a low of 260 for 

the high-K trachytes. In the study of Lessing et al., the 

basalts varied from 428 to 612 K/Rb ratio and the trachytes 

from K/Rb = 260 to 312. The Azores lavas of this study have 

a similar high value, ignoring the possible altered samples, 

and a much lower value for the basalts and a slightly higher 

and slightly lower value for the high-K trachytes. 
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Hughes and Brown (1972) report low K/Rb ratios of 

325 (average) for Madeiran alkali basalts with a range of 

values from 247 to 454. This is considerably lower than the 

recorded average for the Azores rocks. The suites are not 

directly comparable since Madeiran lavas have high Na 20/K
2
o 

values ranging from 3 to 4, contrasting with the Azores 

average value of Na
2
o;K

2
o = 1.25. 

e) Na 2o - K2o - CaO Diagram 

A triangular plot of Na
2
o - K

2
o - CaO (all oxides as 

weight per cent) is presented as Figure 27. A distinct 

trend from calcium-poor to calcium-rich rocks can be seen, 

with the trachytes at the calcium-poor side of the diagram, 

and the basalts at the calcium-rich corner. The trachy

basalts plot at intermediate points. On this diagram, too, 

there is a gap between the trachytes and the trachybasalts. 

Of interest is the relatively constant Na 2o;K
2
o value. This 

illustrates again that these rocks do not become more sadie 

or more potassic with increasing evolution. 

A triangular plot of Na 2o - K2o - CaO was presented 

by Le Maitre (1962) for all of the Azores islands. Le Maitre's 

diagram shows a similar trend to that shown by Figure 27, 

but his plot does not show the outstanding gap between 

CaO = 20 to 50 weight per cent that is exhibited by these 

rocks from Sao Miguel. 

It should be kept in mind that CaO values for these 

rocks can be expected to be in error on the high side, due to 
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the addition of CaO from vesicle fillinge Assuming that 

this affects all of the analyses equally, the general trend 

of this plot can still be considered realistic. 

f) Movement of the Alkali Elements 

What appears to be happening is that in these rocks, 

with the exception of the five samples mentioned above, the 

Na 20/K2o, K20/Na2o + K2o do not vary greatly, although K/Rb 

ratios have a broader range than that recorded by other 

studies (Lessing et al., 1963; Hughes and Brown, 1972). 

Na 2o and K2o are not changing greatly relative to each other. 

There is only a slight difference between the value of 

K20/Na2o + K2o for basalts and trachytes, and also, K/Rb for 

the basalts is only slightly higher than that value for the 

trachytes. This appears to indicate that total alkalis are 

being increased with increasing differentiation and K2o is 

increasing only slightly relative to Na
2
o, which has been 

shown by Figure 27. 

The samples which have high Na
2
0/K

2
o, low K

2
0/Na

2
o + 

K2o, and anomalous K/Rb ratios for a given Sio 2 weight per 

cent {AUL 051.2, 062.2, 071.3, 087.2, and 108.1) could be 

the most highly altered samples in this suite, and could 

have suffered loss of the alkali elements as a result of 

this. Figure 28 plots K
2
0/Na

2
o + K

2
o versus {a) Fe 2o3/(Fe0 + 

Fe
2

o
2

), {b) H
2
o+ (weight per cent), and (c) co 2 (weight per 

cent). The five samples show evidence of their alteration 

in having Fe
2

o 3/(Fe0 + Fe 2o3 ) between 0.39 and 0.67, H2o+ 
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between 2.05 and 2.67 weight per cent, and co
2 

between 3.05 

and 4.67 weight per cent, values which appear to be higher 

than most of the other basalts. Some of the other basalts 

+ have co2., H2
o or Fe 2o 3/(F~O + Fe2o

3
)values higher than these 

altered rocks, but they are different in that all three values 

are not consistently higher. These five samples are at the 

+ higher values of Fe
2
o3;-(Fe0 + Fe

2
o

3
)and (co

2 
+ H

2
o ) in 

Figure 14b, and therefore could have suffered the most alkali 

movement. 

iv) Other Plots 

a) AFM Diagram 

Figure 29 shows a triangular plot of total alkalis 

(A= Na 2o + K2o), FeOT (F), and MgO (M). The samples plot 

in the central region of the graph, characteristic of many 

other basaltic rocks. The trachytes (AUL 001.1, 030.4, 031.1, 

036.1) plot towards the alkali-rich corner of the diagram, 

with the trachybasalts plotting between the basalts and the 

trachytes. In general, the trend of the analyses is towards 

the alkali corner, a~ray from both the FeOT and MgO corners. 

A plot made by Le Maitre (1962) including all of the 

analyses then available for all of the Azores islands shows 

a similar diagram to that presented in Figure 29p However, 

the rocks of this study exhibit the distinct lack of analyses 

with total alkalis intermediate between the trachybasalts and 

the trachytes. 
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b) Ni Versus Cr Diagram 

Figure 30a is a plot of Ni (ppm) versus Cr (ppm). 

A direct, simple correlation between Ni and Cr is illustrated: 

Ni appears to increase linearly with an increase in Cr. The 

low Ni and Cr values in the trachytes are an indication of 

the lack of olivine and poikilitically included spinel in 

these rocks. The fact that there is a linear trend, even 

though much of the olivine is altered, indicates that these 

two elements behave similarly under conditions of alteration. 

c) Ni Versus NgO Diagram 

Figure 30b is a plot of Ni (ppm) versus MgO ('l:veight 

per cent). An increase in Ni appears generally to be accom

panied by an increase in MgO, probably reflecting the assoc

iation of these two elements in the mineral olivine. 

d) Pearce and Cann Diagram 

Pearce and Cann (1973) have proposed a method of 

characterising the tectonic setting of basic volcanic rocks. 

Samples of basalts are analysed for Ti, Zr, Y, and Nb, which 

are less mobile trace elements and thus can be used with 

altered samples. Comparisons of concentrations of these 

elements are used to separate "within-plate" basalts (oceanic 

island or continental basalts) from ocean-floor basalts, 

low-K tholeiites, and calc-alkali basalts. Once boundaries 

have been established using rocks of known tectonic regime, 

the plots can be used to characterise the tectonic setting 
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for older rocks .. 

Initially, Y/Nb is determined and compared with the 

limits of Pearce and Cann (1973, p. 297). For alkali 

basalts, Y/Nb is less than 1 for "within-plate basalts 

and is less than 2 for ocean-floor basalts. Tholeiitic 

rocks have Y/Nb greater than 2 for "within-plate" basalts, 

and greater than 3 for ocean-floor basalts. Y/Nb for the 

basalts of this suite range from 0.47 to 0.75, establishing 

them as alkalic in nature, according to the above criteria. 

Once the petrologic nature of the basic rocks has 

been determined from the Y/Nb ratio, Pearce and Cann plot 

Zr, Ti/100, and y·3 on a triangular diagram such as Figure 

31. The boundaries suggested by Pearce and Cann (1973, 

Figure 3, p. 295) have been added. Within-plate basalts· plot 

in area D; ocean-floor basalts plot in field B; low potassium 

tholeiites plot in fields A and B, and calc-alkali basalts 

plot within C and B. The Azores basalts on this plot a~e 

within field D, i.e., according to the classification of 

Pearce and Cann, these are within-plate basalts in either 

oceanic or continental setting. The usefulness of this dis

crimination scheme for these Azores rocks is discussed in 

more detail in Chapter 7. 

e) CaO Versus Y Diagram 

Lambert and Holland (1974) have demonstrated various 

trends from plots of CaO (weight per cent) versus Y (ppm) 
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which depend on the type of crystal fractionation which has 

occ~rred. Figure 32 is a plot of CaO versus Y of the averages 

of the basalts (CaO = 10.09, Y = 39), trachybasalts (CaO = 

5.85, Y = 55), and trachytes (CaO = 0.45, Y = 71) for this 

suite. It is evident that with increasing crystal fractiona

tion, CaO concentration decreases and Y increases, resulting 

in trachytes with lower CaO, and higher Y than the associated 

ba~altp.. This trend corresponds with the L-type "pyroxenic" 

trends presented by Lambert and Holland (1974, Figure 4, p. 

1402). According to Lambert and Holland, all of the L-type 

tren4s occur in alkaline or peralkaline rocks. 

L-type trends would be expected to result from 

kaersutite or plagioclase + clinopyroxene fractionation in 

high-Ca melts, or K-silicate fractionation at low calcium 

concentrations. Since there is an increase of potassium 

content with increasing evolution of these Azores rocks, it 

is likely that, if Lambert and Holland are correct, a frac

tionation of plagioclase + clinopyroxene could be a mechanism 

for the evolution of these Azores rocks. 

v) Discussion of Chemical Study 

a) Nature of the Volcanism 

The Tio2 values for these Azores rocks varies from 

0.50 to 0.74 weight per cent for the trachytes and from 2.26 

to 5.09 weight per cent for the basalts and trachybasalts. 

According to Chayes (1965), oceanic island basalts can be 

distinguished from other basalts by Tio 2 values greater than 
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1.75 weight per cent. All of the basalts and trachybasalts 

of this study satisfy Chayes' criterion. 

From the analyses published in the literature, it 

appears to be quite common for oceanic island alkali basalts 

to have a Tio2 value greater than 2.00 weight per cent, and 

values up to 5.00 weight per cent Ti0
2 

do occur. In terms 

of other oceanic islands, the high values for Tio
2 

in these 

rocks are not unusual. For example, the basalts studied by 

Le Maitre (1962) from Gough Island have Tio
2 

values ranging 

from 1.85 to 3.40 weight per cent. 

The K2o values for these Azores rocks vary from 4.79 

to 6.29 weight per cent for the trachytes and from 0.59 to 

3.85 weight per cent for the basalts and trachybasalts. This 

contrasts with other non-potassic oceanic islands in which 

K
2

o is usually less than 1.00 weight per cent in the basalts. 

These high K2o values will be discussed further in comparing 

Sao Miguel with other oceanic islands. 

b) The Trachytic Sequence 

It has been previously noted, and is visible on the 

plots of the elements versus depth, that there is a series 

of trachytic lavas between 290.8 m and 327.9 m, and also a 

trachyte as the topmost flow of the volcanic pile. A grada

tion from basalt to trachybasalt to trachyte is indicated, 

but the rocks intermediate between trachybasalts and trachytes 

are absent. 

Baker (1973) has noted that on the island of Ascension 
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both basalts and trachytes were erupted at various 

stages, with trachytes pre-dating basalts in some cases. 

He also noted that there was no visible sign of a gradation 

in chemistry between basalts and trachytes. Similarly, 

in this Azores core, there is no visible, gradual chemical 

evolution from basaltic to trachytic lavas. 

One feature which is notable is the trachytic 

nature of the pyroclastics. Even when the lavas are 

basaltic in character, the pyroclastics are trachytic, 

and in general are more aluminous than the basalts. The 

pyroclastics comprise 22% of the volume of material of the 

core (Muecke et al., 1974), so that, together with the 6% 

volume of the trachytic flows, trachytic material makes up 

approximately 28% of the material of drillcore. 

Thus, within this volcanic pile on Sao Miguel, it 

can be said that there are two sequences which are termi

nated by the eruption of trachytic flows. However, there 

exists little chemical variation between the sequences, 

and certainly no good evidence of a gradational change 

within the lava succession. 



vi) SUMMARY 

The following points can be summarized from this 

chapter: 

1) The plots of the elements versus depth show 

maxima and minima for the trachytes and trachybasalts. 
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For the basalts, there appears to be increasing Al 2o3 , Nb, 

and Zr, decreasing CaO, Ti0 2 , and MgO random variations 

of FeOT, Cr, and Ni and no significant variations of 

K
2
0, Na 2o, Si0 2 , Sr, Rb, and Y with depth in the core. 

2) Plots of the elements versus the Thornton

Tuttle Differentiation Index show a continued variation of 

the elements with increasing D.I., but with an absence of 

rocks with D.I. between 60 and 85. 

3) A plot of total alkalis versus Si0 2 shows that 

these rocks are of a mildly alkaline affinity. 

4) Plots of Na 20/K 20 versus Si0 2 , K20/Na 2o + K2 0 

versus Si0 2 , and K/Rb versus K indicate that K2 0 has 

increased slightly in the trachytes and trachybasalts 

relative to Na
2
o. Five samples.show depletion of K2o which 

could be attributed to movement of alkalis. 

5) Plots of Ni versus Cr and Ni versus MgO show 

similar behaviour of Ni and Cr and a correlation of Ni 

with MgO. 

6) On discrimination diagrams used by Pearce and 

Cann (1973) the Azores rocks plot with other oceanic 



51 

islands and continental basalts in the field of "within

plate" basalts; the Y/Nb ratios for these rocks show· them 

to be of alkaline affinity. 

7) A plot of CaO versus Y shows an L-type trend 

which involves Y-enrichment which could be attributed 

to clinopyroxene-plagioclase fractionation (Lambert and 

Holland, 1974) and is an indic~tion of alkaline affinity. 



CHAPTER 6: MICROPROBE STUDIES 

i) Nature of the Phenocrysts 

Electron microprobe studies of the mineral phases 

in the Azores lavas were undertaken to determine the 

chemistry of the phenocrysts. A knowledge of the nature 

of the phenocrysts is useful in deciding whether these 

rocks have alkaline or tholeiitic affinities. 

Five samples were taken from the core: AUL 020.3, 

AUL 022.1, AUL 051.2, AUL 062.2, and AUL 108.1. Polished 

thin sections were made and coated with carbon in 

preparation for analysis. The analyses were done on a 

Cambridge wavelength dispersive, 2 channel, Microscan V 

electron microprobe. 
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The olivine phenocrysts were analysed for Si0
2

, FeO, 

MgO, and CaO. The clinopyroxene grains were analysed 

for Si0
2

, Ti0 2 , Al
2

0
3

, FeO, MnO, CaO, and Na 20. 

In the plagioclase phenocrysts, Si0 2 , Ti0
2

, Al
2
o

3
, MnO, 

CaO, and Na 2o were determined. 

ii) Olivine Phenocrysts 

Sample AUL 020.3 is the only sample in which fresh 

olivine grains were present for analysise Table 13 shows 

the analyses for olivines from AUL 020.3. The samples 

are seen to be forsteritic in composition, with Fo
77

.
6 

and 

Fo 74 . 2 recorded as compositions for two separate grains. 

Boone and Fernandez (1971) reported phenocrysts of olivine 



TABLE 13: Microprobe analyses of olivine 

phenocrysts from AUL 020.3. 

Sio2 
Ti0 2 
Al 2o3 
Fe 2o3 
FeO 

MnO 

MgO 

NiO 

CaO 

TOTAL 

Si 

Ti 

Mg 

Ni 

Ca 

0 

1 2 

Fo 

Fa 

38.95 

0 .. 00 

0.00 

0 .. 00 

20.60 

0 .. 00 

39 .. 95 

0.00 

0.22 

99.72 

1.006 1 .. 006 

0.000 * 
0 .. 000 * 
0 .. 000 * 
0.445 * 
0.000 * 
1.538 * 
0.000 * 
0.006 1 .. 988 

4.000 * 

77.323 

22.371 

Larn 0 .. 306 

Fo 77 .. 561 

Fa 22.439 

Niol 0.000 

F/M 0 .. 289 

F/FI1 0.224 

38.22 

0 .. 00 

0 .. 00 

0 .. 00 

23 .. 37 

0 .. 00 

37.76 

0 .. 00 

0 .. 22 

~99.57 

1.002 1 .. 002 

0 .. 000 * 
0 .. 000 * 
0.000 * 
0.513 * 
0.000 * 
1 .. 476 * 
0.000 * 
0 .. 006 1.995 

4.000 * 

73o995 

25.695 

0.310 

74 .. 225 

25 .. 695 

0 .. 000 

0 .. 347 

0.258 



53 

from alkaline basalts of the Nordeste Complex on the east 

end of Sao Miguel as having compositions ranging from Fo 87 

to Fo
69

, both more and less magnesium-rich than the pheno

crysts analysed here. 

iii) Clinopyroxene Phenocrysts 

Table 14 presents the analyses of the clinopyroxenes 

from samples AUL 020.3, AUL 051.2, AUL 062.2, and AUL 180.1. 

In sample AUL 062.2, the core and the rim of a 

zoned clinopyroxene grain were analysed. The core was 

green while the rim was purple in colour in plane 

polarised light. The zoning was subtle and more easily 

observed as a difference in interference colours under 

crossed nicols. The microprobe analyses indicate that 

there is a definite chemical difference between the 

core and the rim of the zoned grain. The core of the 

grain is higher in Si0
2

, FeO, MnO, and Na 2o than the rim. 

The rim is enriched in Ti0 2 , Al 2o3 , MgO, and CaO 

relative to the core. 

With depth in the core, and within the limit of the 

small number of samples analysed, the clinopyroxenes appear 

to become less rich in Ti0 2 , Al
2
o

3
, FeO, MnO, and Na 2o, 

and slightly richer in Si0 2 , MgO, and CaO. In thin 

section, there is no visible change in the pyroxenes 

with depth to indicate that these chemical changes are 

taking place. However, the changes are subtle, and thus 



TABLE 14: Microprobe analyses of clinopyroxene phenocrysts 

from AUL's 020.3, 022.1, and 051.2. 

AUL 020.3 AUL 022 .. 1 AUL 051 .. 2 

Si02 
47 .. 81 46.84 48 .. 34 

Ti02 
2.43 1.92 2.11 

Al
2
o

3 
6 .. 36 7.08 5 .. 20 

FeO 8 .. 10 8.19 6.13 

MnO 0 .. 19 0 .. 19 0 .. 15 

MgO 13 .. 43 14 .. 28 14.78 

CaO 21.45 20 .. 12 22.36 

Na 2o 0.50 0.57 0 .. 33 

TOTAL 100 .. 27 99.19 99 .. 40 

Si 1 .. 782 * 1 .. 762 * 1 .. 806 * 
Al 0.218 2.000 0.238 2.000 0 .. 194 2 .. 000 

Al 0.062 * 0.076 * 0.035 * 
Ti 0.068 * 0.054 * 0.059 * 
Fe 2+ 0 .. 253 * 0.258 * 0.192 * 
Mn 0.006 * 0.006 * 0.005 * 
Mg 0.746 1.135 0.801 1.195 0 .. 823 1.113 

Ca 0.857 * 0.811 * 0 .. 895 * 
Na 0.036 0 .. 893 0.042 0.853 0.024 0.919 

0 6 .. 000 * 6.000 * 6 .. 000 * 

Wo 46 .. 173 43.382 46 .. 870 

En 40.217 42 .. 834 43 .. 100 

Fs 13.610 13 .. 784 10 .. 030 

Wo 45.148 42 .. 304 46 .. 178 

Hyp 52 .. 948 55 .. 527 52 .. 589 

Jd 1.904 2 .. 169 1 .. 233 

F/M 0.346 0.329 0 .. 238 

F/FM 0.257 0.248 0 .. 193 



TABLE 14: Cont'd. Microprobe analyses of clinopyroxene 

phenocrysts from AUL's 062.2 and 108.1. 

AUL 062.2 AUL 062.2 AUL 108 .. 1 
(rim) 

Si02 52.11 45.74 51 .. 17 

Ti0
2 0.39 2 .. 69 0.97 

A1
2
o

3 0.77 7.53 2 .. 10 

FeO 12.57 6.95 5 .. 71 

MnO 1.23 0.14 0 .. 13 

MgO 12 .. 40 13 .. 22 16 .. 09 

CaO 20 .. 79 22.59 22 .. 56 

Na 2o 0.64 0.42 0.30 

TOTAL 100 .. 90 99.28 99 .. 03 

Si 1.965 * 1 .. 725 * 1 .. 909 * 
A1 0.034 1.999 0.275 2 .. 000 0.091 2 .. 000 

Al 0 .. 000 * 0.060 * 0.001 * 
Ti 0 .. 011 * 0 .. 076 * 0.027 * 
Fe 2+ 0.396 * 0 .. 219 * 0 .. 178 * 
Mn 0.039 * 0 .. 004 * 0.004 * 
Mg 0 .. 697 1.144 0.743 1 .. 103 0 .. 895 1 .. 105 

Ca 0 .. 840 * 0.913 * 0 .. 912 * 
Na 0 .. 047 0 .. 877 0.031 0 .. 944 0.022 0.923 

0 6.000 * 6 .. 000 * 6.000 * 

Wo 43 .. 447 48 .. 679 45 .. 667 

En 36.050 39 .. 613 45 .. 311 

Fs 20.504 11 .. 690 9 .. 022 

Wo 41 .. 595 47.783 45 .. 078 

Hyp 56 .. 088 .50 .. 610 53 .. 837 

Jd 2.317 1.608 1 .. 085 

F/M 0 .. 625 0 .. 301 0 .. 204 

F/FM 0.385 0 .. 231 0.169 
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a visible change is not always to be expected. The 

chemical changes are evident in the molecular compositions 

as a decrease in jadeite content with depth, but by little 

change in the other molecular proportions. 

Gibb (1973) published analyses for zoned cline

pyroxenes from the Shiant Isles Sill, Scotland, which 

showed similar trends between core and rim to the trends 

observed in this study; CaO, Ti0
2 

and Al
2
o

3 
are enriched 

in the rims relative to the cores. These Azores cline

pyroxenes show the characteristics of being of alkaline 

affinity in being more Ca- and Ti-rich than tholeiitic 

pyroxenes, as noted by Barberi et al., (1971). Thus 

these analyses of clinopyroxene grains are additional 

indications of the alkaline affinities of these rocks. 

iv) Plagioclase Phenocrysts 

Table 15 presents the plagioclase phenocrysts 

analysed from samples AUL 020.3 and AUL 022.1. The 

plagioclase in AUL 020.3 is of the composition 

An 83 . 6Ab16 _4 . The plagioclase in AUL 022.1 is of the 

composition An
71

_4Ab 28 . 6 . This is reflected in the 

chemical compositions as lower Al
2
o3 and CaO, and higher 

Si0 2 and Na
2

0 in AUL 022.10 

Thus the plagioclase grains examined here are 

calcic in nature, ranging between labradorite-bytownite 

in composition. 



TABLE 15: Microprobe analyses of plagioclase 

phenocrysts from AUL's 020.3 and 022.1. 

Sio2 
Ti02 
Al 2o3 
MnO 

CaO 

Na
2
o 

K
2

0 

TOTAL 

Si 

Ti 

Al 

Mn 

Ca 

Na 

K 

0 

AUL 020.3 
47.50 

0.10 

32.62 

0.02 

16.99 

1 .. 84 

0 .. 00 

99.07 

8 .. 795 

0 .. 014 

7 .. 117 

* 
* 
* 

0 .. 003 15.929 

3 .. 370 * 
0 .. 661 * 
0 .. 000 4.031 

32 .. 000 * 

Or 0.000 

Ab 16.386 

An 83.614 

Qz 93.014 

Ne 6.986 

Ks 0 .. 000 

F/M OaOOO 

F/FM 0 .. 000 

AUL 022 .. 1 
50 .. 64 

0.09 

30 .. 61 

0.01 

14.56 

3 .. 23 

0.00 

99.14 

9 .. 298 

0.012 

6.623 

* 
* 
* 

0.002 15 .. 935 

2.864 * 
1 .. 150 * 
0.000 4.014 

32.000 * 

0 .. 000 

28 .. 645 

71 .. 355 

88 .. 995 

11 .. 005 

0 .. 000 

OuOOO 

0.000 



v) Co-Existing Phenocrysts 

Figure 33 is a triangular plot of Wo-En-Fs (CaSi0 3-

MgSi03-FeSi03) with Fo-Fa (Mg 2sio 4-Fe 2Si0 4 ) included on 

the En-Fs line, and An-Ab (CaA1 2si
2

o 8-NaA1Si 30 8 ) added 

in order to represent the compositions of the phenocrysts 

co-existing in these lavas. This diagram shows the greater 

difference in the composition of plagioclase than there 

is in clinopyroxene grains in AUL 020.3 and AUL 022.le 
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With the exception of the core of the clinopyroxene 

analysed in AUL 062.2, the clinopyroxenes appear to be 

uniform in composition. Also, the decrease in the jadeite 

content of the clinopyroxene between the core and the rim 

of the zoned grains in AUL 062.2 is evident as a move away 

from the Fs corner towards the Wo-En side of the diagram. 

The position of the clinopyroxenes is similar to that 

illustrated by Barberi et al., (1971) for alkali basalts 

from Gough Island and from Japan. The core of the zoned 

pyroxene from AUL 062.2 shows a different chemistry from 

the remaining clinopyroxenes, which could indicate that the 

core represents a xenocryst rather than a phenocryst, and 

was rimmed with a different pyroxene in situ. However, the 

absence of such clinopyroxene in the most highly evolved 

rocks suggests that these are not xenocrysts, but they 

could be a higher pressure phase. 



062.2 (core) 

Ab 

FIGURE 33: Wo-En-Fs diagram showing compositions of phenocrysts and co-existing phases .. 



CHAPTER 7: DISCUSSION 

i) Alkaline Versus Tholeiitic Nature of the 

The problem has arisen in the course of this study 

as to whether these rocks from Sao Miguel were originally 

of alkaline or tholeiitic affinity. In some respects, 

the rocks appear alkalic, in others, tholeiitic 

The features which indicate an alkaline affinity 

are as follows: 

1) Petrography: The electron microprobe study has 

shown that the clinopyroxenes, which have Ti0 2 varying 

from Oe39 to 2.69 per cent, and CaO ranging from 20el2 to 

22.59 per cent, are Ti- and Ca-rich augites. According 

to Wilkinson (1974), augites with CaO greater than 20 

per cent and Ti0 2 between 2 and 3% are the characteristic 

clinopyroxenes found in alkali basalts, whereas tholeiitic 

basalts tend to have Ca-poor augitese 

According to Poldervaart (1964), orthopyroxene is a 
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common, but not universal mineral found in tholeiitic basalts, 

and is not found in alkaline rocks The rocks of this study 

do not contain orthopyroxene. 

2) Total Alkalis: The plot of total alkalis (Na
2
o + 

versus SiO? 
~ 

(Figure 24) indicates that with the 

exception of AUL 030.4, which is a trachyte, all of the 

rocks of this study lie within the "mildly alkaline 



series" delineated by Schwarzer and Rogers (1974) after 

Saggerson and Williams (1964). This conclusion is based 

on the assumption that the alkali elements have not been 

mobile as a result of alteration. As presented in Chapter 

5, only 5 samples appear to have anomalous values of K20, 

which could be the result of alkali depletion or could 

be part of the differentiation trend and not an indication 

of the movement of the alkali elements. 

3) Thornton-Tuttle Index: On the plot of Si0 2 

versus Thornton-Tuttle Differentiation Index (Figure 18a) 

all but 7 of the rocks of this study plot as alkaline 

rocks in the undersaturated region below the an-or line 

used by Thornton and Tuttle (1960) and Borley (1974). 

4) Trace Elements: According to Pearce and Cann 

(1973) Y/Nb for "within-plate" alkali basalts is less 

than 1. The Y/Nb ratios for the basalts of this suite 

range from 0.47 to 0.75e 

The plot of CaO versus Y (Figure 32) corresponds 

to an L-type "pyroxenic" trend presented by Lambert and 

Holland (1974) which is found in alkaline or peralkaline 

rocks .. 

5) C.I.P W. Norms: When the chemical analyses are 

presented as CO free, and a correction applied to the 
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iron so that Fe 2o3; (FeO + Fe 2o3 ) = 0.15 as an approximation 
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to the original condition of the rocks, 7 of the basalts 

appear as Ne-normative, a characteristic of alkali basalts. 

The features which favour a tholeiitic affinity for 

the rocks of this study are as follows: 

1) C.I.P.W. Norms: On a co 2-free basis and with 

Fe
2
o

3
; (FeO + Fe

2
o3 ) adjusted to equal 0.15, all but seven 

of the norms of the basalts contain Hy and/or Q, indicators 

of a tholeiitic nature. 

2) Differentiates: The trachytes of this study 

all have Q in the norms, a feature consistent with a 

tholeiitic nature. 

The evidence for a tholeiitic nature for these rocks 

lies in the appearance of Q and/or Hy in the norms of 

some of the basalts, and in the norms of all of the trachy

basalts and trachytes. However, alteration is known to have 

occurred, and thus it is possible that the presence of 

normative hypersthene could be an indication of alteration 

rather than a tholeiitic characteristic. 

A study of the secondary minerals carried out by 

P. Sarkar (personal communication) has indicated that 

silica has been added to the material of the drillhole as 

an effect of the alteration. If this has occurred, then 

the appearance of Q in the norms of some of these rocks is 

a reflection of the hydrothermal conditions and not an 

indication of tholeiitic affinities 



In addition, it has been demonstrated by Stice 

(1968) that inherent analytical erro~s in the determination 

of Na 2o, K
2
0, and Fe

2
o3 can produce a Hy-normative rock 

from one that previously appeared to be Ne-normative and 

vice versa. MacDonald and Katsura (1964) concluded that 

the presence or absence of hypersthene in the norm could not -~ 

be used alone to adequately decide the alkaline or tholeiitic 

nature of a rock since rocks with clearly alkaline mineralogy 

were found to produce norms containing Hy. Baker (1969) has 

also demonstrated that alteration of the groundmass of 

basalts from St. Helena produced hypersthene in the norms 

of alkali basaltse 

Thus, the evidence which implies a tholeiitic affinity 

appears to be unreliable. The most reliable criteria, the 

trace element data and the mineralogy, indicate an alkaline 

affinity& It can therefore be concluded that these are 

alkaline rocks which, having been subjected to hydrothermal 

conditions, show hypersthene and quartz in their normse 

There appears to be no evidence that the primary volcanic 

material changes from alkaline to tholeiitic affinity as 

seen during the eruption of Surtsey to the depth represented 

by the drillcore. 



ii) Comparison of S. Miguel with other Oceanic Islands 

The oceanic islands vary widely in their chemistry 

and mineralogy but a comparison of the different islands 

is usefulo In the correlation of various islands and 

island groups, several points must be considered. The age 

of the volcanics and the state of magmatic evolution of 

the islands are important points to be compared, although 

these data are not readily available for many of the 

islands. Also, the tectonic setting, iue., rifts, ridges, 

etc. which could conceivably influence the magma type 

present, must be taken into consideration. 
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While these are necessary points of comparison, the 

most important comparison is made on the basis of chemistry. 

According to Barley (1974), with the exception of Hawaii, 

there are no undisputed associations of alkaline rocks 

and tholeiites on any oceanic island. She considers Iceland 

to have continental associations. However, this claim can 

be questioned since Upton and Wadsworth (1966) have found 

the "primitive" basalts on Reunion to be transitional between 

tholeiitic and alkaline. Ascension, Easter Island, and 

Mauritius all contain olivine tholeiite or transitional 

lavas (Gunn et al., 1970). 

However, most work on oceanic islands has involved 

the study of alkaline rocks. Two types of diagrams are 

commonly used for a chemical comparison of these volcanics: 



1) Na 2o + K2 0 versus Si0
2 

and 2) Na
2

0/K
2

0 versus Si0
2

. 

The former type of plot delineates the alkaline nature 

of the rocks and the latter indicates whether the 

volcanism is potassic or sodic. 

The norms of the rocks are also important indicators 

of the degree of alkalinity. However, since alkaline 

rock$ can have their norms readily changed by alteration, 

particularly, as previously illustrated, by the oxidation 

of iron (Figure 10), the usefulness of the norms of 

oceanic basalts is thus limited. 

In the following sections, comparisons of the 

island of Sao Miguel with other islands are made in order 

to place it in perspective in terms of its type and nature 

of volcanism. 

a) The Azores 

As previously mentioned, the Azores forms a group 

of nine islands which stretch from west to east across 

the Mid-Atlantic Ridge. Flores and Corvo are on the 

west flank of the Ridge, and both are considered 

volcanically inactive (Machado, 1967) a Of the islands 

on the east flank of the Ridge, the volcanoes of Santa 

Maria are also considered extinct. 

The ages of some of the volcanic rocks from the 

Azores have been determined. Muecke et ale, ·(1974) have 

dated a sanidine grain from 57 m depth in the drillhole 
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3 at 117 + 24 x 10 years, and a submarine lava from 950 m 

3 at 280 + 140 x 10 years. Abdel Monem et al. have found 

K-Ar ages of the rocks of the Nordeste Complex to range 

from 4.01 m.y. to 0.95 m.y. They have also found the 

basaltic series below the Coquina unit of Santa Maria to 

range from 6 to 8 m.y. in age, and to probably be much 

older at greater depths. 

Table 16 compares the islands of the Azores group 

in terms of location, structure, rock types, and tectonic 

setting. The material for this table has come chiefly 

from Ridley et al. (1974), Schmincke (1973), and Machado 

(1967)" 

The chemical data for the Azores islands is 

incomplete. Four recent summaries of data on the Azores 

are those of Assun~ao and Canilho (1970), Schmincke and 

Weibel (1972), Schmincke (1973) and Ridley et al. (1974). 

In terms of chemistry, the two westernmost islands 

(Corvo and Flores) and the two easternmost islands 

(Santa Maria and Sao Miguel) are alkaline, while 

tholeiitic tendencies have been recognized on the 

remaining islands, which are generally classified as 

transitional. On the island of Pico, one of the 

transitional islands, no differentiation to trachytes 

has been observed (Machado, 1967). 

Figures 34A and 35a are plots of total alkalis 

versus silica for other volcanic centres on Sao Miguel 
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TABLE 16: Comparison of the islands of the Azores Group. 

Name 

Corvo 

Flores 

Fayal 

Location Rock Types 
(Approx ) 

40°N,31°W basalts, 
trachytes 

39°N,31°W olivine 
basalts, 
trachytes 

38°N,30°W olivine 
andesites, 
feldspar 
basalts, 
trachytes, 
basanitoids 

Tectonic 
Setting 

W flank 
of MAR 

W flank 
of MAR 

E flank 
of MAR 

Pi co 38°N,20°W ankaramites, E flank 
basalts of MAR 

sa.o 
Jorge 

38°N,28°W basalts, 
andesites, 
trachytic 
pumice 

Graciosa 39°N,28°W basalts, 
andesites, 
trachytes 

Terceira 39°N,27°W basalts, 
trachytes, 
andesites, 
rhyolites 

sao 
Miguel 

ankaramites, 
basalts, 
trachytes, 
trachyande
sites 

E flank 
of MAR 

E flank 
of MAR 

E flank 
of MAR 

E flank 
of MAR 

Santa 
Maria 

37°N,25°W ankaramites, E flank 
basalts of MAR 

Structure 

composite 
volcano 

composite 
pyroclastic 
cone 

central 
composite 
volcano 

high central 
cone 

linear volcano 

composite volcano 
with summit 
caldera 

2 composite 
volcanoes 

4 composite 
volcanoes with 
sun:unit caldera 

2 periods of 
basaltic 
volcanism 



and for·other Azores islands, respectively. The field 

of the analyses of this study is included. The analyses 

were obtained from Machado (1967) ,Assun~ao and Canilho 

(1970), Schmincke and Weibel (1970), but they had pre

viously been published elsewhere. These plots show that 

the high alkali content is a feature of Sao Miguel, and 

also of theother islands represented from the group, since 

all plot above MacDonald's (1968) dividing line between 

alkaline and tholeiitic basalts on Hawaii. It should 

be noted that there are trachyandesites of intermediate 

silica content, a rock type which is conspicously absent 

from the analyses of the rocks from the drill core. 

Figures 34b and 35b are plots of Na 20/K 20 versus 

Si0 2 for the same analyses as presented above in Figures 

34a and 35a. Figure 34b illustrates a similar trend 

to that seen for the rocks of this study: most of the 

points plot between Na 2o;K
2

0 equal to 1.0 to 2.5, with 

a decrease in the ratio seen with an increase in Si~Z 

content, i e , with increasing trachytic character. 

The rocks of the other Azores islands in general 

appear to have higher Na
2

0/K
2

0 ratios (between 1.75 

and 3.0 for basaltic rocks, Figure 35b) than those of 

S~ Miguele This is particularly noticeable in the 

higher ratios seen for rocks of trachytic composition. 

Thus, it appears from these analyses, that the rocks of 

Sao Miguel are the most potassic of these islands of the 
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Azores group. 

b) Other Atlantic Islands 

Figure 36 is a map showing the locations of the 

other islands of the Atlantic Ocean. The map also roughly 

illustrates the position of each island with respect to 

the Mid-Atlantic Ridgeo 

The occurrence of tholeiites on oceanic islands 

is rare. Much of the studies of oceanic islands involve 

rock types typical of alkaline associations. Some islands 

are potassic in nature, others are sodic. Gough Island 
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(LeMaitre, 1962), Tristan da Cunha {Baker et al., 1964), 

and Jan Mayen {Noe-nygaard, 1974) are notable as potassium

rich islands. Bouvet {Baker, 1967), the Cape Verde Islands, 

and Madeira (McBirney and Gass, 1967) are notably sodic. 

Schmincke {1973~ Figure 8, p. 639) has published 

a plot of Na
2

0/K
2

0 versus weight per cent Si0
2 

for 

Atlantic islands which presents the alkali ratio as 

varying from near 3.8 for Madeira and Bouvet to lows 

of Na 20/K 2o equal to between 1.0 and 1.8 for Jan Mayen, 

Gough, Tristan da Cunha, and Sao Miguele In all cases, 

the ratio of Na
2
o to K

2
0 decreases as the rocks become 

more silicic. The Na 2 0/K20 versus Si0 2 plot for the data 

of this study (Figure 25a) shows the same decrease in 

the ratio as the trachyt nqture of the rocks increases. 

According to Schmincke {1973), Atlantic oceanic 
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island rock suites can be roughly separated on the is 

of the total alkali contents of their highly differentiated 

rocks. In his summary, Tenerife, Gran Canaria (Pliocene) 

and the Cape Verde Islands have 14 to 16 weight cent 

total alkalis; Gough, Tristan da Cunha, Sao Miguel and 

St. Helena have 12.5 to 14 weight per cent total alkalis; 

Terceira, Bouvet, Ascension, Jan Mayen and Gran Canaria 

(Miocene) have 10 to 12.5 weight per cent total alkalis; 

Madeira and Iceland have less than 10 weight per cent 

total alkalis. The trachytic rocks of this study have 

(Na 2o + K2 0) values of 12.83, 10.73, 11.54 and 11.37 

weight per cent, which are, in all but one case, slightly 

lower than the value presented by Schmincke for Sao Miguel. 

Since the common ground for comparison of oceanic 

island rocks is their alkali content, Figure 37 is a plot 

of (Na 2o + K
2

0) ,.Na2o;K20, and K
2

0 versus Si0 2 for three 

of the more potassic of the Atlantic islands It must be 

remembered that there is a possibility that the alkali 

elements have been mobile in some of the analysed samples 

Three basalts, two trachybasalts, and four trachytes from 

Gough Island are included from a report by Le Maitre 

(1962) An olivine basalt, three trachybasalts, three 

trachyandesites, and one trachyte from Tristan da Cunha 

(Baker et ale, 1964) are plotted The rocks from In

accessible Island include a basalt, a trachybasalt, a 

trachyandesite, and a trachyte obtained from a paper by 
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Baker et al., (1964). In addition, the field of the analyses 

of this study has been outlined. 

What is apparent in Figure 37 is that the Sao 

Miguel rocks are not the most potassic: Gough Island and 

Tristan da Cunha are in general more potassic. 

Gough Island and Tristan da Cunha also have total alkalis 

greater than those recorded for Sao Miguel. 

Thus, while it is obvious that Sao Miguel is an 

alkaline and a potassic island in terms of other Atlantic 

Ocean islands, it is not the most alkaline or the most 

potassic. 

In Figure 38, analyses from four sadie Atlantic 

islands have been used to plot (Na 2o + K20), Na 20/K
2
o, 

and K20 versus Si0 2 s For Bouvet, two basalts and a trachyte 

taken from Baker (1973) are used. The Canary Islands are 

represented by four basalts and two trachybasalts 

(Ibarrola, 1969). The analyses for Ascension of two basalts, 

one hawaiite, one mugearite, and one trachyte are from 

Daly (1925). The rocks from Madeira are represented by 

six basalts, nine hawaiites, one mugearite, and one essexite 

from Hughes and Brown (1972) e The field for the analyses 

of this study has been outlined on Figure 38. 

In Figure 38, it appears that for the Canary 

Islands and Ascension, the total alkalis are higher 

than the values plotted for Sao Miguele The ratio of 

Na 20/K 2o is much higher than Sao Miguel for all three 

islands which is expected since they are sadie and 



Sao Miguel is potassic. However, the K
2

0 values appear 

similar for the Canary Islands and slightly lower for 

Bouvet and Ascension than those for Sao Miguel. Thus 

from these plots, it appearS··that there is an increase 

in the Na
2

0/K
2

0 ratio due to an increase in Na 2 o and not 

to a noticeable decrease in K
2

0. Therefore, it appears 

that the sadie nature of these islands is gained not at 

the expense of K
2

0, but by an overall increase in total 

alkalis by an increase in Na
2
o. 

It is not the purpose of this thesis to present a 

detailed comparison of all oceanic islands. Better and 

more detailed comparisons can be obtained from Barley 

(1974) and Baker (1973). What is important is that a 

rough idea of how Sao Miguel compares with other oceanic 

islands in terms of chemistry and rock types be obtained. 

Thus, it is important to see that Sao Miguel plots 

with the potassic islands of the Atlantic, but is neither 

the most potassic nor the most alkaline. 

iii) The Existence of a Daly Gap 
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In 1963, Chayes presented distribution diagrams of 

analyses of rocks of the oceanic basalt-trachyte asso

ciation which showed a bimodal distribution of Si0
2

, CaO, 

and Thornton-Tuttle Differentiation Index. Chayes' plots 

illustrated the feature that Daly had originally noted from 

field observations in 1925: there is a scarcity of rocks 

of intermediate composition on oceanic islandse The 



appearance of this bimodality on frequency plots has 

been termed the "Daly Gap". 
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The data used by Chay~s (1963), including all analyses, 

regardless of their water content, have been plotted as 

Figure 39a. Frequency versus Differentiation Index has 

been plotted with a class width of D.I. = 5. The bimodality 

is clearly evident: there are peaks for D.I. between 20 

and 40 and for D.I. between 80 and 90. 

The data of this study are plotted beneath Chayes' 

data as Figure 39b. The plot illustrates a feature which 

has been previously emphasized: of the 32 analyses of 

Azores lavas presented in this study, there are no rock 

analyses with intermediate values of the Differentiation 

Index, i.ee, with D.Io between 65 and 85. If these results 

were plotted with Chayes' data, the bimodality of Figure 

39a would be re 

Data from other Azores islands, including Sao Miguel 

have been plotted as Figure 39c. There is a range of values 

present, and a bimodal distribution of basalts and trachytes 

is indicated. This is weighted in favour of the trachytes 

because the rocks analysed by Schmincke and Weibel (1972) 

are chiefly trachytes. A plot 6f the data for analyses from 

Sao Miguel plotted for Si0 2 versus D.I. (Figure 40) shows 

that the data is weighted in favour of trachytes and basalts, 

with few analyses of intermediate compositions. 
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If the Daly Gap is real, then one must either abandon 

basic concepts about crystal fractionation, or find some 

explanation for the discontinuity in the range of volcanic 

products within the framework of crystal fractionation. 

One of the most obvious arguments against the validity 

of the gap is sampling bias. Baker (1968) has argued that 

petrologists have oversampled trachytic plugs because they 

offer variety in an area composed chiefly of relatively 

uniform basalts. His estimates of volumetric abundances on 

St. Helena are as follows: basalts = 70-80%, trachybasalts = 

15-25%, trachyandesites = 4%, and trachytes and phonolites = 

1%, but he has demonstrated that a bimodal distribution 

could be obtained by oversampling of trachytic plugs and 

smaller intrusions. 

Similarly, Cann (1968) maintains that the mode of 

occurrence or rocks on volcanic islands influences the nature 

of the sampling. The basalts generally form large sheets 

while the more salic products are limited in extent. Thus, 

a geologist tends to sample on either side of a contact and 

in the process, overrepresents the trachytes. 

In sampling the volcanics of the Azores borehole, an 

attempt was made to adequately represent the nature of the 

flow units in each of Subaerial Sequences I, II, and III, 

the Transition Sequence, and the Submarine Sequence. Thus 

there was no ignoring of the intermediate rock types among 

the flow unitse If they had been present, they would have 
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been equally well-sampled with the basalts and trachytes. 

It must be admitted that sampling bias is present 

here too: because the trachytes between 275 and 350 m 

appeared to be the only visible chemical variation of the 

lavas in the core, all three of the trachytes were sampled. 

However, if intermediate rocks were present among the basalts, 

they would have been as equally well-sampled as the basalts. 

Thus, there remains the problem of explaining the 

lack of trachyandesites among the flow units. Why do we not 

see a complete profile of evolving magma products? Two 

possibilities exist: either the trachyandesites are produced 

and are not brought to the surface or, the magmatic evolu

tion process is biased so that basalts and trachytes are 

produced with the exclusion of trachyandesites. 

Cann (1968) has suggested that the final differen

tiates of a volcano are more water- and gaseous-rich, and 

therefore, final eruptions are biased in favour of the more 

explosively-extruded acid products. This results in a volu

metric bimodal distribution of basalts and trachytes, to the 

detriment of the intermediate rock types. 

If this argument is valid, then one can expect to 

find a residuum of chemically intermediate lavas somewhere 

beneath the 981 m of material uncovered in the drillcore. 

The only possibility of testing this theory is to drill deeper 

into the volcano. 

Cann (1968) has also suggested that the earlier di 
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ferentiates are continually being re-melted and remobilized 

by the passage of basalts through the volcanic pile. Thus, 

while the actual volume of trachytic material is not great, 

it appears to be more abundant because of its reappearance 

at higher levels. 

This reasoning still does not explain the absence of 

trachyandesitic compositions among the flow units in the 

drillhole since it is assumed that intermediate rocks have 

been produced, and yet they are not seen in this core. 

Yoder (1971) has used the system diopside-forsterite-

silica (Di-Fo-Qz) for PH 
0 

= 20 kb to demonstrate that partial 
2 

melting of the mantle can preferentially produce basalts and 

acid differentiates. This process could be used to explain 

why there are no trachyandesites in the drillcore, but it 

does not explain why, if this process is universal, trachy-

andesites are produced by other volcanic centres on Sao 

Miguel. 

In summary, it appears that there are three possi-

bilities: (1) the trachyandesites have been produced and 

have not been brought to the surface, (2) the trachyandesites 

have not been produced and thus are not found in the drill-

core, or (3) the intermediate rocks are represented in this 

drillhole by the pyroclastics. The fact that trachyandesites 

are found elsewhere on the island indicates that they are 

being produced in the other volcanic centres and one would 

expect a similar process to be in operation in this Agua de 

Pau volcano. 
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However, the pyroclastic material has not as yet been 

considered with the analyses of the flow units. Table 17 

compares the range in composition of some of the major oxides 

of the trachytes, the pyroclastics, and the trachybasalts 

and intrusives. From this table, it is apparent that the 

pyroclastics have Sio 2 , Tio 2 , MgO, CaO, and P2o 5 intermediate 

to the compositions of the trachytes and the trachybasalts. 

Thus, it is a possibility that the pyroclastics represent 

the "missing link" in the range of lava compositions. 

The difficulty arises in trying to assess exactly 

what has been analysed, since the pyroclastic units are all 

almost completely altered to clay minerals. The pyroclastic 

units could have been altered so that they appear more 

trachytic, or, conversely, altered to appear more trachy

andesitic. The Al
2
o

3 
values are high relative to the trachy

basalts and the trachytes. 

However, 'it must be seriously considered that the 

pyroclastics represent the intermediate products in the drill

hole. A more extensive chemical study of these units could 

reveal further clues as to their chemical nature. 

Therefore, while it can be shown that a Daly Gap 

exists for the lava units of this drillhole, the possibility 

exists that the pyroclastics provide the "missing" material 

of intermediate composition in this Agua de Pau volcano. 

iv) Petrogenesis 

Oceanic islands exist as volcanic "bulges" on the 



TABLE 17: Comparison of the chemistry of the trachytes, 

pyroclastics, and trachybasalts. 

Trachytes Pyroclastics Trachybasalts 

Si0 2 64 .. 38-69.96 57 .. 13-64 .. 22 54 .. 54-54 .. 58 

Ti0 2 0 .. 50- 0 .. 74 0 .. 71- 1 .. 05 2 .. 28- 2 .. 26 

Al 20 3 14 .. 41-16.76 17.10-22 .. 00 17.57-17 .. ·97 

Fe2o3 0 .. 44- 0.52 2 .. 40- 5.95 1 .. 70- 3 .. 41 

FeO 2 .. 51- 2.94 0 .. 46- 1 .. 09 3.02- 4 .. 17 

MnO 0 .. 07- 0.21 0 .. 02- 0 .. 14 0 .. 09- 0.15 

MgO 0.09- 0 .. 48 0.72- 1 .. 95 2.13- 3.03 

CaO 0 .. 20- 0 .. 74 0 .. 78- 2 .. 16 5.14- 6 .. 56 

Na 2o 5.25- 7 .. 02 2 .. 04- 5 .. 29 3 .. 29- 3.88 

K20 4 .. 79- 6 .. 29 2 .. 53- 4.41 3 .. 49- 3 .. 82 

P205 0 .. 03- 0 .. 12 0 .. 11- 0 .. 19 0 .. 89- 0.91 

Nb 163-216 189-269 94-95 

y 56-88 71-77 54-56 

Sr 6-57 100 358 1226-1315 

Rb 147-214 96-122 63-67 

Zr 823-1363 945-1227 405-419 

Cr N.D .. N.D .. 12 

Ni 1-2 2-10 17-18 
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floors of the ocean basins. In the case of the Azores 

islands, in addition to the active volcanism along the Mid

Atlantic Ridge, the Azores Platform appears to represent an 

anomalously high degree of magmatic activity. It is common 

practice to try to explain oceanic islands in terms of cur

rent theories about plate tectonics. 

Morgan {1971) originally proposed that a mantle plume, 

i.e. upwelling of hot magma material from the earth's mantle, 

occurs beneath the Azores. This view has been expanded by 

Schilling (1975) who proposes the existence of a mantle 

"blob" beneath the Azores Platform on the basis of rare 

earth element variations. O'Hara (1973) explained Schilling's 

mantle plume under Iceland in terms of partial melting and 

crystal fractionation, arguments which can be applied to the 

Azores situation as well. 

The following features have been observed by Schilling 

{1975) along the Mid-Atlantic Ridge south from the Azores 

Platform to the Atlantic Fracture Zone at 30°N latitude: 

1) Towards the Azores, pyroxene becomes the more 

abundant phenocryst, with plagioclase (An 73 89 ) the second 

most common. Away 

common phenocryst, 

the Platform, plagioclase is the most 

lowed by olivine (Fo
75

_ 89 ), then 

clinopyroxeneo This same trend was observed along the 

Reykyanes Ridge south of Iceland (Schilling, 1973); 

2) Analyses of dredged rock samples have shown that 

southw·est along the Ridge from the Azores Platform, there is 
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a depletion of the light rare earth elements (REE), which is 

shown as a decrease in the La/Sm ratio (Schilling, 1975, 

Figure 4, p. 108). The ratio decreases from a maximum of 

La/Sm = 3 for a point on the Azores Platform to a value of 

less than 0.5 at 1000 km southwest of the Platform along the 

Ridge. South of 34°N latitude, a relatively constant low 

value of the La/Sm ratio is obtained which Schilling terms 

a "normal ridge" value. A similar feature was noted by 

Schilling (1973b, 1973a) for Iceland and for the Gulf of 

Aden; 

3) There is no systematic variation of the FeO/ FeO 

+ MgO with distance SW along the Ridge. The FeO/ FeO + 

MgO was found to increase along the Reykyanes Ridge towards 

Iceland (Schilling, 1973b); 

4) There is a free a positive gravity anomaly rela-

tive to hydrostatic equilibrium over the Azores Platform; 

5) The samples analysed by Schilling (1975) were 

either 01- or Q-normative, in contrast to other published 

analyses presented for the Azores, which are alkaline (Ne

normative) . 

The above features have been explained by Schilling 

(1973, 1975) for both Iceland and the Azores as the result 

of a mantle "blob" or plume by which magma material upwells 

to the surface from the earth's mantle. Two different magma 

sources are proposed to exist beneath the Azores area: the 

mantle blob beneath the Azores Platform and a separate magma 
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source for the ridge south of 34°N latitude. The gradation 

in values of La/Sm ratios from the Platform SW along the 

Ridge results from a mixing of these two different magma 

sources. 

Thus, to produce the rare earth element pattern noted 

by Schilling, the mantle blob theory proposes that there is 

a mantle source which is rich in light rare earth elements 

upwelling beneath the Azores Platform which, between 40° and 

34°N latitude, mixes with a magma low in light REE whose 

source is the low velocity layer of the mantle. Thus, a 

somewhat consistent decrease in La/Sm ratio is observed 

between the Azores Platform and 34°N latitude, assuming a 

homogeneous mixing process has occurred. 

In line with O'Hara's ideas, the two different magma 

types and the gradation between them can be produced from 

one magma with varying degrees of crystal fractionation. 

The magma source for both the Azores Platform and the normal 

ridge segment could be the base of the upper mantle, which 

would imply a higher heat source from the lower mantle, but 

would not require flow of the lower mantle as is necessary 

in the plume model 

Once the magma is obtained from the mantle, the vary

ing amounts of rare earth element contents can be generated 

by crystal fractionation at different temperatures and pres

sures For example, a basalt depleted in the light rare 

earth elements can be produced by clinopyroxene fractionation 
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(O'Hara, 1973; O'Hara et al., 1975). This is supported as a 

possibility by the fact that the lavas become increasingly 

depleted in the light REE as clinopyroxene becomes less 

common as a phenocryst in the lavas (Schilling, 1975). The 

question is whether the original mantle material contains 

sufficiently high concentrations of the light rare earth 

elements to produce such a difference between the samples of 

the Platform and those of the normal ridge. 

Thus, both Schilling and O'Hara agree that Iceland 

and the Azores islands constitute unusual phenomena on the 

earth's surface9 Both attribute these disturbances to the 

earth's mantle, Schilling as a flow of mantle material, and 

O'Hara as a flow of heat. Both of these theories do not 

consider how a change from oceanic tholeiitic basalts to the 

highly alkaline rocks found on the Azores islands can be 

effected It must be assumed that either there is a second 

magma source (or a third magma source in Schilling's theory) 

which is alkaline or, at some pressure and temperature, the 

magma can cross a thermal divide and become alkaline in 

nature. 

Figure 41 plots the chemical data of this study in 

the CMAS system of O'Hara (1968). In this type of projection, 

the components of basalts are represented by: C = CaO, + 

Na 2o, K2o, -P2o5 ; M = MgO, MnO, FeO, Ti0 2 ; A = Al 2o3 , Fe 2o3 , 

Cr2o3 ; and S Si0 2 a 

Figure 41 represents the diopside projection onto 



c3A - M - S for the basalts of this study. The olivine 

gabbro thermal divide and the hypersthene-gabbro ~hermal 

divide are included as well as the phase boundaries for 

P ·= 1 atm. and P = 20 kb. 
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The plotted positions suggest that the samples have 

undergone equilibration at 1 atm. pressure. There is an 

indication of an enrichment of plagioclase feldspar as pheno

crysts, a feature also noticeable in Figure 42, which is the 

Quartz projection onto the 01-Di-Pl plane within the norma

tive basalt tetrahedron. 

The samples straddle the olivine-gabbro thermal divide, 

a feature previously suggested by the C.I.P.W. norms. How

ever, this could be the result of the altering conditions 

which has caused most of the basalts to plot in the Hy-norma

tive field between the hypersthene-gabbro and olivine gabbro 

thermal divides. 

The alkaline magma could be created by partial melting 

of spinel peridofite at 20 kb, or by fractional crystalli

zation of a liquid from higher pressures at 20 kb, to 

produce a liquid lying somewhere along the cotectic curve 

A-B-C, depending on the degree of partial melting or frac

tional crystallization. Eruption of any liquid lying along 

the segment A-B, accompanied by polybaric fractionation of 

olivine en route to the surface (arrow 1) could produce bulk 

compositions at the sur lying along the one atmosphere 



cotectic curve D-E. These would be Ne- normative alkali 

basalts, in accordance with the conclusion reached earlier 

in this chapter. However, the bulk compositions of the 

basaltic rocks do not now conform to the one atmosphere 

cotectic D-E. This suggests that they have been modified 

by two further processese First, the displacement towards 

the cpx-plag piercing point (arrow 2) is indicative of 

plagioclase enrichment, probably as phenocrysts, and is 

confirmed by petrographic observations and Figure 42, where 

most of the compositions are displaced towards the plagio

clase apex. 
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Secondly, P. Sarkar (personal communication) has 

suggested that addition of silica to these rocks has taken 

place during hydrothermal alteration. On Figure 41 this 

process is represented by a vector (arrow 3) which drives 

the compositions towards the Si0 2 apex, a result which could 

not be achieved by fractional crystallization at low 

pressure because of the olivine-gabbro thermal divide. 

This effect can account for the apparent tholeiitic nature 

of many of these rocks. 

v) Significance of the Pearce and Cann Diagram 

The Pearce and Cann diagram presented in Chapter 5 

appears to be significant in terms of the local plate 

tectonics~ The basalts plot in field D as within-plate 

basalts This agrees with the present position of Sao Miguel 
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relative to the present plate boundaries, i.e., the island 

is situated on the Azores Platform approximately 450 km from 

the Mid-Atlantic Ridge and approximately 175 km from the 

East Azores Fracture Zone. In addition, the failure to 

find any rocks with chemical associations with plate margins 

(Field B) may suggest that the Terceira Trough which runs 

through Sao Miguel has not been a secondary spreading 

centre. 
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CHAPTER 8: SU~MARY 

The material and ideas presented in this study can be 

summarized as follows: 

1) Of the thirty flow units analysed in this study, 

24 are basaltic in chemistry and mineralogy, 2 are trachy

basaltic, and 4 are trachytic. The 2 intrusive units are 

similar in chemistry to the trachybasalts. 

2) For the basalts, Al 2o 3 , Nb, and Zr increase with 

depth in the drillhole; CaO, Tio
2

, and MgO decrease; FeOT, 

Cr, and Ni vary randomly; and K
2
o, Na 2o, Sio

2
, Sr, Rb, and Y 

show no significant increase or decrease. 

3) The four pyroclastic units analysed have Sio
2

, 

Tio 2 , MgO, CaO, and P
2

o 5 concentrations intermediate to the 

values recorded for the trachytes and the trachybasalts. 

4) The sequences recognized in the core are not 

reflected by the chemistry of the analysed rock units. 

5) The magmatism appears to have been alkaline in 

nature, with some of the alkaline characteristics obscured 

by hydrothermal alteration 

6) The lavas of this study contain high K2o, P2o 5 , and 

Tio2 , but are not the most potassic nor the most alkaline of 

the rocks found on the islands of the Atlantic Ocean. 

7) The absence of lavas of intermediate composition 

(trachyandesites with D I. = 60-80) has been observed in this 

study and is considered to represent the Daly Gap of Chayes 



(1963) for the flow units of this drillhole; however, the 

pyroclastic units analysed have a chemistry intermediate to 

the trachytes and trachybasalts, and could represent the 

missing material of intermediate chemistry. 
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8) CMAS projection of the analyses of this study indi

cate that the basalts have probably undergone equilibration 

at 1 atm. pressure, and have been enriched in phenocrysts of 

plagioclase feldspar. 

9) Analysis of the flow units of the drillcore has 

been useful in outlining the present chemistry of the core. 

However, the value of a petrological study has been limited 

by the occurrence of hydrothermal alteration. 

FUTURE WORK 

The plots of Nb and Zr versus depth have shown 

correlation coefficients for the basalts of + 0.76 and 

+ 0.71, respectively® This suggests that for these elements, 

which are considered to be immobile during alteration, there 

is a somewhat regular decrease with evolution of the volcano. 

If red, this decrease is incompatible with the basalts 

having been successive eruptions from a single magma batch 

undergoing normal fractional crystallization. The further 

significance of these trends would be useful to investigate. 
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APPENDIX I: ANALYTICAL METHODS 

i) Preparation of Sample Powders 

Approximately eight small one-inch diameter cores 

were taken from each rock unit and combined to form a 

composite sample for that unit. The cores were crushed 

in a ceramic jaw crusher and subsequently ground in a 

tungsten carbide swing mill. The powders were then 

processed for 10 minutes in a twin shell dry blender 

to ensure their homogeneity. 

ii) Atomic Absorption Analysis 

The following elements were analysed by atomic 

absorption: Al, Fe, Mg, Ca, K, Na, and Mn. 

Sample solutions were prepared by the digestion of 

0.5 g of sample powder in nitric, perchloric, and hydro

fluoric acid on a water bath. The hydrofluoric acid and 

water were fumed off by placing the crucibles in a sand 

bath, after which,the samples were acidified with 

hydrofluoric acid and diluted to 250 c.c. and stored in 

polyethylene bottles. These sample solutions were then 

diluted as required to bring the elemental concentrations 

within a linear working range for atomic absorption. A 

20% lanthanum solution was added to each dilution to 

reduce interferences. 

A-1 

Sample blanks, JB-1 (a standard rock), and duplicates 

were prepared by the same procedure and analysed with 

the sample solutions. 



The analyses were made on a Beckmann Model Number 

503 Atomic Absorption Spectrophotometer. Five standard 

concentrations and a standard blank were made up for 

the analysis of each element. A plot of absorption 

reading versus concentration (ppm) was made for each 

element to ascertain linearity, and thus, the accuracy 

of the standard solutions. 

iii) Phosphorus Determination 

To determine the concentration of P 2o5 in the 

samples, a colorimetric method involving the formation 

of a "molybdenum blue" complex was used after the method 

of Jeffery, (1970, pp .. 367-371). 

A 5 cc aliquot of the sample solution prepared 

for the atomic absorption analysis was added to specially 

treated 50 cc volumetric flasks. A 20 cc aliquot of a 

reducing solution composed of sulphuric acid, ammonium 

molybdate solution, and ascorbic acid was added to each 

flask, and the solutions diluted to volume. The flasks 

were allowed to stand overnight to develop the colour. 

Standard solutions were prepared by the same method. 

A Bausch and Lomb Spectronic 70 Spectrophotometer 

was used to read sample and standard absorbances at a wave

length of 830 nm, using sample and standard blanks as 

references. The sample concentrations of P
2
o5 were then 

calculated by comparison with the standard absorbances. 
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iv) Water Determinations 

Total water was determined using a modified Pen-

field method after Volborth (1969, pp. 119-123). A O.Sg 

portion of sample powder was transferred to a specially 

designed Penfield tube along with 2.5 - 3 g of flux 

composed of lead dioxide, lead chromate, and sodium 

tungstate. The end of the tube was heated gently for 

10 minutes and then heated strongly for 5 minutes. The 

bottom bulb containing the powder and the flux was then 

twisted off using an acetylene torch. The tube was 

allowed to come to room temperature, was weighed, and 

then was dried in an oven at 110°C for 4 hours. The 

tube was then re-weighed at room temperature and the 

weight change calculated as weight per cent total water. 

H20 was determined on the same day as total water. 

Approximately 1.0 g of sample powder was weighed into a 

glass weighing bottle and dried in an oven at 110°C for 

4 hours. The bottles were then covered and removed to 

a dessicator and allowed to come to room temperature. 

The bottles were re-weighed and the weight change 

- + calculated as weight per cent H20 . H
2

0 was calculated 

by subtracting this H
2

0 value from the total water 

determination. 

v) Titanium Determination 

Two different methods were used in the analysis 

of Ti~ 2 : a hydrogen peroxide method (Maxwell, 1968), and 
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the method of Rigg and Wagenbauer using Tiron (Maxwell, 

1968) .. Both involve the use of the undiluted sample 

solutions prepared for atomic absorption and the measure

ment of the absorbance of a yellow titanium complex at 

a wavelength of 380 m~. 
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In the Tiron method, a 3 cc aliquot of sample solution 

was added to a 50 cc flask. A sodium acetate-acetic acid 

buffer solution ·was added along with the Tiron solution 

and thioglycolic acid .. The flask was diluted to volume 

and allowed to stand for approximately 2 hours to 

develop the colour. Standard solutions and blanks were 

prepared at the same time using standard stock solution. 

The absorbance of the samples at 380 m~ was measured 

with a Bausch and Lomb Spectronic Spectrophotometer and 

compared with the standards, and a weight per cent Ti0
2 

calculated. 

The hydrogen peroxide method involved the pipetting 

of 20 cc of sample solution into 100 cc flasks. A 

hydrogen peroxide solution was added to each flask, and 

the flasks were heated on a water bath for 20 minutes. 

The flasks were cooled, and diluted to volume. The 

colour was allowed to develop for 2 hours, and the 

absorbance of standards and samples was measured on the 

spectrophotometer and compared to obtain a weight per 

cent Ti0
2 

.. 



vi) FeO Determination 

The method of Wilson (Maxwell, 1968) was used to 

determine the weight per cent of iron as FeO. A 0.5 g 

portion of sample powder was weighed out and transferred 

to a special polyethylene flask. Ammonium metavanadate 

solution and hydrofluoric acid were added and the flask 

was covered and agitated at 150 to 200 rpm for 2 days 

until no gritty particles were visible. An acid mix 

was then added and the contents of the flask transferred 

to a 400 cc beaker by washing with a 5% boric acid 

solution. Ferrous ammonium sulphate was added with an 

automatic pipette,barium diphenylamine indicator was 

added, and the solution was titrated with potassium 

dichromate to a grey end-point. The weight per cent 

of FeO for each sample was then calculated. 

vii) co
2 

Determination 

The co 2 concentration was determined using an 

automatic co 2 titrator similar to that used by the 

Geological Survey of Canada (Bouvier, 1972). co 2 was 

evolved by heating 0.25 to 0.5 g of sample with hydro

chloric acid for 5 minutes. The evolved gases were 

passed through a series of traps to remove water and 

sulphur dioxide, and then trapped in a titrating cell. 

The co
2 

gas was automatically titrated by a solution of 

sodium methylate as an electronic eye detected a change 
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in the blue colour of the trapping solution. The burette 

readings for the samples were recorded and compared with 

those of standard rocks to determine the concentration 

viii) Si0 2 Determination 

Sio
2 

was determined by neutron activation analysis 

using a Dallas counter and sampling system. Sample 

powders were packed in special plastic rabbits and the 

weight of the powder recorded. A water (H
2

0-) analysis 

was determined at the same time, and the recorded weights 

corrected to dry weight. The samples were paired with 

standard rocks and both were irradiated for 30 sec. with 

a 15 Mev source. After a 30 sec. delay, the sample and 

standard were counted at the 1.78 Mev peak of Al-28 for 

200 sec. Each sample-standard pair was irradiated 12 

times and counted 6 times by detector A, 6 times by 

detector B. The Si0 2 concentrations of the samples were 

calculated by comparison of sample counts to standard 

counts. Corrections were made for Na
2

o, MgO, P
2

o
5

, Al
2

o
3

, 

and total iron as Fe
2

o3 . 

ix) Trace Element Analysis 
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The trace element analyses were performed by Dr. Ian 

Gibson, Bedford College, London by means of X-ray fluorescence 

analysis on pressed pellets of the sample powders. 
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APPENDIX II: DISCUSSION OF ERRORS 

i) Major Elements 

Analyses of these rocks were made at three different 

times: May, 1974; August, 1974, and February, 1975. With 

each batch of analyses, a standard rock was run, and 

comparisons were made with the "accepted" values as a 

check on the validity of the analyses. 

The standard rock, GSJ-JB-1, a basalt, was analysed 

at three different times. The results are presented in 

Table A-1, along with the accepted values of Flanagan (1973) 

and Abbey (1973). The results of Abbey (1973) are on an 

H
2
0--free basis and therefore are not directly comparable 

to the values determined in this study for which H
2

0 was 

not determined. However, Flanagan's (1973) results contain 

an analysis of H
2
0-. An average of the three values obtained 

in this study has been calculated, and a percentage difference 

with the accepted value of Flanagan (1973) has been calculated 

and presented in Table A-1. 

The standard rock, USGS-W-1, a diabase was analysed 

with the sample batch in February, 1975. The analysed 

results are presented in Table A-2 with the accepted values 

of Flanagan (1973) and Abbey (1973). A percentage difference 

between the values obtained from this study and the values 

of Flanagan (1973) has also been calculated and included 

in Table A-2 .. 



TABLE A-1: Comparison of analyses of standard rock GSJ-JB-1 

with "accepted" values .. 

Flanagan Abbey May,l974 August February Avg .. Avg .. % 
(1973) (1973) 1974 1975 Value Differ. 

Ti0 2 1 .. 34 1.35 1.34 1 .. 30 1.32 1.492 

At
2
o3 14.53 14 .. 67 14 .. 48 14 .. 50 14.48 14.49 0 .. 27 

MnO 0 .. 16 0 .. 16 0 .. 15 0 .. 15 0.15 0.15 6 .. 25 

MgO 7 .. 70 7.78 7 .. 80 7.74 7 .. 79 7.78 1.039 

CaO 9.21 9 .. 30 9.15 9 .. 13 9 .. 26 9.18 0.325 

Na 2o 2.79 2 .. 82 2.76 2.74 2 .. 71 2.74 1.792 

K20 1.42 1.43 1.43 1 .. 41 1 .. 45 1 .. 43 0 .. 704 

P205 0.26 0.26 0.26 0 .. 24 0.25 0.25 3 .. 846 

H a+ 
2 1.00 1 .. 01 

H2 0 0 .. 98 0.00 

co 2 0 .. 19 0 .. 19 

Total Fe 9.04 9.13 9.17 9 .. 10 8.99 9 .. 09 0 .. 553 
as Fe

2
o3 



TABLE A-2: Comparison of analyses of standard rock USGS-W-1 

with "accepted" values .. 

Flanagan Abbey February Per Cent 
(1973) (1973) 1975 Difference 

Ti0 2 1.07 1 .. 07 

Al 2o3 
15 .. 00 14 .. 87 14 .. 81 1 .. 27 

MnO 0.17 0 .. 17 0.17 0 

MgO 6.62 6.63 6 .. 60 0 .. 30 

CaO 10 .. 96 10.98 10.90 0.55 

Na 2o 2.15 2.15 2 .. 19 1.86 

K2 0 0.64 0.64 0 .. 65 1.56 

P205 0.14 0 .. 14 0.13 7.14 

H a+ 
2 0.53 0.53 

H20 0 .. 16 

C0 2 0.06 0 .. 06 

Total Fe 11.09 11.11 10.97 1 .. 08 
as Fe 2o3 



In addition to the use of standard rocks, duplicates 

of some of the samples were analysed to check the precision 

of the analyses. Table A-3 presents values obtained for 

duplicates of sample AUL 124.1, and a calculation of the 

standard deviation. 

Original and duplicate values were averaged in cases 

where the results were similar. However, when the values 

differed greatly, the resulb which gave a better total for 

the whole rock analysis was chosen. 

For the silica analysis by gamma-ray Spectrommetry, 

each sample was counted against a standard five times, 

and an average value calculated. The maximum accepta~le 

standard deviation was 0.5; although for most samples, 

standard deviation was less than 0.3. 

ii) Trace Elements 
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Several standard rocks were included with the samples 

analysed by Dr. Ian Gibson for trace elements. Table A-4 

compares the results of Gibson with the accepted values 

of Flanagan (1973) and Abbey (1973). All values are in ppm. 



TABLE A-3: 

Ti0 2 

Al
2

0 3 

Fe 2o3 

MnO 

MgO 

CaO 

Na 2o 

K20 

P205 

Standard deviation of duplicate analyses of 

AUL 124 .. 1 

"A" "B" Aug. of Standard 
A + B Dev .. 

5 .. 53 3.52 3.52(5) 0.007 

16.12 16.18 16 .. 15 0.04 

10.61 10.59 10.60 0.014 

0.18 0.17 0.17(5) 0.007 

3.17 3.15 3 .. 16 0.014 

8.45 8.53 8.49 0.06 

2.95 3 .. 01 2 .. 98 0.04 

2.36 2.38 2.37 0.01 

0.76 0.74 0.75 0.01 



TABLE A-4: Comparison of trace element analyses by Gibson 

on standard rocks included with Az6res Samples 

with "accepted" values .. 

Gibson (1975) Flanagan (1973) Abbey (1973) 

AGV-1 Nb 15 15 15 
y 20 21.3 26 
Sr 655 657 660 
Rb 68 67 67 
Zr 197 225 220 

BCR-1 Nb 14 13.5 14 
y 40 37.1 46 
Sr 317 330 330 
Rb 46 46.6 47 
Zr 157 190 185 

G-2 Nb 10 13 .. 5 14 
y 10 12 12 
Sr 475 479 480 
Rb 168 168 170 
Zr 303 300 300 

G5P-l Nb 18 (?) 29 29 
y 29 30 .. 4 32 
Sr 231 233 230 
Rb 246 254 250 
Zr 512 500 500 

W-1 Nb 9 9.5 9 .. 5 
y 23 21 25 
Sr 185 190 190 
Rb 20 21 21 
Zr 91 105 105 



A-9 

APPENDIX III: PHOTOMICROGRAPHS 



PLATE A-1: AUL 001.2. A trachyte showing sanidine pheno

crysts, small augite phenocrvsts. and fluidal 

texture of the feldsoar microlites in the 

oroundmass. The dark elonoated qrains included 

in the sanidine are biotite. Crossed nicols. 

Maonification: 1.25 X 2.5. 

PLATE A-2: AUL 020.3. Clinopyroxene accumulate in basalt 

showinq inclusion of opaque qrains within the 

rim of the larqe clinopyroxene. Crossed nicols. 

Maqnification: 1.25 X 2.5. 





PLATE A-3: AUL 020.3. Serpentinized olivine in basalt 

with zoned plaqioclase phenocryst. Crossed 

nicols. Maqnification: 1.25 X 2.5. 

PLATE A-4: AUL 030.4. Fluidal aliqnment of feldspar 

microlites in the qroundmass of a trachyte. 

Crossed Nicols. ~agnification: 1.25 X 2.5. 





PLATE A-5: AUL 051.2. Large zoned clinopyroxene phenocryst. 

The core of the phenocryst is green and the rim 

purple in pl~ne polarised light. Crossed 

nicols. Magnification: 1.25 X 2.5. 

PLATE A-6: AUL 098.2. Subfluidal alignment of feldspar 

microlites in a trachybasalt. Zoned plagioclase 

phenocrysts also present. Crossed Nicols. 

Magnification: 1.25 X 2.5. 





PLATE A-7: AUL 124.1. Fluidal texture in basalt from 

the transition sequence showing plagioclase 

aggregate. Crossed nicols. Magnification: 

1.25 X 2.5. 

PLATE A-8: AUL 124.1. Groundrnass fluidal texture showing 

alignment of feldspar rnicrolites. Crossed 

nicols. Magnification: 1.25 X 2.5. 





PLATE A-9: AUL 134.1. Groundmass texture of a submarine 

basalt. Crossed nicols. Magnification: 

1.25 X 2.5. 

PLATE A-10: AUL 030.4. Sanidine phenocryst and alignment 

of feldspar microlites in the groundmass of 

a trachyte. Crossed nicols. Magnification: 

1.25 X 2.5. 





PLATE A-11: AUL 098.2. Subfluidal texture in a trachy-

basalt. Crossed nicols. Magnification: 

1.25 X 2.5. 




