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FRONTISPIECE .................................................... -................ . 

Scanning electron micrographs illustrating the crystal 

growth of groundmass phases, chiefly plagioclase and 

pyroxene (augite), in pillow basalt AG22-1-4. ~; skeletal or 

hollow plagioclase (Lofgren, 1974) forms the nucleus of a 

spherulite comprised of radially intergrown plagioclase and 

clinopyroxene (Bryan, 1972). ~; plagioclase and pyroxene 

intergrown in lattice-like, reticulate fashion (Bryan, 

1972). Small euhedral to subhedral crystals are oxides. c· _ .... ' 

similar to B at higher magnification. P..; Plagioclase 

(platelets) with intergrown clinopyroxene (rods): phases 

have common b axes with a and c axes interchanged, 

indicative of three-dimensional diffusion (and sympathetic 

solute re-distribution) attendent on dendritic and cellular 

crystallization ( Padden and Keith, 1973; Tiller, 1977). E· ··-' 

an area in D at higher magnification. 
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PREFACE 

Prior to 1976, knowledge of the submarine lithosphere in the 

Southern Oceans was limited to studies of ocean island 

sample suites and a few samples dredged from the South 

Atlantic (e.g. Dickey et al., 1977 ). In late 1976, a co-

operative U.S.A.-Argentina research cruise took place to the 

vicinity of the Bouvet Triple Junction (Figure 1) and 

successfully recovered samples from two major fracture zones 

transecting the ridge system in this region. Basaltic 

fragments were made available to the Geochemistry Department 

of the University of Cape Town and out of this a multi-

institutional study arose: the Southern Ocean Lithosphere 

Project (SOLP). 

Participating institutibns include the University of Cape 

Town departments of Geology and Geochemistry, the Bernard 

Price Institute of Geophysics (Johannesburg), Woods Hole 

Oceanographic Institute (U.S.A.) and the Massachusetts 

Institute of Technology (U.S.A.). Among the primary 

objectives of SOLP are: 

(1) The identification, description and analysis of 

igneous rocks from ridge segments and fracture 

zones of the South Ocean ridge system and from 

associated oceanic islands. 



(2) Formulating and testing models for the formation 

of these rocks, for the relationships of rock type 

to tectonic setting and for the evolution of the 

Lithosphere in the South Oceans. 

(3) Investigating the geographical distribution of the 

geochemical influence of the Bouvet Mantle Plume 

on ocean ridge lavas (le Roex et al., 1983, 1985). 

A geophysical and dredging cruise forming part of SOLP was 

made to the Southwest Indian Ridge (SWIR) between 16 and 

26°E in October and November of 1981. This cruise (voyage 

22 of the S.A. Agulhas) succeeded in recovering basaltic 

fragments from 

(>200km) ridge 

several localities on two 

segments. In January 

relatively long 

1984, the author 

undertook the task of investigating the petrography, phase 

chemistry and petrology of this sample suite. This thesis 

presents the results of this study to date. 

********** 
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ABSTRACT 

Basaltic rocks dredged from the Southwest Indian Ridge 

(SWIR) between 16 and 26°E were investigated by petrographic 

. microscope, electron microprobe and X-ray fluorescence 

analysis. Basalts are olivine tholeiites with geochemical 

characteristics similar to normal, depleted mid-ocean ridge 

basalts (MORB) from the SWIR between 0 and 11° East (le Roex 

et al. , 1983). The suite consists predominantly of aphyric 

or microporphyritic olivine- and olivine-plagioclase 

basalts. Several porphyritic lavas are also present. 

Microprobe analyses of minerals from representative basalts 

exhibit a substantial compositional range similar to known 

MORB mineral chemistry. The observed phases are: plagioclase 

(Ans4-s9}, olivine (Foss-11 ), spinel (Cr/Cr+Al=0.27-0.57; 

Mg/Mg+Fe2+=0.78-0.57) and clinopyroxene (Woag-

49Ena1-44FS1-19 ). Much of the chemical variation in analysed 

pyroxene is attributable to metastable partitioning achieved 

upon quenching (eg. aluminous titansalite through to 

titaniferous augite). 

Investigation of mineral-melt equilibria and the 

identification of discrete modes of mineral crystallization 

indicate that the suite has experienced a polybaric 

crystallization history. Supported by projection of whole 

rock and glass data in the pseudo-ternary system Diopside-



Olivine-Quartz (Walker et al., 1979), and melt inclusions in 

plagioclase megacrysts of porphyritic lavas, the postulated 

pre-eruption history begins at high pressure (>=lOkb.), 

followed by magma ascent with subsequent resorption and 

rapid crystal growth and subsequent fractionation within 

the oceanic crust. 

The inf erred petrogenetic model 

mineral chemistry and the 

oan explain; (1) ranges 

origin of megacrysts 

in 

of 

plagioclase, high-alumina spinel, olivine and clinopyroxene; 

(2) different extents of crystal fractionation at individual 

dredge sites; and (3) distinct geochemical characteristics 

of lavas from different dredge sites. The observed 

geochemical diversity indicates that the mantle source 

beneath this section of the SWIR is heterogeneous at the 

scale of individual dredges. 

Evidence for lateral mantle heterogeneity is provided by 

between-ridge variations in incompatible inter-element 

ratios. Firstly, a subset of Dredge 5 lavas (Dredge site on 

Ridge A) are the least deplet~d basalts with the following 

characteristics; Zr/Nb=15-19, Y/Nb=4.1-4.5, Zr/Y=3.7-3.9. As 

a group, remaining Ridge A basalts have considerably lower 

Nb contents, with Zr/Nb=26-56, Y/Nb=8-16 and Zr/Y=3.1-3.8. 

Ridge B basalts are the most depleted with Zr/Nb=45-102, 

Y/Nb=l2-34 and Zr/Y=3.0-3.9. It is suggested that this 

13 



relative westward enrichment is related to the influence of 

the Bouvet mantle plume although this requires detailed 

isotopic analysis. 

********** 
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CHAPTER 1 

INTRODUCTION 

1 . 1 9..~.~.~.E-~.L ..... !?.~£.~.~.E .. 2.~.!.!.9.: ....... ~.!.! .. 9: ...... P .. !:.~ .. Y..:!:..9. .. ~§ ..... _'!i.9.E~ 

The 65 000 km long mid-ocean ridge system has been the 

primary focus of attention in studies of submarine basalt 

for the last 30 years because of the important concepts of 

sea floor spreading and plate tectonics. Ocean floor 

basalts represent the volumetrically most significant form 

of volcanism on earth; lavas are erupted and emplaced along 

the mid-ocean ridge in response to mantle upwelling and 

melting, generating new oceanic crust as the lithospheric 

plates move apart (Basaltic Volcanism Study Project, 1981). 

By implication, mid-ocean ridge basalt (MORB) should be 

progressively older away from spreading axes, a prediction 

confirmed by deep sea drilling results. The rates of 

spreading (or accretion of new oceanic crust) vary from over 

8 cm/yr to less than 1 cm/yr (half spreading rates). Within 

this framework, global tectonics is described by the 

lithospheric motion of about 20 plates. 

As a result of extensive studies of MORB the world over, two 

types of basalt with different isotopic and trace element 

characteristics have been identified. Basalts from 

topographically "norm.al" ridge segments have low large-ion 
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lithophile (LIL) element abundances and are depleted in 

light rare earth elements (LREE) relative to chondritic 

(primordial) meteorite compositions. These features and 

isotopic characteristics (e.g. low s1sr1sssr and high 

143Nd/144Nd ratios) require that the mantle source from 

which MORB is derived has previously experience4 a depletion 

event. Lead isotope systematics suggest that . depleted 

mantle has persisted for at least the last 1.5-2.0 ~q. 

(Church and Tatsumoto, 1975). 

In contrast to the above depleted (or N-type) MORB, ridge 

basalts from topographic highs and associated with oceanic 

islands (e.g. Iceland, Azores, Bouvet) have isotopic and 

trace element characteristics similar to ocean island 

basalts. These display LIL and LREE enrichment relative to 

chondritic abundances. This basalt type (enriched or E-type 

MORB) is more varied than N-type MORB and is often 

accompanied by transitional tholeiites (T-type MORB) and 

alkali basalts (e.g. Muir and Tilley, 1966; Aumento et al., 

1971; Basaltic Volcanism Study Project, 1981). In terms of 

petrography, mineralogy and major element chemistry, E-type 

MORB are considered to be ind~stinguishable from N-types 
) . 

MORB (Basaltic Volcanism Study Project, 1981). However, N-

type basalts show a greater tendency to selective 

plagioclase enrichment (Bryan, 1983) and pyroxene appears in 

relatively few basalts and typically at high degrees 

i 
I . 

.,. _____________ ------·----- -· - _ _. _______ .. _ .. --------



Table 1: Summary of geochemical characteristics and 
proportions of N-type, T-type and P-type MORB from 
the American-Antarctic Ridge and the Southwest 
Indian Ridge. Data from Bouvet Island shown for 
comparison. (From Table 6 of le Roex et al., 1985) 

N-type 

Mg no. 67-52 

Zr/Nb 17->64 

Y/Nb 8->22 

Zr/Y 1.8-3.6 

(La/Sm)N 0.5-1.0 

(La/Yb)N 0.3-1.1 

s1sr;sssr 0.70267-
0.70297 

143Nd/144Nd 0.51312-
0.51302 

% samples .. 47 

Mg no. 69-35 

Zr/Nb 17-78 

Y/Nb 4.6-23 

Zr/Y 2.2-4.2 

(La/Sm)N 0.6-1.0 

(La/Yb)N 0.8~1.l 

87Sr/B6Sr 0.70263-
0.70295 

143Nd/144Nd 0.51308-
0.51303 

% samples .. 83 

T-type 

64-44 

7.7-11.8 

1.3-3.0 

3.3-7.1 

1.2-2.0 

1.7-4.3 

0.70291-
0.70370 

0.51301-
0. 5,1284 

.. 47 

64-53 

8.8-15.5 

1.9-4.3 

3.1-4.7 

1.1-1.5 

1.4-2.7 

0.70307-
0.70334 

0.51296-
0.51288 

.. 15 

P-type 

65-40 

5.8-6.8 

0.9-1.2 

6.1-7.9 

2.1-26 

4.8-69 

0.70356-
0.70364 

0.51295-
0.51286 

6 

61. 8 

6.3 

0.9 

7 . 1 

2.4 

6.6 

0.70351 

0.51287 

.. 2 

Bouvet 

43 

6.4 

0.9 

7.5 

2.0 

6.8 

0.70365-
0.70376 

0.51282-
0.51285 

19 



fractional crystallization and/or partial 

Basaltic Volcanism Study Project, 1981; le 

melting e.g. 

Roex and Dick, 

1981; le Roex et al., 1982, 1983, 1985). For the most part, 

geochemical and mineralogical variations observed in MORB 

suites are quantitatively consistent with control by low 

pressure crystal fractionation. 

20 

It has previously been recognised that not all compositional 

variations attributed to fractional crystallization can be 

adequately described by quantitative modelling using 

observed phenocryst phases (e.g. Claque and Bunch, 1976; 

Bryan and Moore, 1977; Dungan et al., 1979; Walker et al., 

1979; Basaltic Volcanism Study Project, 1981). Substantial 

amounts of clinopyroxene are often required to account 

quantitatively 

clinopyroxene is 

for geochemical 

notably absent. 

variations where 

The absence of 

clinopyroxene in the lavas has been attributed either to 

dissolution as a consequence of magma mixing involving 

primitive and evolved magmas (Dungan et al., 1978; Dungan 

and Rhodes, 1978; Rhodes et al., 1979) or clinopyroxene 

fractionation within the mantle at moderate to high pressure 

(Kushiro, 1973; Fujii and Kus~iro, 1977; Bender et al., 

1978; Presnall et al., 1978, 1979). Clinopyroxene may be 

lost due to gravitative settling and/or resorption as a 

result of re-equilibration upon magma ascent. Experimental 

observations are consistent with high pressure clinopyroxene 

fractionation (e.g. Bence et al., 1979) and low pressure 
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fractionation of clinopyroxene only at moderate to high 

degrees of differentiation (Grove and Bryan, 1983). 

The Southwest Indian Ridge (SWIR), marking the present day 

spreading locus between the African and Antarctic plates, 

extends eastwards over 5 000 km from the Bouvet triple 

junction past the Prince Edward Islands to the Central 

Indian Ocean triple junction (Figure 1). Figure 1 depicts 

the regional setting of the SWIR, relative .to the Bouvet 

triple junction, and the locations of successful rock 

dredges obtained under the auspices of SOLP. These cruises 

are tabulated in Table 2 which includes for the sake of 

completion the 1974 cruise-115 of the R/V Chain (Dickey et 

al., 1977). 

The SWIR is an extremely slow-spreading ridge (<lcm/yr. half 

spreading rate; Sclater et al., 1976,1978), characterised 

toward the western end by several short ridge svegments 

transected by long, tra.....-nsform faults. Between 16 and 26°E, 

the SWIR has a relatively simple and therefore unique 

morphology: two long ridge segments, each over 250 km. in 

length, are present, offset approximately 20 km. by a short 

transform fault at about 20°20'E. Figure 2 is a more 

detailed map illustrating the bathymetry of the ridge system 

between 16 and 26°E and the locations of dredges studied in 

this thesis. 
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F~~~..1.= Sketch map of the Southern Ocean ridge system in 
the vicinity of Bouvet Triple Junction. Circles 
represent locations of dredge stations to date. 
Shaded portion depicts the study area of this 
thesis. Adapted from le Roex et al. (1983; 1985) 
The question mark indicates ridge morphology 
unresolved at time of publication. 



CRUISE DESTINATION. SHIP DATES 
------------------------------------------------------------
1. CHAIN 115; Bouvet Triple 

Junction (2°W-6oE) 

2. ISLAS ORCADAS 11-76; AAR­
SWIR (4oW-lloE) 

3. ATLANTIS II-107; SWIR 
(loW-10°E) 

4. VULCAN LEG5; AAR 
(4°-18°W) 

5. AGULHAS 22; SWIR 
(15o-25oE) 

6. AGULHAS 32; M.A.R. 
(540-47os) 

R.V. Chain 

R.V. Islas 
Orcadas 

R.V. Atlantis 
II 

R.V. Melville 

M.V. S.A. 
Agulhas 

M.V. S.A. 
Agulhas 

Jan-Feb, 1974 

November, 1976 

Mar-Apr, 1980 

Dec '80-Jan '81 

Oct-Nov, 1981 

Sept-Oct, 1983 

------------~-----------------------------------------------

Table 2: Geophysical and dredging cruises performed in the 
Southern Ocean. Cruises 1 to 6 are sources of 
dredge localities in Figure 1. References: 
(1) Dickey et al., 1977; (2) le Roex, 1980; (3) 
le Roex et al.,· 1983; ( 4) le Roex et al, 1985; 
(5) le Roex, unpublished data; (6) le Roex et al., 
(1987). Abbreviations are AAR = American-
Antarctic Ridge, MAR = Mid-Atlantic Ridge, SWIR = 

Southwest Indian Ridge. 

23 
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The two ridge segments (hereafter referred to as Ridge A and 

Ridge B, designating the western and eastern segments 

respectively) trend in a direction of 108°. Ridge A is at 

least 250km long and may continue further westward to 

coincide with the ridge segment at 52°8 15°E mapped by 

Norton (1976). Ridge Bis about 300km long, transected at 

its eastern end by a transform fault known as the Du Toit 

Fracture Zone (Fisher et al., 1982). 

The rift valley depression delineating the ridge segments is 

between 3500 and 4500 metres deep and flanking crestal 

mountains shoal to a depth of between 2000 and 2800 metres. 

The central valley is about 30km wide on average. 

Dredges were conducted on the ridge axis once the central 

valley and its associated magnetic signature were clearly 

defined by bathymetric echosounding and magnetometer 

signals. Co-ordinates of locations were established by 

satellite navigation. 

Eight out of fourteen dredge attempts were successful in 

recovering samples (see Table 3 for locations and contents) 

and preliminary hand specimen description and curation were 

completed on board ship. Sample numbers have the pref ix 

AG22 followed by two numbers designating dredge station and 

sample number respectively (for example, 

AG22-1-2 is sample 2 from Dredge 1). 

sample number 



1 . 3 T..h.!!: ....... t;?-.P..~ ...... .9. .. f. ........ ~.h.!:~l?. ....... ~ .. t..~.4..Y. 

This thesis aims to document the compositional variation of 

the Agulhas 22 basalt suite. The objectives of the project 

are: 

( 1) 

( 2 ) 

To establish and document the within- and between-ridge 

variation 
c.\ntA 

in terms of petrography, phase chemistry 

whole rock chemistry. 

" . 
interpret 

l 
compos~ional variations and discuss some To 

of the probable physico-chemical controls on their 

origin. 

1 • 4 .~ .. ~.!!!P-1.~.-.. !?. .. ~ .. b.~.£..!'. .. t.2.!! ....... ~D.4. ..... ~!! .. ~ .. LY.:!:J .. 9.. a ~··--~~ .. t...h.9.9.:.!?.. 

Immediately following the cruise, major element analyses of 

natural glasses from eruptive surfaces of 68 pillow basalts 

were obtained by Dr A.P. le Roex and M.L. Otter. Samples 

were analysed by electron microprobe with a defocussed 

electron beam (~30 microns diameter), 15 kV accelerating 

voltage and 1500 nanoamperes beam current on a Cambridge 

Microscan Model 5 microanalyser. On line reduction followed 

the method of Bence and Albee (1968) using correction 

factors of Albee and Ray (1970). 

25 
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l's~~ 
c:o .... 

s cc 

. f. .. ~ .. ~-~E.~ .. -... ?..: Detailed bathymetry of the SWIR between 16 and 
26°E. Solid dots represent successful dredge 
hauls. Adapted from an unpublished map by Dr. H. 
Bergh; ships tracks omitted for clarity. 

• 



Locntions nnd contents of st1ccessful dredge hauls 
obtained on cruise 22 of the S.A. Agulhas 

--------------~~;~~;-~;~--~;~~~i;~---------,~;~~~~-------~;~CRIPTIO~ 
------------------------------------------------------------

3 

52°17°5/16°5·\'E. 
Median valley · 
north wall (3700 m) 

57• 36. 55/18° 02. 4 'E 
:tedinn vulley, 
botto1n of south wall. 

(4200 ml 

5·1• \5.6'5/19°05.R'E 
Mcdiun vnlle:r, 
south wall (3500-

3i00 m) 

32(11.8 kll fresh 
aphyric pillow basalt 
fragments. 

30 (10.l ltg) lightly 
weathered aphrric 
pillo1l basalt frng­
ments. 5 fragments of 
moderately ~eathered 
plagio6lase porphy­
ritic basalt. Plus 
110 kg. small uncut 
samples. 

RO (59 kg) lii!htlr 
plngioclas•! porphy­
ritic and ,olivine­
plngioclnse porpl1y­
ritlc pillow basalt 
fr11gments. I (4 l~gl 
light!)" wenthcrcd 
spnrscJ.r plngioclus(! 
porphyritic diabnsc 
frugmr?nt. · 5 ( -1.1 kg) 
s11nrscly plngiocl:1sc 
pnrphyrit..ir. vesicular 
pillow buonlt frag­
ments. Plus BO ltg 
small uncut samples. 

-----------~-----------------------------------------------

------------------------------------------------------------
DREDGE NO. LOCATIO~ (DEPTH) DESCRIPTION 

------------------------------------------------------------

8 

12 

13 

?0-25~E: Ridge B 

53°01. l'S/21°50'E 
:-1cdinn vnlle:·, 
south wall. (3300 ml 

53°06.3'S/22°11.S'E 
Median valley, 
south wall. (3690 m) 

530Q9.5'S/22°t9.8'E 
:Jedian vnlle:.· 1 

south wall. (~850 m) 

53°23.6'5/23° ll.5'E 
~tedian valley. 
south 1;all. (3650 m) 

53°21.5'S/2~ 0 ~5.5'E 
~led inn val ler, 
sou th 1,·a 11. (3850 m) 

2 (!kg) moderately 
''enthcred n~hyric 
basalt fragments. 

15 ( 17 kg) lightly 
weathered sparsely 
plagioclase porphy­
ritic pillow basalt 
frugments. 9 (9 kg) 
plugioclnse porphy­
ritic (10-20% plagio­
clase) pillow basalt 
fragments. Plus 25 kg 
unsampled fragments. 

5 (6 leg) lightly 
weathered aphyric 
pillow basult frag­
ments. 

19 (24 kg) moderate 
to lightl~ weathered 
plagioclase (10-10%)­
olivine (0-1%) porphr 
-ritic plllou bnsnlt 
frngmcnts. 15 (6.Blcg) 
moderate to lightly 
weathered moderately 
pl~gioclase (3-10%) 
porphyritic pillow 
basalt fragments. 35 
(8.5 kg) lightly 
weathered aphyric 
pillow bnsalt frag­
ments. 2 (5.5 kg) 
lightly weathered.din 
-base fragments. 1 
(0.2 kg) pumice bomb. 
Plus 85kg small uncut 
samples. 

36 (27 kg) lightly 
weathered aphyric nnd 
sparsely plagioclase 
porphyritic pillow 
bnsult fragments. 
Plus 80 kg small 
uncut, glassy pillow 
basalt fragments. 

----------~--------------------.----------------------------



28 

Glass and petrographic data were combined to select samples 

for whole rock X-ray fluorescence (XRF) analysis. To aid 

sample selection of aphyric lavas, preliminary XRF analyses 

for Ni, Zr, Nb, Y, Rb and Sr were made on 23mm diameter 

discs cut from aphyric rock slabs, 0.5 to 1.0cm thick. To 

minimize effects of particle size and phenocryst 

distribution on absolute compositions, samples were selected 
""'e\"'e c.ho~et' 

for detailed preparation and on th~ basis of Zr/Nb, 

Zr/Y and Y/Nb ratios (known to be indicators of magma types 

and/or source region characteristics, e.g. Schilling et al., 

1983; Erlank and Kable, 1976; le Roex et al., 1983) as well 

as Ni/Zr ratios {an indicator of degree of differentiation). 

Major elements, with the exception of Na, were analysed on 

discs prepared by the lithium tetraborate fusion method of 

Norrish and Hutton (1969). Trace elements and Na were 

analysed by XRF on pressed powder briquettes, prepared using 

the method of Baird (1961). Major elements, Ba and Sc were 

analysed by a Siemens SRS-1 X-ray spectrometer and remaining 

trace elements were analysed on a Phillips PW1400 XRF 

spectrometer. Routine operating conditions are given by 

Duncan et al. (1984). 

The whole rock XRF data, 34 selected polished sections and 

the entire Agulhas 22 basalt collection (~300 samples) were 

made available to the author at the beginning of this 

project. An extensive petrographic study was carried out 



which, together with the XRF data, served to identify 

within-dredge variation in terms of distinct petrographic 

and/or chemical basalt groups (lithologies), from which 
) 

samples were selected for detailed petrographic and phase-

chemistry investigation. 

Electron microprobe analyses obtained by the author were 

made with a Cameca Camebax electron microprobe with an on-

line data reduction program using a ZAF correction 

procedure. Operating conditions routinely employed were 

15kV accelerating voltage and 40nA beam current. Ten second 

counting times were routinely used and a focussed beam with 

a diameker of 2 microns was used for the majority of 

analyses. For analysing feldspars the beam was defocussed 

(10-20 microns diameter) and for natural glasses, an even 

larger spot size (20-50 microns diameter) was used. To 

improve Ni determinations in olivine, an accelerating 

voltage of 25kV and 50 second counting time were used. 

Details of standards, counting errors and a full analysis 

directory are given in Appendix 1. 

********** 
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CHAPTER 2 

PETROGRAPHY 

The Agulhas 22 basalt suite consists largely of subangular 

rock fragments with glassy margins (70% of recovered samples 

have a glassy surface). Glass is commonly restricted to a 

single rounded surface which may show flow structures (e.g. 

sample AG22-13-36 resembles a ropey or pahoehoe lava). On 

this basis, the sample suite is considered to be dominantly 

extrusive, samples being either pillow basalt fragments or 

pieces of submarine sheet flows (Ballard et al., 1979; 

Natland, 1980). 

Basalts are classified according to the scheme of Bryan 

(1983), classification based on the of 
a presence 

crystalline phases recognisable in samples. For example, an 

olivine basalt is one in which olivine is the only silicate 

phenocryst phase present. The petrographic groupings, 

consistent with phase equilibrium experiments on oceanic 

basalts are: 
-

olivine basalts (± spinel) 

olivine-plagioclase basalts 

olivine-plagioclase-pyroxene basalts 
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Definitions of types of crystals as "microlites", 
I 

"microphenocrysts" and "phenocrysts" follow the nomenclature 

of Bryan (1979) with the term "megacryst" used in preference 

to "xenocryst" since it is non-genetic. Note that grain 

size alone is not necessarily distinctive and a combination 

of physical properties (Table 4) are used as criteria for 

classification. 

Nomenclature and textural terms are adopted from the 

Basaltic Volcanism Study Project, (1981) and McKenzie et al. 

(1981) and .closely follow the Deep Sea Drilling Project 

(DSDP) convention. Crystal morphologies are described using 

the terminology of Bryan (1972), Lofgren (1974) and 

Donaldson (1976). Textural variations observed are typical 

of ocean floor basalts described elsewhere (e.g. Bryan, 

1972, 1983; Natland, 1978, 1980; Kirkpatrick, 1979; Basaltic 

Volcanism Study Project, 1981). 

With increasing distance away from the glassy surface, 

groundmass textures vary from totally glassy (holohyaline) 

through to holocrystalline. This gradational variation, 

typically present in all s_amples has two important 

consequences: firstly, glass selvedges provide an easy and 

efficient method of basalt classification and secondly, 

coarse-grained interiors may be petrographically indistinct 

from intrusive basalts. In this respect, ~amples originally 

classified as diabase (or dolerite, ie. of intrusive origin; 



Table 4: Characteristics of 
observed in oceanic 
to Bryan (1979) 

different crystal types 
pillow basalts, according 
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----------------------------------------------------~-------
Crystal type Typical size Char._?-cteristics 
------------------------------------------------------------
Megacryst >0.5mm 

Phenocryst >0.5mm 

Microphenocryst <0.5mm 

Microlite <250um 

Large, subhedral to 
anhedral, commonly 
showing evidence of 
corrosion and/or reverse 
zoning. 

Generally smaller than 
megacrysts, subhedral to 
euhedral; little or no 
evidence of corrosion. 

Generally smaller than 
phenocrysts of the same 
phase, euhedral with a 
tendancy toward skeletal 
forms. 

Generally smaller than 
microphenocrysts of the 
same phase, commonly tiny 
skeletal crytals. e.g. 
"Belt buckle"-plagioclase 
and "lantern" - olivine 
(Bryan, 1972). 

------------------------------------------------------------

shipboard classification) could represent interiors of sheet 

flows although diabase textllres - , generally more are 

interlocking and medium to coarse grained relative to flow 

interiors. In view of similar mineral and whole rock 

chemistry this distinction is carried no further except in 

descriptive terms. 



Textural variations within pillow basalts allow the 

recognition of three.broad textural zones with;gradational 

boundaries (Bryan, 

these are: 

1972). From the glassy margin inward 

(i) A glassy zone (Zone 1 of Bryan, 1972) generally less 

than lcm wide, either completely glassy or vitrophyric. 

Olivine and/or 

microphenocrysts in 

acicular microlites 

plagioclase 

this zone. 

of these 

generally occur as 

Skeletal (dendritic) and 

phases may be present, 

generally increasing in abundance toward zone 2. 

(ii) A spherulitic or variolitic zone (zone 2) is 

characterised by a dense intergrowth of spherulites, 

generally 3 to 4cm thick. Spherulites are brown in colour 

and increase in diameter away from the glassy zone. At the 

interface between zones 1 and 2, spherulites appear fuzzy 

and indistinct with acicular crystallites radiating from a 

common nucleus which may be distinguishable microphenocrysts 

or microlites of olivine and plagioclase. Further inward, 

spherulites adopt a sheaf or bow-tie morphology in which 

acicular intergrowths of plagi~clase and clinopyroxene are 

recognisable. Intergrowths occur in fan-shaped to axiolitic 

morphology (Lofgren, 1974); plumose and reticulate 

intergrowths (Bryan, 1972) are common in these 
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late crystallization products (see paragenetically 

frontispiece). Titanomagnetite, and rarely ilmenite, occur 

as e skeletal to anhedral grains in this zone. 

(iii) A holocrystalline (interior) zone (zone 3) is marked 

by a general uniformity in groundmass texture. Bow-tie 

spherulites typically give way to recognisable microlitic 

plagioclase with interstitial, coarser grained, plagioclase­

pyroxene fan-shaped intergrowths. In more slowly cooled 

portions, pyroxene may be granular and an ophitic or 

subophitic texture may predominate. Generally, the texture 

is intersertal, groundmass textures exhibiting an open bow­

tie habit. 

In addition to the within-sample textural variation 

described above, a gradational, between-sample, variation is 

also present. More specifically, aphyric basalts exhibit a 

regular texture {spherulitic to fan-spherulitic) whereas 

porphyritic basalts typically are hyalo-ophitic {or 

hyalopilitic) to intersertal. 

Factors known to affect text~re include dimensions and 

morphology of eruptive units, nucleation and·cooling rates, 

nucleation density, flow and settling rates of crystals, and 

intrinsic variables 

{Basaltic Volcanism 

such as viscosity and composition 

Study Project, 1981). The three 

34 
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Figure 3 Textural variation in a pillow basalt as a 
function of cooling rate. Curve depicts the 
instantaneous cross-sectional cooling rate profile 
as a function of radial position for a spherical 
magma body (25 cm. diameter) at the lOOCFC 
isotherm (cooled from 114CFC, surface temperature 
of CFC and assuming a thermal diffusivity of 0.01 
cm. 2 /second; after Schiffman and Lofgren, 1982; 
based on conductive cooling model of Jaeger, 
1967). Note that core cooling rates are always in 
excess of 20CFC/hr.; they would be even higher for 
smaller pillows. Photomicrographs of olivine­
plagioclase basalt AG22-1-13: (a) glassy zone, (b) 
spherulitic zone (1 cm. from cut surface ) and (c) 
interior zone (4 cm. from cut surf ace). 

CORE 
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textural zones described above occur as a function of 

decreasing cooling rate experienced by basalt magma with 

increased distance from the eruptive surface (e.g. Muir and 

Tilley, 1966; Bryan, 1972; Brandeis et al., 1984). Figure 3 

is a schematic diagram illustrating the undercooling (or 

quenching) as a function of distance from the surface of a 

spherical body (e.g. an individual pillow). The term 

undercooling is defined as the negative temperature 

differential, -~T, between the equilibrium liquidus 

temperature and the actual temperature at which 

yrystallization occurs. Hence, extreme values of -fl_T 
affes\::: 

crystallization (the melt becomes a glass) while 

low_ -~T permits crystallization to proceed more normally. 

In this respect, samples have been compared by studying 

equivalent positions in textural zones in each of the chosen 

fragments (cf. Photomicrographs, Figure 3). 

2 . 2 R .. ~.!: .. ~ .. 9..$..E.~P.hY ..... 9.J ..... J.~9.:.tY.l.9.:~ .. ~.!. ....... P..E .. ~5!.~ .. ~ ..... B .. ~ .. !...~. 

In this section, detailed petrographic descriptions of 

selected samples together with mineral compositions are 

presented for individual dredge locations. Table 5 

summarizes the petrographic ·characteristics of 34 studied 

samples. 

Samples are fresh, glass encrusted pillow basalt or lava 



SAHPLE 
NUHDEll 

llAND SPECIMEN OESCRJPTION TllJN 9HCT10N CllARACTElllSTICS 
LIT1!01,0GY ( GllAIN 5 IZE) WEATIIElU NG GLASS PllBNOCUYSTS MI CHOl11TENOCUVS1'S M/\'l'U J X 

01.TVJNI~ PJ,AOJOCt~ASI! RPTNEL CPX Ol,IVINH Jll,AC:JOCl.A~H Hl'HIHI. (HH.l\SS) 
/\C:CE~rnonv OPAQ1rns !"':ECONnAUY VHS ICIA~S 

1;1~-·r 1 OX ttJIW HlJLl'llJ IJHS PllAHES 
'l'EXTllllE OF 
t:IWUNIJMAmi 

Cl.AS~; IF I CA1' I ON 
AF'rHH HUY AN ( 1 !ut:t) 

-------------------------------------------------------------------------------- ---------------------------------------------------------------------------------------------------------------------------
.\C22-l-l APllYRIC (Al L " 3% 1% tr !JGX Ml Pr.Po t,i tr FA~ Sl'llEllUl. I 'l"l C OL-PLAG U/\S1\L1' 
AG22-l--1 APllYRIC (A) L " s" 10% tr 8S% Mt Py,Po Li Lr FMJ Sl'llEIH.'l.ITlC OL-PLAG UAS/\l~T 

AC22-1-13 Al'll\'RIC !Al L " S% 10% tr 8S% Mt Pr,Po Li lr FAN SPllERL'LITIC OL-T'LAG DASALT 
AC22-3-2 APll\'RIC (Al L { 5% 95~ Mt Py,J'o Pn,Sm,Li Lr FAN ST'llERL'Ll TIC OL BASALT 
AC22-3-4 1\Pll\'RJC (Al L " 5% tr 9S% Mt Pr,ro Sm,Li tr FAN SPllF.llt.11.ITJC OL BASALT 
AC22-3-G APll\'HIC (Al L { 5% 95~ m Py,Po Sn1, Li t.r FAN SPllERULJ1'1C 01, llAS.\t,T 
AC22-J-8 APllYR!C (Al L " S% 9S" Mt P~·, Po Sm,Li Lr I NTEl!SEllTAL OL BASALT 
AC22-J-20 APH\'RIC (Fl L <l" 5% SO% tr .1 s" ML,llm P:r,Po,Cp Sm,Li lr I NTE!lGRANULAR OL-PLAG BASALT 
AG22-J-23 APllYRIC (Al LIM S% 9S" Mt P;r,f'o Sm,Li,Chl tr FAN SPllERULJTIC OL BASALT 
AG22-3-29 APll\'RIC (Al M/11 5% 9S% Ml Py,Po Srn,Li Lr VARJ Ot.ITJC OL DA~ALT 
AG22-3-34 APll\'ll!C (Ml M <1% 5X 50X ·15" ML, llm rr,Po,Cp ~m, l.i tr lNTERGRANl.11.AR OL-f'Ll\fi nASALT 
AG2~-!i-B Al'll\'llJC (Al L/M ,/ ·1'' tr 9G% Mt fl)' I Jlo,tp, I'll S111, Li lr l;AN SPllEHL11,J1'1C llL llASAl,1' 
AG~~-5-9 Al'll\'RIC (,\l M ,/ <l" 4% 96% Mt Py 1 Po,Cp,Ft1 Sm,Li lr \'/\UlULlTlf' or, flABAl,T 
AG22-5-10 APll\'RJ C (,\I L ,, 4" 96% Mt Pr,Po Sm,Li t.r FAii S!'llERl'LITlC 1)1. U,\SALT 
AC22-5-14 APll\'RJC (Al L J ''" S% !" 94% ~It Py,Po Sm,Li <1% I N'fEll~EHTAL 01.-Pl..AG UAS,\LT 
AC22-7-I Al'llYRIC (Al L " S% 2X 1% 92% Mt Py,Po Li tr FAN Rl'llEl!Ul,J TIC OL-l'LAG BASALT 
AC22-8-I S.P. (Al L JX S% 4 SY. SOY. Mt Pr,Po fim,Li tr INTERSEl!TAL OL-PLJ\G DASAl,T 
AC22-8-2 s.r. (Al L 3% SX 15% 40% Mt,Ilm Pr,Po,Cp Sm,Li lr I NTEHGRANU,\I! OL-1'LAG IJAS.\l.T 
AC22-8-9 S.P, (Al L " 3% 5% S5X 50% Mt Pr Sm,Li tr I NTEllSERTAL OL-T'LAG UJ\.S1\LT 
AC22-8-ll S. P. (Al L ./ 2% s" 4 s" so" Mt P:r,Po,Cp Sm,Li <2" OL-PLAG OAS1\LT 
AC22-8-IS S.P. (,\) L ,/ 1% S% 4 sx 50% Mt P;i.- Sm.Li <2% TO OL-PLAG BASALT 
AG22-8-16 PORT'llYRITIC (Al L " <IX 7% tr• S1' 7% 80% Mt Py Sm,Li tr OL-T'LAG Di\SALT 
AC22-B-19 PORl'llYRITIC (Al L of ll: n: lr S% 71' 80% Ml Py,Po Sm 1 Li tr 11\"ALOPILITIC OL-PLAG D1\SALT 
AG22-8-24 PORPll\'RITIC (Al L " 1% 201' tr sx 20% SSX Ht Py,Po,Cp Sm.Li tr OL-I'LAG BASALT 
AG22-9-1 APll\'RIC (A) L/M ./ 7% 8" <1% 851' Mt Py Li tr INTERSERTAL OL-PLAG BASALT 
AG22-9-2 APllYRIC (Al L/M 7% 8% <1% 8S" Mt Py Li tr INTERSERTAL OL-PLAG BASALT 
AC22-12-I PORPllYRITIC (A) LIM " 1% 40% tr tr S% 10% 4 S% Mt Py Li tr INTERSERTAL OL-PLAG-CPX BASALT 
AG22-12-4 PORPllYRITIC (Al L/M ,/ 1% 30% tr SX 10% 4 S% Mt Py,Po Li tr TO OL-PLAC BASALT 
AC2Z-1~-20 PORPll\'RJTIC (Al LIM v IX 10" tr 10% 15% 6S% Mt Py,Po Li lr 11\"ALOPILITIC OL-PLAG UJ\SAI.T 
AG22-12-3S APllYRIC (Al L ' S% tr 9S" Ht Py tr FIN ngnn1c OL BJ\SJ\LT 
AC22-13-l APll\'HlC (Al L ,/ 2% 98% Ht Py L; tr FAN SPllEHtH,ITIC Qt, BASALT 
AC22-13-J~ APllYl!JC (Al L J sx 80% Ht P:r,Po Li 1% INTERSERTAL OL-PLAG BASALT 
AC22-13-2S APll\'ll!C (,\) L v 2% 98% Mt p,. Li tr FAN SPllERl.'LITJC OL BASALT 
AG22-l 3-32 APllYRIC (A) L " 2% 98% Mt Py Li tr FAN SPHERULITIC OL B.ASALT 

--------------------------------------------------------------------~----------- ------------------------------------------------------------------------------------------------------------------------------
b!Tl!Qr,oqy \,'EAT_!IE~l!l.G MIN~RALS 1!9.L!E~ O~<i~ _£'!11.S.E_S §_ECONDAJ_?_}'_ J:lltl_~li_~ £],A~-1.f.ICA_T_tON SCllEME_ 

sr sparsely porph)'ri tic L light discolouring nL edges CPX clinoprroxcne tr = trace Mt titnnom3gnetite Li limonitc+hydroxides OL oli,·inc 
A aphanitic ~ moderately discolour"ed includes high- llm ilmenite Sm smectite clays PLAC plngloclo.se 
F fine grained H : highly discoloured alumina spine! Py -. p;rrit.c Pa pulngonite CPX = clinbpyroxene 
~I medium grajned megacn·st. Po pyrrhotitc Chl chlori le 

Cp chnlc-op~·d te 
Pn penllandite 

'fnbl~~: Petrographic characteristics of 3·1 selected bnsalts of the Agulhas 22 
basalt suite ;modes estimated \'isually 

j 
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fragments. All fragments are very fine grained (aphanitic) 

and aphyric. Samples selected for detailed study (AG22-1-1, 

AG22-1-4; AG22-1-13) have microphenocrysts of olivine and 

plagioclase (size 0.2mm) plus spinel set in an arborescent 

hY~f_,..ocrystalline matrix. 

plagioclase (Ans7-74) 

Euhedral olivine (Foss-s1) and 

are closely associated, commonly 

forming glomeroporphyritic clusters up to 3mm in size. 

Chrome-spinel microphenocrysts (average size, 20 microns) 

occur as inclusions in olivine as well as discreet crystals 

in the matrix. The matrix comprises interlocking 

plagioclase and pyroxene and interstitial skeletal 

titanomagnetite (<2 microns in size) as well as subordinate 

sulphide (pyrite and pyrrhotite) spherules and blebs (2-5 

microns).* Several vesicles in glassy zones are adorned 

with sulphide spherules (Plate 1). Minor limonite staining 

occurs in the matrix; other secondary phases are absent. 

2 . 2 . 2 g __ ?.::.~g; .. ~ ...... .A ... i. ........ P. .. !:: .. ~.9.:.$. .. ~-····~· 

Dredge 3 recovered variably altered angular to subangular 

basalt fragments, relatively few of which have quench glass. 

Fragments are mostly aphanitic and despite the rare 

occurrence of plagioclase pheno~rysts (<2mm in length), all 
- 0 

are classified as aphyric. Several samples are fine to 

*Interstitial opaque phases (Fe-Ti oxides, sulphides) occur 
in most samples from 5 microns size down to the limit of 
visibility in the microscope. They are not discussed 
further here; see Table 5 for details. 
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medium grained and were initially designated (shipboard 

classification) as diabase (or dolerite). Many samples 

(especially the coarser samples) are fairly extensively 

altered with secondary chlorite replacing groundmass 
' 

minerals and showing up as distinct colour banding on 

fracture surfaces. The green discoloration penetrates 2 to 

5cm into the samples, leaving cores grey in colour and 

presumably relatively unaltered. 

Detailed investigation of eight samples (Table 5) shows that 

they are olivine basalts with well developed quench 

textures. Microphenocrysts (average size 0.25mm) of olivine 

(Fos3-ss) occur in a hyalocrystalline matrix with rare red-

brown chrome spinel octahedra. Plagioclase microlites are 

absent from quench glass and rare laths (An62-66) occur 

intergrown with olivine microlites elsewhere in the samples. 

Dendritic to euhedral olivine crystallites ( Fos o - s 2 ) are 

common in the quench glass and in coarser textural zones 

where they occur intergrown with more sodic plagioclase 

microlites (Anss-62 ). 

Secondary phases include green~ to yellow smectites which 

commonly line vesicles walls and replace ferromagnesian 

groundmass phases (Plate 1). Quench ,glasses are also 

visibly discoloured and altered. Fresh glass is typically 

clear yellow-brown (e.g. AG22-3-6) while altered glasses 



A. 

B. 

PLATE 1. 

Fresh, quench 
spherulites and 
Sample AG22-3-6. 

glass with sparse plagioclase 
dendritic (spinifex) olivine. 

Altered glass (palagonite), 
Note fringes of palagonite 
cracks. 

Sample AG22-3-2. 
bordering perlitic 

C. Decorated vesicle and olivine microlite 
(to left) with dendritic overgrowth.Sulphide 
spherules (specks adhering to vesicle walls) 
are too small to analyse by microprobe. Sample 
AG22-12-4. 

D. Altered 'lantern-and-chain' olivine microlites 
in a cryptocrystalline groundmass; variolitic 
basalt AG22-3-29. · 

E.. Olivine basalt with spheruli tic texture and 
segregation vesicles. Note how several vesicles 
are further lined with smectite ( green to 
orange clays ) and/or Fe-Mn hydroxides. Note 
also the olivine microphenocrysts and how they 
border vesicles. Sample AG22-3-23. 

F. Spherulites in Textural Zone 2, sample AG22-5-
10. Note the arrangement of olivine 
microphenocrysts in a semi-circular crystal­
ring structure. 

G. Plagioclase megacryst in sample AG22-3-34 with 
fringe of skeletal quench plagioclase. Numbers 
indicate compositions in Mole % anorthite. 
Compare with detail in Figure H. 

H. Same megacryst as in G, under crossed nicols. 
Note the zoning pattern; anhedral, calcic core 
with oscillatory ~oned mantle region. Mantle 
begins with inclusion-rich zone and is reverse 
zoned. See how the crystal outline truncates 
the zoning pattern, providing evidence for 
resorption . .. 
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PLATE 1 

A B 

1.0 mm 

c 0.85 mm 

D 

0.1 mm 

E 
0.13 mm 

F 

2.5 mm 

G 
0.85 mm 

H 

1.3 mm 1.3 mm 



range from dusty olive-brown (AG22-3-8) to dull orange-brown 

(e.g. AG22-3-2). In sample AG22-3-2, glass is altered to a 

murky amorphous palagonite and further to an anisotropic 

fibrous palagonite along perlitic fractures (Plate 1). 

Several samples, particularly AG22-3-23 and AG22-3-29, are 

extensively altered and have vesicles which are filled to 

various extents with dark microcrystalline mesostasis. Such 

segregation vesicles (0.5-1.0mm diameter) have been 

described by several authors (e.g. Smith 1967; Jones, 1969; 

Bideau et al., 1977; Sato, 1978; Shibata et al., 1979; 

Walker et al., 1980; Bideau and Hekinian, 1984). Secondary 

infilling may occur in the form of yellow to orange 

smectites and/or brown botryoidal ferromanganese phase(s) 

(e.g. Plate 1). 

Surrounding many vesicles in several samples (e.g. AG22-3-

23) are many olivine microlites arranged in circular ring-

structures generally only one crystal wide. Sample AG22-3-

29 shows a classic variolitic texture with plagioclase 

spherulites surrounded by dark red-brown haloes of secondary 

oxide phases. Spectacular skeletal "lantern chain" olivine 

microlites are also altered (Plate 1). 

Coarse grained samples (AG22-3-20, AG22-3-34) have euhedral 

olivine (Fo19-a3) microphenocrysts commonly intergrown with 
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plagioclase (An6J-6B) and set in an intergranular matrix of 

skeletal plagioclase (Ans4-64) and granular to skeletal 

pyroxene of varied composition (Wo39-49, EnJ4-44, Fs1J-24 ). 

Interstitial titanomagnetite and ilmenite form subhedral 

grains up to 200 microns in size. Sulphides are pyrite and 

pyrrhotite (up to 10 microns) and rare pyrrhotite spherules 

contain tiny flecks of chalcopyrite. 

Sample AG22-3-34 contains a rounded plagioclase glomerocryst 

comprising at least two megacrysts less than lmm in size 

each. Crystals are normally zoned (Ans4 -Ans 1 ) with 

skeletal overgrowths of a more sodic composition ( An6 6 - 6 s ) 

similar to groundmass or microphenocryst plagioclase. The 

external form of these crystals transects the zoning pattern 

suggesting that the megacryst has suffered resorption (Plate 

1 ) . 

2 • 2 • 3 R.t..9.: .~.~ ....... A..i. ...... }:?..E.~-9:.~ .. ~-·--~ 

The basalts from Dredge 5 include variably altered glass 

bearing pillow basalt, glass free massive basalt and several 

vesicular basalt fragments (30% vesicles by volume). The 

vesicular basalts (5 samples) .were not studied in detail. 

Samples are aphanitic and in spite 

plagioclase phenocrysts (typically 1 

of rare olivine and/or 
zo '""'. diciiriel'"'~< 

to 3 perAsample where 

present, 1-3mm in size) they are classified as aphyric. 

Although glass is normally fresh, samples are typically 
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discoloured with green-brown colour banding. Sample 

AG22-5-9 has a clayey surface beneath which a distinct 

variolitic texture is evident. 

Thin sections were made of 4 samples, three of which are 

olivine basalts (AG22-5-8, AG22-5-9, AG22-5-10) and the 

fourth, an olivine-plagioclase basalt (AG22-5-14). The 

olivine basalts are olivine microporphyritic with skeletal 

to euhedral olivine (Fos4-s6) and quench microlites (Fos1) 

set in a hyalocrystalline matrix. Rare red-brown euhedral 

spinels occur and skeletal groundmass plagioclase (<0.2mm 

long) is characteristically acicular (An6s-10 ). A single 

plagioclase megacryst (lmm in length) in sample AG22-5-8 is 

normally zoned (Ans4-s1) with a rounded morphology. In 

sample AG22-5-9, 1 to 5mm large olivine phenocrysts (Foss) 

are normally zoned to compositions of the microphenocrysts 

(Foss). In addition to typical sulphide phases, pyrrhotite 

spherules (AG22-5-8) may also contain a highly reflective 

phase,probably pentlandite ( eg. Czamanske and Moore, 1977). 

The olivine-plagioclase basalt (AG22-5-14) has a similar 

texture to olivine basalts but olivine microlites are rare. 

Olivine (Fos3) and plagioclase (An61-64) microphenocrysts 

are set in an arborescent, hyalocrystalline matrix. 

An interesting petrographic feature occurs in the olivine 

basalts of Dredge 5 (e.g. AG22-5-10, see Plate 1). These 



are semi-circular rings of microphenocrysts, 1 to 2mm in 

diameter, having the same groundmass material within and 

without; i.e. they are 

sample AG22-3-23, for 

not nucleated around vesicles as in 

example. These structures are 

associated with plagioclase spherulites which are typically 

orientated in trains parallel to the quench glass surface. 

In a detailed investigation of similar structures in pillow 

basalts from the Oceanographer Fracture Zone on the Mid­

Atlantic Ridge at 35° N, Walker et al. ( 1980) identified 

"crystal-ring microstructures", typically only one crystal 

wide with equant microphenocrysts orientated such that the 

smooth crystal faces are 

perimeter of the structure. 

presented toward the inner 

Walker et al. (1980) suggest 

that "mechanical disruption of the partially solidified 

inner surface of the pillow lava skin produces a dispersion 

of cool globules in the pillow interior'' and crystals adhere 

to these "tacky" globules to form the crystal-ring 

structures. The apparent assqciation between crystal ring 

structures and spherulites suggest that spherulites act as 

"globules" to which crystals become attached. 

2 . 2 . 4 R i_QJt~ ..... J? .. .i.. __ J?. .. ~.~.£g .. ~_ . ...?_ 

The two samples recovered in this dredge are fragments of 

glass-encrusted microporphyritic basalt. Detailed 

investigation of sample AG22-7-1 shows olivine (Fos1-s6) and 

plagioclase (An66-6s) microphenocrysts (0.3mm average size) 
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set in a hyalocrystalline matrix. Chrome spinel occurs 

poikilitically enclosed within olivine and free in the 

matrix. Olivine and plagioclase occur in glomeroporphyritic 

clusters in both bowtie fashion and with plagioclase often 

poikilitically enclosed in subhedral olivine. Quench 

microlites (0.05mm) of olivine (skeletal to euhedral) are 

present. 

Basalts recovered at this station include two broad groups: 

sparsely plagioclase porphyritic (~ 2% phenocrysts) samples 

and olivine-plagioclase porphyritic (10-20% phenocrysts, <1% 

olivine) fragments. Two thirds of all samples have quench 

glass and samples are only lightly weathered with minor 

f erromanganese coating on surfaces. Five sparsely 

porphyritic samples (Table 5) and three porphyritic samples 

were studied in detail. 

All samples are olivine-plagioclase basalts with olivine 

(Fos4-s1) and plagioclase microphenocrysts (average size 

0.3mm) set in a groundmass ranging from hyaline to 

ho.locrystalline. Chrome spine~ is present in two samples - ~ 

(AG22-8-ll and AG22-8-16) as discrete "free floating" 

microphenocrysts in the matrix. Generally, rnicrophenocryst 

contents correlate with phenocryst/megacryst content: a 

higher proportion is present in porphyritic basalts than in 



sparsely porphyritic basalts. Phenocrysts recognised in 

hand specimens are divided into megacrysts and phenocrysts 

on the basis of crystal morphologies and zoning patterns. 

For example, olivine phenocrysts 

samples AG22-8-16 and AG22-8-24. 

(Fos6) are present in 

Crystals are rounded in 

form, compositionally homogeneous, and occur in plagioclase-

olivine glomerocrysts (e.g. AG22-8-24) and/or as discrete 

crystals (i lmm in size). Discrete phenocrysts occasionally 

show evidence of cuspate anhedral outlines indicating a 

history of resorption (Thornber and Huebner, 1985). 

Plagioclase crystals are divided into phenocrysts and 

megacrysts, the latter being further subdivided into two 

distinct types. Phenocrysts are tabular (aspect ratio, or 

length to width ratio > 4), subhedral to euhedral crystals 

typically 1 to 4 mm in size. They are normally zoned 

(An7o-66 ). Phenocrysts occur both as discrete crystals and 

as glomerocrysts in which crystals are juxtaposed along 

(010) faces; i.e. in synneusis arrangement (Vance, 1969). 

Type 1 megacrysts are subhedral to rounded crystals of Ca-

Bytownite composition (Ans4-so) and are normally zoned. 

Average crystal size is 1 to 2mm and they typically form 

large glomerocrysts. Discrete crystals up to 4mm long 
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A. 

PLATE 2. 

Pillow lava with intersertal 
AG22-8-l. Compare the grain 
AG22-8-2 (Micrograph B). 

texture, Sample 
size with Sample 

B. Intersertal to sub-ophitic texture, Sample 
AG22-8-2. Note how fine grained the sample is 
relative to Sample AG22-8-1. 

c. Photomicrographs of megacrysts in pillow lava 
AG22-12-1; olivine at left and plagioclase at 
right. Note similar morphology of plagioclase 
to megacryst depicted in Plate 1, Figs. G and 
H (AG22-3-34). 

D. Olivine megacryst (see micrograph C) in AG22-
12-1, showing kink banding indicative of shock 
history. Crossed nicols. 

E. High-alumina spinel inclusion in plagioclase 
megacryst, porphyritic pillow lava AG22-8-16. 

F. Clinopyroxene megacryst with subhedral to 
skeletal outline; AG22-12-1. Partially embayed 
outline and inclusions provide evidence for 
resorption prior to growth of outer, inclusion­
free rims (skeletal in upper portion). 

G. Cryptocrystalline groundmass; AG22-12-35. The 
abundant dendritic/feathery phase is pyroxene; 
euhedral olivine microlite at upper right. 

H. Quench glass, pillow lava AG22-12-35; compare 
with photomicrograph G. 
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may poikilitically enclose smaller plagioclase crystals. In 

one sample (AG22-8-16), an amber coloured high alumina 

spinel is included in a plagioclase megacryst (Plate 2). 

Large chrome spinel crystals are commonly associated with 

plagioclase megacrysts. Melt inclusions occur in many 

crystals, typically arranged along specific crystallographic 

planes. These inclusions are common in type 1 megacrysts 

and are described in detail in the following chapter. 

Type 2 plagioclase megacrysts are characterised by reverse 

zoning in crystals of Na-Bytownite composition (An1s-19 ). 

They typically show a complex internal morphology and 

euhedral outline. Any combination of the following features 

may be present in these megacrysts: a homogeneous rounded or 

subhedral region, usually the core; patchily zoned, 

inclusion rich regions; regions of oscillatory zoning; a 

more calcic region around 

usually euhedral; and 

plagioclase. 

a 

the oscillatory 

thin skeletal 

zoned region, 

rim of quench 

The groundmass of Dredge 8 samples ranges from aphanitic­

hyalocrystalline to fine grain~d intersertal. In contrast 

to pillow basalt AG22-8-1, the groundmass of sample AG22-8-2 

is even finer grained but more crystalline (Plate 2; Figs A 

and B}, and has a greater proportion of ilmenite than 

AG22-8-1, compatible with the interpretation that sample 



AG22-8-2 is more evolved and probably of intrusive 

affinity. Secondary phases in Dredge 8 basalts include 

orange to green smectites, occasionally found in vesicles 

and a red-orange Fe-hydroxide phase replacing groundmass 

oxide and ferromagnesian phases. 

2 • 2 • 6 g .. ~.9.:$. .. ~ ........ ~ ... i ........ !?..E .. ~ .. 9.:.$.; .. ~ ........ ~. 
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The three samples recovered in this dredge are all fragments 

of glass rich microporphyritic pillow lava. Two samples 

were studied in detail (AG22-9-1; AG22-9-2); fragments have 

microphenocrysts of olivine (Foss-s1) and plagioclase 

(An69-71) set in a hyalocrystalline matrix. Chrome spinel 

microphenocrysts (10 microns in size) occur in poikilitic 

relationship to olivine or free in the matrix. Spinels 

compare with other spinels in the Agulhas 22 sample suite 

and have a similar chemistry to those reported elsewhere 

from the Southwest Indian Ridge (e.g. le Roex et al., 1983). 

Secondary phases are absent from the sections studied. 

2 • 2 • 7 E.i .. 9-.. ~ .. ~ ....... ~ ... i ........ RE .. ~.4..~ .. ~.-!. .. ?. .. 

Dredge 12 yielded pillow basalt fragments with fresh quench 

glass. Samples include p~rphyritic basalts (5-40% 

phenocrysts) and aphyric basalts. Four samples were 

investigated in detail. Sample AG22-12-35 is aphyric, 

totally devoid of phenocrysts or microphenocrysts (Plate 2), 

with skeletal quench olivine microlites (Fos6-ss) embedded 
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in a unique quench textured groundmass 
of olivine and 

clinopyroxene dendrites (Plate 

spherulites comprise skeletal 

2). Rare 

plagiocla~e 

plagioclase 

microlites 

(An6o-64) barely large enough for microprobe analysis. 

Plagioclase porphyritic samples include sparsely to 

moderately porphyritic olivine-plagioclase basalt 

(AG22-12-20), highly porphyritic olivine-plagioclase basalt 

(AG22-12-4) and a highly porphyritic olivine-plagioclase-

pyroxene basalt (AG22-12-l). Pyroxene bearing basalt 

AG22-12-1 has the highest modal proportion (40%) of 

plagioclase phenocrysts/megacrysts. 

Skeletal to euhedral olivine microphenocrysts (Foss-s3) and 

plagioclase microphenocrysts (An69-60) occur in a matrix 

ranging from hyalopilitic to spherulitic. Equant microlites 

of olivine (Fos2-s1) are common as well as skeletal rims 

with this composition upon microphenocrysts, phenocrysts and 

megacrysts. 

Olivine phenocrysts ( Fos 6 - s 4 ) , about 0.5mm in size on 

average, are normally zone_d, and larger crystals 

(megacrysts; up to lmm in size) may be more magnesian (e.g. 

Fos1-ss; sample AG22-12-4). Several olivine megacrysts are 

present in 

and patchy 

AG22-12-l, characterised by planar fractures 

extinction (mosaicism) similar to olivine 

microfabrics in shocked terrestrial and lunar olivine (e.g. 
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Stoffler, 1972). Megacrysts frequently exhibit irregular 

rounded outlines with periodically and regularly arranged 

cusps smaller than 10 microns in size, indicating a period 

of resorption (Thornber and Huebner, 1985). 

Plagioclase megacrysts and phenocrysts fall into the same 

textural and compositional categories as Dredge 8 

plagioclase crystals. Phenocrysts (1-6mm in size) are 

untwinned to simply twinned euhedral crystals (An66- 63 ). 

Large yellow-amber spine! phenocrysts are typically 

associated with olivine megacrysts and poikilitic type 1 

plagioclase megacrysts. 

Inclusion rich areas in plagioclase megacrysts are more 

sodic than elsewhere in a given crystal, and have a 

relatively constant composition (An19). In samples AG22-12-
gf"o.phi'-

1 and AG22-12-20, a few megacrysts occur with a spectacularA 

morphology (Plate 3-F). It is unclear whether this 

morphology is a primary growth feature or the result of 

resorption. However, the composition of these crystals 

(An19) corresponds to the "inclusion" phase described above, 

suggesting that the texture is primary, and probably 

indicative of rapid (skeletal) growth. 

The single clinopyroxene phenocryst (megacryst) present in 

sample AG22-12-l is subhedral (2 mm. in size) with a 



PLATE 3 . ............................ _ ........... ~ ... . 

A. Glomeroporphyritic plagioclase in pillow lava 
AG22-8-16. Large crystal is a type 1 
plagioclase megacryst with inclusion of high­
alumina spinel (sp; see Plate 2,E) ,· Note the 
large, elongate inclusions and parallel 
arrangement of crystals. 

B. Same as A, crossed nicols. 

C. Type 2 plagioclase megacrysts in pillow lava 
AG22-12-4. These are characterised by 
inclusions in core regions, oscillatory zoning 
and euhedral habit. 

D. Same as C above, crossed nicols. 

E. Glomeroporphyritic plagioclase phenocrysts with 
associated large chrome-spinel phenocrysts; 
Sample AG22-8-24. 

F. Highly skeletal (type 1) plagioclase megacryst 
sectioned close to (001); pillow lava AG22-12-
1. The complex internal morphology suggests an 
origin due to sKeletal growth and melt 
inclusion capture upon very rapid growth. 

G: Edge of type 1 plagioclase megacryst, AG22-8-
24. Note the band of vapour-rich melt 
inclusions parallel to the crystal growth zone. 

H. Detail of vapour-rich melt inclusions, AG22-8-
24. The spherical vapour .bubbles range from 
about 1/3rd to 1/6th of the size of 
inclusions. Note .devitrified melt inclusion 
(to left). 
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slightly skeletal habit (Plate 2-F). It is reverse zoned 

Wo4 2 Ens 1 Fs1) and includes an olivine 

rnicrophenocryst (Fos4) at the rim. Alteration of groundmass 

phases is minor with hydrous phases mainly restricted to 

areas bordering vesicles. 

2 • 2 . 8 R..~ .. 9:$..~ ....... !?. ... i ........ R.E .. ~.9.:.~ .. ~ ...... J.~. 

Basaltic rocks of Dredge 13 are fragments of aphyric pillow 

basalt with lustrous black glass on quench surfaces. Rare 

plagioclase phenocrysts occur in several samples. Five 

samples were studied in detail and two petrographically 

distinct lithologies are identifiable: olivine basalts ( 4 

samples) and an olivine-plagioclase basalt (AG22-13-14). 

Olivine basalts (AG22-13-l, AG22-13-24, AG22-13-25, AG22-

13-32) have euhedral olivine (Foss-s6) microphenocrysts set 

in a hyaline to fan-spherulitic groundrnass rich in skeletal 

quench olivine ( Fos o - 7 s ) microlites and rnicrolitic 

plagioclase (An69-64) laths. Olivine-plagioclase basalt 

AG22-13-14 is olivine and plagioclase rnicroporphyritic (•5 

vol. per cent olivine, ·15 vol. per cent plagioclase) with 

skeletal to euhedral olivine (Foss) and plagioclase (An59-

64) microphenocrysts . Microphenocrysts are typically 0.3rnrn 
. 

in size and predominantly occur intergrown in bowtie 

fashion. A euhedral, reverse zoned plagioclase megacryst 

(An14-77 ), lmm in size, was observed in thin section. 

********** 
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CHAPTER 3 

MINERALOGY 

3.1 General Statement 

Many aspects of magmatic processes can be understood only 

through the study of mineral paragenesis and element 

partitioning among coexisting phases in rock samples. . 
Detailed information on mineral compositpns is necessary for 

the testing of fractionation models, both with respect to 

melting and crystallization (Bryan et al., 1969; O'Hara, 

1977; Hanson and Langmuir, 1978). Mineral chemistry, zoning 

and growth forms provide important clues to the changing 

composition of coexisting liquids as well as to physical 

conditions such as supercooling (Lofgren, 1971; Lasaga, 

1982). Representive mineral analyses from the identified 

basalt types described in Chapter 2 are given in Tables 6 to 

9. The complete data set is listed on microfiche (Appendix 

1). The aim of this chapter is to demonstrate that mineral 

compositions are important indicators of their parental 

magma compositions, and that minerals, especially 

plagioclase, may be useful recorders of magmatic behaviour. 

Uniform variations in mineral chemistry, and in particular 

uniform minor element variations are often interpreted as 

evidence for consanguinity of a suite of lavas; that is, 

whether lavas are related by fractional crystallization from 

a common parental magma (e.g. Bryan et al., 1979; O'Donnel 
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and Presnall, 1980). Should more than one parental magma be 

involved, one might expect displaced or discontinuous 

mineral compositional variations (e.g. Bougalt and Hekinian, 

1974; le Roex et al., 1981, le Roex, 1985): 

Since the majority of the Agulhas 22 basalts are aphyric 

with microphenocrysts (typically <5%) rarely exceeding 0.5mm 

in size, the whole rock chemistry of these samples should be 

representative of liquid compositions. Porphyritic lavas 

present a problem due to the possibility of phenocryst 

accumulation and re-distribution (e.g. Staudigel and Bryan, 

1981). Nonetheless, with an awareness of such problems, a 

study of mineral-liquid elemental exchange (e.g. Mg-Fe 

exchange between olivine and co-existing liquid; Roeder and 

Emslie, 1970) has been conducted to assess mineral and co-

existing glass (and/or whole rock chemistry) relationships. 

3.2 Olivine .......................................... 

Representative olivine analyses are presented in Table 6 and 

the range in compositions depicted in Figure 4. Olivine 

microphenocrysts (Foss-so) are ubiquitous and are virtually 

unzoned (core to rim variation is within microprobe 

precision; 0.4 mole% forsterite). Where present, quench 

microlites (Fos4-s1) are more Fe-rich than microphenocrysts, 

commonly by 1 to 4 mole per cent fayalite. Olivine to 
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0,008 

0,003 

82,9 

AG22-8-16 
mp 

c 

39,Rl 

0,06 

16,05 

0,22 

44,07 

0,31 

0, t2 

100 ,64 

0,999 

0,001 

0,337 

0,005 

1,648 

0,008 

0,00'2 

82, 7 

r 

39,67 

n.d 

16,75 

0,24 

43,50 

0,30 

0, 10 

100,56 

0,999 

0,351 

0,005 

1,633 

0,008 

0,002 

81,9 

AG22-8-24. 
ml 

38,31 

n.rl 

17,2~ 

0,34 

42 ,94 

0,29 

0,09 

99,10 

o,.985 

0,370 

0,007 

1,644 

0,008 

0,002 

81,6 

/ 
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. AG22-5-14 5 AG22-9-1 
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olivine variation within a single thin section is 

significant, especially with respect to phenocrysts and 

megacrysts of porphyritic samples. Phenocrysts (Fos 7-s 3) 

and megacrysts ( Fos s - s 6 ) (Figure 4) are normally zoned 

(maximum zoning observed was 3 mole% forsterite). There is 

significant between-dredge overlap in compositions; the 

increase in fayalite contents, and the ranges present, 

within individual dredges generally correspond with chemical 

differentiation trends of whole rocks described in Chapter 

4. 

The distribution of magnesium and ferrous iron between 

olivine and co-existing liquids can be used to asses9 

whether olivine crystals are in equilibrium with host rocks 

in which they occur. This distribution is represented by 

the equation: 

= 

1 h (Mg 2 Si 04 )i i q u i d 

The equilibrium partition coefficient (or distribution 

coefficient, Kd) for this reaction can be written as: 

( X0 I Fe o ) / ( X1 i q Fe o ) 

Kn = ••••• ( 2) 

where xo1 FeO = mole fraction of FeO in olivine etc. 



Roeder and Emslie (1970) experimentally investigated this 

partitioning for a range in basaltic composition, 

temperature (1150-1300°C) and oxygen fugacity (lo-o.6s to 

10-12 atmospheres) at one atmosphere total pressure. They 

determined that the value of Kn (equation 2) was essentially 

constant (0.30 + 0.03) and independent of oxygen fugacity 

and temperature. Although a number of authors have 

predicted a slightly higher average of 0.33 (Cawthorne et 

al., 1974; Thompson, 1975; O'Hara, 1977) subsequent 

experimental studies have confirmed the value of 0.3 + 0.03 

over a wide variety of compositions (Roeder, 1974; Longhi et 

al. 1978). Longhi et al. (1978) also observed a small but 

significant compositional effect on the FeO-MgO 

distribution, which they attributed to variations in silica 

concentration. Moreover, Longhi et al. (1978) no~iced a 

pressure effect above 5 kbar. 

Despite the observation that Kn is most certainly affected 

by variables such as pressure (Longhi et al., 1978; Bender 

et al., 1978), for the purpose of this study, values of 

between 0.27 and 0.33 are regarded as representing 

equilibrium conditions. It i~ also noted that olivine 

microphenocrysts predominantly crystallize in erupting 

magmas at pressures within the oceanic crust (Fisk, 1986). 

On the assumption that the most Fe-rich olivine should be in 

equilibrium with the host glass, the FeO content of the 
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quench glass may be determined using equation 2 above. This 

is important since the electron microprobe is unable to 

distinguish between ferrous (Fe2•) and ferric (Fe3+) iron, 

and all iron is assumed to be ferrous. Thus, the procedure 

outlined above allows the estimation of the Fe203/FeO ratio 

of glasses. The average calculated Fe203/FeO ratio is 0.17 

± 0.06, similar to that proposed by Brooks (1976) for ocean 

floor basal ts ( ie. Fe2 03 /FeO=O .. 15). 

The partitioning of Mg and Fe between olivine core 

compositions and the corresponding 

(assuming Fe203/Fe0=0.15 for whole 

whole rock compositions 

rock data) is shown in 

Figure 5' together with olivine microlite-glass 

partitioning. Microphenocryst core compositions closely 
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approximate equilibrium distribution. A complete listing of 

olivine equilibria data is given in Appendix 2, Table A-5. 

Several phenocrysts and even a few megacrysts satisfy 

equilibrium partitioning. Compositions too magnesian to. 

have equilibrated with coexisting quench glasses include 

several megacrysts (specifically in evolved porphyritic 

basalts) and glomerocryst olivine (Foss) in sample AG22-5-9. 

The latter composition implies ~ crystallization from a host 

magma with Mg~ -o.70, and megacryst compositions (Foss) 

suggest derivation from a liquid with Mg* -o.65. The 

maximum calculated Mg# (0.70) is within the range inferred 

for primary mantle derived magmas (Rhodes et al., 

Pallister and Gregory, 1983). 

1979; 
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.f. .. ~ .. ~-~ .. !'..: .. ~ ........ ~ .. : F eO I Mg O (mole ratio) of olivine versus FeO/MgO of 
proposed coexisting liquids. Triangles are Fe­
rich olivine vs. quench glass; circles are Mg-rich 
olivine vs. whole rock; squares are phenocryst and 
megacryst olivine vs. whole rock (filled 
symbols),- or glass (open symbols), where whole 
rock data are unavailable and/or rock shows 
evidence for crystal accumulation. Arrows indicate 
zoning and illustrate crystallization of Fe-rich 
olivine from differentiated interstitial 
groundmass in sample AG22-13-l (stars). 
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The experimental studies of Roeder and Emslie (1970) and 

Roeder (1974) showed that a lin~ar relationship exists 

between the logarithm of the olivine-liquid equilibrium 

distribution coefficients and reciprocal temperature. 

Hence, temperatures of olivine crystallization may be 

obtained by the equation: 

log Kn = 171/T-0.63 ..... ( 3) 

(equation 3 of Roeder and Emslie, 1970), with Tin (degrees) 

Kelvin. 

Similar equations reflecting the dependence of Kn on 

temperature have been obtained and refined by a number of 

workers for individual oxide species (e.g. Roeder and 

Emslie, 1970; Roeder, 1974; Leeman and Scheidegger, 1977; 

Longhi et al., 1978; Fisk et al., 1980; Ford et al., 1983). 

For comparison with other sample suites, and to avoid 

differences in the oxidation state of Fe in basaltic 

liquids, the following equation of Roeder (1974) is commonly 

used: 

log KMg = 3480/T-1.7 ..... (4) 

= xo1 Mg/XI i qMg and XAMg denotes the mole fraction 



of Mg in phase A. It is noted that temperatures are only 

approximate since geothermometers are not precisely defined 

for specific gross liquid compositions; geothermometers 

should ideally be derived from a particular set of 

experimental data for specific bulk compositions (e.g. 

Leeman and Scheidegger, 1977; Fisk et al., 1980). In this 

study, the FeO/MgO thermometer of Roeder and Emslie (1970) 

as modified by Nathan and van Kirk (1978) and the MgO 

thermometer of Roeder (1974) have been employed (see 

appendix 2) . The former method is used to predict the 

equilibrium phase composition and the temperature of 

appearance and effectively is a further refinement of 

information from published silicate systems and rock melting 

experiments available prior to 1978. Equations are complex 

(e.g. Nathan and Van Kirk, 1978; Ford et al., 1983; cf their 

equation 3 and Table 2) and take into account empirical 

component activities 

components. 

and the effect of additional 

Liquidus temperatures based on whole rock compositions range 

from 1251°C (aphyric sample AG22-9-1) to 1198oc. This 

entire range is similar to that inferred from the whole rock 

composition range on the olivine saturation surface of 

Roeder and Emslie (Figure 6). 

The most Fe rich olivine compositions (including microlite 
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compositions) and coexisting glass compositions have been 

used to determine quench olivine crystallization 

temperatures by the MgO thermometer of Roeder (1974). 

Temperatures obtained are thus considered to represent 

extrusion temperatures (e.g. Schilling and Sigurdsson, 

1979). Calculated temperatures show a relatively restricted 

range from 1166°C (AG22-1-1) to 1103°C (AG22-5-9) which are 

significantly lower than liquidus temperatures. By 

contrast, crystallization temperatures of most magnesian 

olivines determined to be in equilibrium with whole rocks 

range from 1151oc (AG22-7-1) to 1119°C (AG22-8-2). These are 

well within the range of eruption temperatures. 

tJ .. !.P.: .. 9...E ....... ~.! .. ~.!!!:.~.P. .. !:. ........... .9. . .9..P..9. .. ~.!! .. !'.E .. ~-!: .. ! . .9..P.:.:?.. in o 1 iv in e vary s y s t e mat i ca 11 y 

with respect to forsterite content. CaO and MnO contents 

increase with decreasing forsterite content and average 

concentrations (CaO = 0.1-0.4wt%; MnO = 0.1-0.3wt%) are 

typical of volcanic olivine compositions (Simkin and Smith, 

1970). 

High CaO contents in olivine microlites (up to 0.9wt%) are 

probably erroneous, resulting from fluorescence of matrix 

material, since detectable Al20a ( 1. 5 wt%) is present and 

poor summations occur. Ni contents decrease systematically 

with decreasing forsterite content. In Figure 7, the 

decrease in NiO is plotted as a function of decreasing 

forsterite content. With the exception of megacryst 
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olivine, Ridge A olivines have significantly higher NiO at a 

given forsterite content than Ridge B olivines. The general 

trend of Ni variation with decreasing Fo. content is 

continuous from megacrysts to microphenocrysts suggesting 

that the former olivines are products of higher temperature 

crystallization from common parental magmas. 

Shock fabrics in certain olivines argue in favour of a 

xenocryst origin. Although microprobe analyses (ie. Ni 

zoning characteristics - based on 50 second counting times) 

revealed no supporting chemical evidence (eg. Nabalek and 

Langmuir, 1986), these specific olivines are considered to 

be xenocrysts. These should be investigated further. 

3 . 3 P. .. 1.?.:.~ .. ! . .9..9...1..?.: .. §..~. 

Representative plagioclase analyses are presented in Table 7 

and individual analyses are depicted in Figure 8. The full 

range of analysed plagioclase extends from calcic bytownite 

through to intermediate labradorite. K20 contents are very 

low (corresponding to less than 0.6 mole % orthoclase 

component) and in this respect resembles typical MORB 

plagioclase (Bryan, 1972). In general, higher KzO contents 

correlate with higher albite contents. 

Plagioclase microphenocrysts range in composition from An1s 

to Ansg. The entire range may be found in a single thin 
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Table 7 : Representative plagioclase analyses. Abbreviations as in 
Table 6. Symbols in parentheses as follows: 

c 

I ,. type I plagioclase megacryst, Il = type Il plagioclase 
megacryst; i. = inner (eg. inner portion of mantJe zone); 
o. "' outer; rim(l) = (001) sector; rim(2) = (hkO) sector. 

AG22-l-l 
m 

r c 

AG22-3-2 
mp 

r 

AG22-3-4 
mp ml 

c r 
ml 

c 
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AG22-3-34 
mp 

r --- -- ------ --- -------·---·-------- --- --- ---·----------------------
5102 

Al703 

FeO* 
MgO 

cao 
Na20 

K20 

TOTAL 

Si 

Al 

Fe 

Mg 

Ca 

Na 

K 

Ab 

Or 

An 

Si02 

A1203 
FeO* 
MgO 

cao 
Na20 

K20 

TOTAL 

Si 

Al 

Fe 
Mg 

Ca 

Na 

K 

Ab 

Or 

An 

51,46 

29,99 

0,38 

0,27 

13,98 

3,31 

n.d 

99,37 

,354 

1,617 

0,015 

0,018 

0,685 

0,293 

30,0 

70,0 

Inclusion 

50,77 

30,91 

0,41 

0,24 

14,49 

3,08 

n.d 

99,90 

2,316 

1,661 

0,016 

0,016 

0,708 

0,272 

27,9 

72,l 

rich r 

49,06 

32,41 

0,33 

0,20 

16,13 

2,36 

n.d 

100,49 

2,235 

1,741 

0,013 

0,014 

0,787 

0,209 

21,0 

79,0 

48,95 

32,84 

0,27 

0,21 

16,57 

2,13 

n.d 

100,98 

2,221 

1,756 

0,010 

0,015 

0,806 

0,187 

18,8 

81;2 

52,68 

28 ,35 

l, 12 

0,42 

11,90 

4,73 

n.d 

99,20 

2,416 

1,533 

0,043 

0,029 

0,585 

0,420 

41,7 

58,2 

52,42 

28,69 

0,95 

0,37 

12,30 

4,53 

0,05 

99,30 

2,403 

1,550 

0,036 

0,025 

0,604 

0,403 

0,003 

40,0 

60,0 

50,98 

30,96 

0,50 

0,25 

13,34 

3,71 

n.d 

99,74 

2,325 

1,664 

0,019 

0,017 

0,652 

0,328 

33,4 

66,6 

AG22-5-8 
meg 

c r 

47,79 

33,30 

0,25 

0,18 

16,95 

1,76 

n.d 

100,22 

2,187 

1, 796 

0,009 

0,012 

0,831 

0,156 

16,0 

84 ,o 

47,95 

32,ll3 

0,30 

0,20 

16,27 

2,13 

n.d 

99,67 

2,205 

1,779 

0,012 

0,014 

0,801 

0,189 

19,1 

80,9 

c 

51,58 

30,76 

0,65 

0,27 

14,17 

3,49 

n.d 

100,92 

2,330 

1,638 

0,025 

0,018 

0,686 

0,306 

30,9 

69,1 

mp 

51,2R 

30,34 

0,64 

0,21 

13,29 

4,09 

0,05 

99,90 

2,340 

1,632 

0,025 

0,015 

0,650 

0,362 

0,003 

35,6 

64,4 

r 

51,68 

29,26 

l,43 

0,89 

13,55 

3,58 

n.d 

100,39 

2,354 

l,571 

0,055 

0,060 

0,661 

0,316 

32,5 

67,5 

53,15 

29,0 

0,97 

0,30 

12,34 

4,56 

0,05 

100,38 

2,409 

1,550 

0,027 

0,020 

0,599 

0,401 

0,003 

40,0 

60,0 

54,81 

27,93 

0,84 

0,25 

10,99 

5,21 

0,06 

100,09 

2,478 

1,488 

0,032 

0,017 

0,532 

0,457 

0,003 

46,0 

0,3 

53,7 

AG22-5-14 
mp 

c 

52,50 

29,72 

0,85 

0,27 

13,04 

4,35 

0,06 

100,79 

2,375 

1,584 

0,032 

0,018 

0,63'2 

0,381 

0,002 

37 ,5 

0,2 

62,3 

r 

52,84 

28,49 

1, 11 

0,43 

12,43 

4,48 

0,07 

99,85 

2,411 

1,532 

0,042 

0,029 

0,608 

0,396 

0,004 

39,3 

0,4 

60,3 

53,R6 

28,65 

0,79 

0,27 

12,34 

4,34 

n.d 

53,21 

29,33 

0,68 

0,26 

12,98 

4,17 

0,05 

100 ,23 100 ,66 

2,436 

1,527 

0,030 

0,018 

0,598 

0,380 

38,8 

61,2 

c 

42,62 

29,70 

0,57 

0,27 

13,69 

3,84 

n.d 

100,68 

2,378 

1,582 

0,021 

0,018 

0,663 

0,337 

33,9 

66,l 

2,402 

1,560 

0,026 

0,017 

0,628 

0,365 

0,003 

36,7 

0,3 

63,0 

AG22-7-l 
mp 

r(l) 

52,77 

29,59 

0,67 

0,28 

13,75 

3,65 

n.d 

00,71 

2,383 

1;575 

0,025 

0,019 

0,665 

0,320 

32,6 

67,4 

meg~ 

rounded 
core 

48,12 

32,65 

0,27 

0,19 

16,82 

l,90 

n.d 

99,95 

2,208 

l,766 

0,010 

0,013 

O,ll27 

0,169 

17,0 

83,0 

r(2) 

52,00 

30,03 

0,83 

0,27 

13,67 

3,74 

n.d 

100,54 

2,357 

1,605 

0,032 

0,018 

0,664 

0,329 

33,2 

66,8 



Table 7. (continued) 

Si02 

,Al203 

FeO* 

MgO 

cao 

Na2o 
K20 

TOTAL 

Si 

Al 

Fe 

Mg 

Ca 

Na 

K 

Ab 

Or 

An 

Si02 

~1203 
FeO* 

MgO 
Cao 

Na 2o 
K20 

TOTAL 

Si 

Al 

Fe 

Mg 

Ca 

Na 

K 

Ab 

Or 

An 

c 

53,93 

28,30 

0,58 

0,21 

12,43 

4,65 

0,05 

100,15 

2,444 

1,512 

0,022 

0,014 

0,604 

0,408 

0,003 

40,2 

0,3 

59,5 

mp 
r 

53,80 

28,45 

0,68 

0,22 

12,96 

4,43 

0,05 

100,59 

2,431 

1,515 

0,026 

0,015 

0,628 

0,388 

0,003 

38, 1 

0,3 

61,6 

AG22-8-2 
phen 

c 

53,22 

28,33 

0,45 

0, 19 

13,73 

3,96 

n.d 

99,88 

2,423 

1,520 

0,017 

0,013 

0,670 

0,349 

34,3 

65,7 

r 

53,64 

28,79 

0,43 

0,20 

13,60 

4,05 

0,05 

100, 71 

2,420 

1,531 

0,016 

0,013 

0,657 

0,350 

0,003 

34,7 

0,03 

65,0 

composite megncryet 

core(c) 

47,63 

32,98 

0,28 

0,18 

17,19 

l, 72 

n.d 

99,98 

2, 188 

1,786 

0,011 

0,012 

0,846 

0,154 

15,4 

84,6 

core(r) mantle(!) mantle(o) 

48,77 

32,52 

0,26 

0,20 

16,79 

2,02 

n.d 

100,56 

2,223 

1,747 

0,010 

0,013 

0,820 

0,179 

17,9 

82,l 

49,86 

31,56 

0,28 

0,22 

15,55 

2,75 

n.d 

100,21 

2,274 

1,696 

0,011 

0,015 

0,760 

0,243 

24,3 

75, 7 

48,90 

32,61 

0,42 

0,18 

16,38 

2,34 

n.d 

100,83 

2,224 

1,748 

0,016 

0,012 

0,798 

0,206 

20,7 

79,3 

meg(l) 
c 

49,08 

31,22 

0,33 

o, 19 

16,49 

2,25 

n.d 

99,58 

2,260 

1,694 

0,013 

0,013 

O,Rl3 

0,201 

19,9 

80,l 

r 

48,88 

30,82 

0,46 

0,18 

16,31 

2,37 

n.d 

99,01 

2,265 

1,683 

0,018 

0,012 

0,810 

0,213 

20,8 

79,2 

AG22-8-16 
mp 

c 

53,53 

28,66 

0,56 

0,21 

~2,41 

4,28 

0,05. 

99,69 

2,433 

1,535 

0,021 

0,014 

0,605 

0,377 

0,003 

38,3 

0,03 

61,4 

r 

53,63 

29,67 

0,52 

0,20 

12,68 

4,17 

0,04 

100,90 

2,409 

1,571 

0,020 

0,013 

0,610 

0,363 

0,002 

37,2 

0,2 

62,6 

AG22-9-l 
mp 

AG22-12-4 

c 

51,97 

29,67 

0,49 

0,27 

14,33 

3,49 

n.d 

100,21 

2,363 

1,590 

0,019 

0,019 

0,698 

0,308 

30,6 

69,4 

r 

51,56 

29,98 

0,42 

0,26 

14,60 

3,32 

n.d 

100, 14 

2,347 

1,608 

0,016 

0,017 

0,712 

0,293 

29,l 

70,9 

c 

53,53 

28,70 

0,82 

0,39 

12,93 

4,03 

0,04 

100,43 

2,422 

1,530 

0,031 

0,026 

0,627 

0,353 

0,002 

36,0 

0,2 
63,8'. 

m 
r(l) 

53,30 

28,80 

0,62 

0,23 

12,76 

4,14 

0,04 

99,90 

2,421 

1,543 

0,024 

0,016 

0,621 

0,364 

0,002 

36,9 

0,2 

62,9 

r(2) 

53,51 

28,45 

0,54 

0,24 

12,20 

4,50 

0,05 

99,49 

2,438 

1,527 

0,021 

0,016 

0,596 

0,398 

0,003 

39,9 

0,3 

59,8 

phen 
c 

51,39 

30,72 

0,48 

0,19 

14,35 

3,44 

n.d 

100,56· 

2,329 

1,641 

0,018 

. 0,013 

0,697 

0,302 

30,4 

69,6 

c 

51,92 

30,34 

0,378 

0,18 

13,64 

3,70 

n.d 

r 

52,49 

30,12 

0,26 

0,27 

13,73 

3,78 

0,04 

100,68 

2,369 

1,602 

0,010 

0,018 

0,664 

0,330 

0,002 

33,2 

0,2 

66,6 

phen 
r 

52,87 

29,07 

0,50 

0,22 

12,90 

4,16 

0,05 

100,14 . 99,76 

2,356 

1,623 
·0,014 

0,012 

0,663 

0,325 

32,8 

67 ,2 

2,406 

1,560 

0,019 

0,014 

0,629 

0,367 

0,003 

36, 7 

0,3 

63,0 



Table 7. (continued) 

Composite meg(l) AG22-12-4 AG22-12-35 

core mantle mer,( 11) mp 

c r. rco r(o) c T c r 

Si02 48,44 48,50 51,80 50,33 50,69 49,95 52,52 52,62 

Al203 32,16 32,24 30,53 31,50 30,61 31,14 29,29 28,92 

FeO* 0,25 0,37 0,35 0,35 0,35 0,38 0,85 0,77 

HgO 0,16 0,19 0,23 0, 18 0,22 0,21 0,29 0,31 

Cao 16,00 15,69 14,23 15, 11 14,96 15,50 13,05 12,25 

NaiO 2,17 2,35 3,35 2,90 2,92 2,68 4,25 4,49 

K20 n.d n.d n.d n.d n.d n.d n.d 0,07 

TOTAL 99,19 99,33 100,48 100,60 99,75 99,87 100,20 99 ,42 

Si 2,234 2,234 2,345 2,292 2,318 2,286 2,387 2,406 

Al 1,748 1,750 1,629 1,684 1,649 1,680 1,566 1,5511 

Fe 0,010 0,014 0,013 0,013 0,013 0,015 0,032 0,029 

Hg O,Oll 0,013 0,016 0,012 0,015 0,014 0,020 0,021 

Ca 0, 791 0,774 0,690 0,731 0, 733 o, 760 0,636 0,600 

Na 0, 194 0,209 0,294 0,255 0,259 0,238" 0,375 0,400 

0,004 
K 

Ab 19,7 21,4 29,9 25,7 26,l 23,8 37 ,o 39,7 

0,4 
Or 

An 80,3 78,6 . ·10,1 74,3 73,9 76,2 63,0 59,9 

AG22-13-l AG22-13-14 
m mp ph 

c r c r c r 

Si02 50,86 51,80 53,23 52,84 49,70 50,18 

Al203 30,33 29,16 29,20 29,55 31,75 31,61 

FeO* 0,53 0,82 0,59 0,34 0,37 0,49 

HgO 0,31 0,36 0,29 0,22 0,20 0,20 

CaO 13,68 12,90 13,14 13,25 15,55 14,96 

Na 2o 3,63 4,07 3,98 3,87 2,57 2,87 

K20 n.d n.d n.d 0,04 0,04 n.d 

TOTAL 99,35 99,15 100.42 100, 10 100 ,18 100,32 

·s1 2,332 2,379 2,407 2,395 2,268 2,264 

Al 1,639 1,578 1,556 1,578 1,707 1,696 

Fe 0,020 0,032 0,022 0,013 0,014 0,019 

Hg 0,021 0,025 0,019 0,015 0,013 0,014 

Ca 0,672 0,635 0,636 0,643 0,760 0,729 

Na 0,323 0,362 0,349 0,340 0,227 0,254 

K 
0,002 0,003 

Ab 32,5 36,2 35,5 34,5 23,2 25,9 

Or 0,2 

An 67 ,5 63,6 64,5 65,3 76,8 74,l 
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Ridge A 

< • 

Ridge B 

:f. .. !.g;.~.Ef~ ........ ?..: Plagioclase compositions in selected Agulhas 22 

1 
2 
3 
4 
5 

lavas. Filled squares = Type 1 megacrysts; open 
squares = Type 2 megacrysts; filled circles = 
phenocrysts, microphenocrysts and microlites. 
Samples as follows: 

R...t~-~~ ....... ~ 
AG22-1-l 
AG22-3-4 
AG22-3-34 
AG22-5-5 
AG22-5-14 

g .. !.9:.~ .. ~ ....... J.?.. 

1 AG22-7-1 
2 AG22-8-2 
3 AG22-8-9 
4 AG22-8-16 
5 AG22-9-1 

6 AG22-12-1 
7 AG22-12-4 
8 AG22-12-35 
9 AG22-13-1 
10 AG22-13-14 
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section and microphenocrysts are frequently reverse and 

sector zoned. Bryan (1972, 1974) described this sector 

zoning in detail. Phenocryst compositions correspond to 

most calcic .microphenocryst compositions. Phenocrysts are 

normally zoned to unzoned, suggesting equilibration with 

host liquids. Megacryst compositional ranges are bimodal: 

type 1 megacrysts generally fall into the calcic bytownite 

range, while type 2 megacrysts are sodic bytownite. Type 1 

megacrysts are unzoned to normally zoned and frequently 

contain melt inclusions in more sodic growth zones (An19 }. 

Such megacrysts are rounded and resorbed and evidently out 

of equilibrium with host basalts. 

Type 2 megacrysts are characterized by inclusion rich cores 

and reverse zoning (Plate 3D}. Reverse zoning is 

accompanied by a complex morphological change; typically 

from a patchily zoned sodic core (An14} through to an 

oscillatory zoned mantle (An11) and an unzoned rim (An1s). 

This reverse zoning and morphologic change is indicative of 

a progressively decreasing growth rate (e.g. Vance, 1969; 

Lofgren, 1974; Allegre et al.~· 1981; Provost, 1985}. Most 

crystals have a skeletal outermost rim with a .composition 

similar to quench microphenocrysts. 

70 



-Cl) 
0 

.!2 
u 
0 ·c;, 
co 
Q. - . 

c 

71 

• 

80 • 
' • 

< 70 
..... 
c 
Q) 
u a.. 
Q) 
c. 
Q) -0 
E 

Figure 9: 

* 

60 

c 

oO-----Q 

0.60 0.65 

O
(ljquid) 

CaO/ Cao + Na2 

whole rock- glass 
'"quench trend'" 

0.70 

Plagioclase anorthite content versus Ca/Ca+Na mole 
ratio of corresponding whole rock and/or quench 
glass. (Quench glass used for porphyritic lavas). 
Vertical· arrows indicate zoning trends in phenocryst 
(open squares) and megacryst (filled squares) 
plagioclase. Horizontal arrows represent micro­
phenocryst "quench" trends; microphenocryst plagioclases 
are, in general, in chemical equilibrium with quench 
glasses (open circles) - they typically display reverse 
zoning towards equilibrium with· whole rock compositions 
(filled circles).* Solid line depicts plagioclase 
compositions in equilibrium with host lavas as deter-
mined by the method of Nathan and van Kirk (1978). 

Half-filled circles represent apparent whole rock­
microphenocryst equilibria. 



From Figure 9 it is evident that several microphenocryst 

compositions are too albitic to have equilibrated with whole 

rock compositions. 

evidently satisfy 

However, these microphenocrysts 

(near) equilibrium partitioning with 

coexisting quench glasses (Figure 9). This observation 

coupled with reverse and sector zoning relationships 

indicate that microphenocryst compositions are controlled by 

72 

quenching. Several phenocryst compositions are evidently 

equilibrium phases, while megacryst plagioclase is too 

anorthitic to have equilibrated with whole rock 

compositions, implying crystallization from more primitive 

calcic melts (CaO/CaO+Na20 i 0.80 or up to 70% normative 

An/An+Ab). 

Plagioclase microphenocrysts afford the opportunity of 

calculating eruption temperatures to compare with those 

determined by olivine microphenocrysts. The plagioclase 

geothermometer of Kudo and Weill (1970) as refined by Mathez 

(1973) is used for this purpose. 

equilibrium is given by the reaction: 

The plagioclase-melt 

Na + Si + CaAl2Si20s ~ Ca + Al + NaAlSiaOs .... (6) 

liquid anorthite liquid albite 
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1.5 - 218°C/hr 

~ 
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50 60 70 80 

mole per cent An. 

¥.J_~_\l_r~-- 10: FeO (closed symbols) and MgO (open symbols) 
in Agulhas 22 basalt ·plagioclase. Large 
vectors represent experimental cooling trends of 
Schiffman and Lofgren (1982). Squares = 
phenocrysts and megacrysts; circles = micro­
phenocrysts. Several tie-lines indicate within 
crystal variation (eg. reverse and sector zoned 
microphenocrysts). 
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(equation 1 of Mathez, 1973). Assuming ideal behaviour, the 

calculated reciprocal temperature equation (equation 7a of 

Mathez, 1973) is 

ln Ala X 104 X ~/T = 11.76 x 10- 3 X T - 19.01 ..•. (7) 

The input data are: . A = XNaXs1 /XcaXAl 

XNa and cr = (XAb/XAn)/(aAb/aAn); 

~ = Xca + XAJ -Xsi -

where x~ = atomic 

fraction of element A in the melt, XA b /XA n the pla.gioclase 

composition and is an activity correction 

coefficient (Figure 3 of Mathez, 197 3) . An added 

restriction is that XN a +Xs 1 +Xe a +XAJ = 1. 

Estimated temperatures ·of crystallization, based on assuming 

equilibration of most sodic microphenocryst rim 

compositions and quench glass compositions range from 12oooc 

to 1162oC (See Appendix 2, Table A-7). These are 

significantly higher than those determined by olivine 

equilibria. These· temperatures correspond to plagioclase 

liquidus temperatures determined on whole rock compositions 

by the method of Nathan and Van-~{rk (1978). 

Calculations performed by the method of Nathan and van Kirk 

(1978) were determined by computer; a program (XTALS) 

modified by Professor A. R. Duncan of the Geochemistry 
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' !"_~J~~.,!'~_L!.= Substitutional relationships in Agulhas 22 
basalt plagioclase. Units are cations per 
8 oxygens. Solid lines depict theoretical 
relationships for ideal albite-anorthite 
mixtures. Several data points are omitted 
for clarity. 

(a} Ca vs Al. Linear regression analysis 
of all data yields the equation ( with 
correlation coefficient, R = 0.83 }: 

Ca = 0.758Al - 0.742 

(b) Ca vs Si. Note the near perfect 
substitution but higher Ca contents 
relative to ideal plagioclase. Linear 
regression analysis of all data yields 
( R = 0. 893 } : 

Ca = -0.905Si + 2.6066 

(c) Ca vs Al+2Fe+2Mg. 
scatter of data. 
analysis of all 
yields: 

-

Note the large 
Linear regression 

data ( R = 0.667 ) 

Ca = 0.84liA1+2Fe+2Mg} - 0.941 
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Department for the HPlOOO°'* was employed. The high 

/ 

temperatures are explained for the most part by the ease of 

plagioclase nucleation in silicate melts (e.g. Gibb, 1974), 

and in part perhaps due to the fact that up to 10 mole % of 

Ca is present in the Ca(Fe,Mg)SiJOs molecule rather than in 

anorthite (see later). Several authors have also noted 

higher temperatures obtained by plagioclase thermometry 

relative to olivine thermometry (e.g. Frey et al., 1974). 

Minor elements in plagioclase· include Fe and Mg. FeO 

(0.2-1.6 wt %) and MgO (0.1-0.5 wt%) contents are plotted 

versus anorthite content in Figure 10. This diagram 

illustrates three important points: 

(1) MgO contents are always lower than FeO contents. 

(2) Both FeO and MgO increase with increasing albite 

content. 

(3) At a given anorthite content, minimum FeO and MgO 

contents are apparently lower in phenocrysts and 

megacrysts than in microphenocrysts and micro-

lites. 
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These features may be qualitatively explained by the kinetic 

effects of 9ooling rate experienced by crystals (and host 

liquids) and the greater ease of iron-magnesium substitution 

in sea floor basalt plagioclase with increasing albite 

content (Bryan, 1974). The effect of rapid cooling on 

crystal growth is to increase the proportion of impurities 

in a crystal which would otherwise be expelled by diffusion 

(e.g. Leung, 1974; Grove and Bence, 1977; Coish and Taylor, 

1979; Kirkpatrick, 1983). 

Schiffman and Lofgren (1982) have experimentally 

investigated the effects of cooling rate on the mineral 

chemistry of a Columbia River basalt. Trends in iron-

magnesium distribution in natural and experimentally grown 

plagioclase (Schiffman and Lofgren, 1982) are shown in 

Figure 10 along with the Agulhas 22 basalt plagioclase data. 

At known cooling rates, Schiffman and Lofgren 

determined that plagioclases crystallized with 

systematically higher FeO and MgO contents as cooling rate 

increased. By direct analogy, Agulhas 22 basalt plagioclase 

compositions imply 

experienced slow 

0.5°C/hr vector; 

that megacry~ts and phenocrysts probably 

cooling rates (corresponding to the 

Figure 10) while microphenocrysts and 

microlites grew at extremely rapid rates (cf 218oC/hr 

vector; Figure 10). Crystal morphologies of the latter 



crystal types have been experimentally reproduced by Lofgren 

(1974) at a cooling rate of 250°C/hr while chain and feather 

olivine microlites observed in several Agulhas 22 basalts 

evidently attest to cooling rates of.greater than 200°C/hr 

(Donaldson, 1976). Furthermore, relatively high Fe contents 

in type 2 megacrysts imply that, relative to type 1 

megacrysts, these crystals· grew at greater cooling rates. 
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The ir~n-magnesium substitution in MORB plagioclase is best 

explained in terms of divalent Fe and Mg substituting for Al 

in a formula unit of the type Ca(Fe,Mg)SiaOs (Bryan, 1972). 

This substitution is favoured by decreasing temperature 

(Bryan, 1974) and thus it is expected that the molecule 

behaves thermodynamically similarly to albite (see point 2 

above). Similar conclusions regarding the charge balance 

and occupancy have been reached by Crawford (1973) and Wenk 

and Wilde (1973) in view of stoichiometric arguments. The 

approach of Bryan (1972) is adopted here in order to 

investigate Fe and Mg site occupancy in Agulhas 22 basalt 

plagioclase. 

._ 

Charge balance in plagioclase feldspars is · of the 

type R2+ (Ra+ )2Si20s in the anorthite end member and 

R+ (Ra+ ) Sia Os (or R2 + R2 +Sia Os ) in the al bite end member. If 
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all the Ca is combined in formula units of an anorthite 

molecule, the expressions 

Ca = Al - 1 and Ca = -1.0Si + 3.0 

will be fulfilled. Theoretically, Fe and/or Mg can 

substitute for Ca in this molecule to give: 

Ca + Fe + Mg = Al - 1.0 and Ca + Fe +Mg = 1.0Si + 3.0 

Similarly, in an albite molecule, Fe and Mg may substitute 

for Al, giving: 

Ca = (Al+2Fe+2Mg)-1 and Ca = -1.0(Si-Fe-Mg)+3 

Figures 11 a, b and c show virtually analogous findings to 

Bryan (1972). An apparent excess of Ca is present over that 

expected in a pure anorthite (solid lines), increasing with 

decreasing Ca content (Figures a and b). The "excess" Ca is 

thus best 

Moreover, 

explained in 

Figure llc, 

distribution (Ca vs 

terms of a Ca(Fe,Mg)Si30s molecule. 

displays near (perfect) ideal 

[Al+2Fe+2Mg]) implying Fe-Mg 

substitution for Al. The observed scatter may be a function 

of significant Fe3+ which may-~ubstitute directly for Al 

(Bryan, 19 7 2 ) . 

Miura (1984) has investigated possible plagioclase 
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Fi.$..~.?;:-~_ ... .!.?.: Variation of Si - (Na+K) and Al+Si in Agulhas 22 
basalt plagioclase. Squares represent 
phenocrysts and megacrysts, circles are 
microphenocrysts. Several analyses are omitted 
for clarity but the distribution of points is 
not affected (see fields outlined). 
Substitutional vectors radiating from ideal 
plagioclase feldspar (filled square) are from 
Miura (1984) where T = tetrahedral site, 
M = octahedral site and = vacancy. Small 
arrows indicate sector zoned microphenocryst, 
sample AG22-l-4. Substitution in reverse zoned 
sector, [ (001); rapid growth direction ], 
mimics vector e while normal zoned sector (010) 
mimics vector c. 
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substitution in some detail. By computer simulation, 

various substitutions have been identified and are evident 

as substitutional vectors in a plot of Si-(Na+K) vs Al+Si 

(Figure 12). The Agulhas 22 plagioclas~ data indicate that 

Fe ahd Mg apparently occupl both the tetrahedral and 

octahedral cation sites and by implication that the scatter 

in Figure llc is in part due to Fe 3 + substitution for Al. 

Plagioclase megacrysts define a trend between vectors 'e'and 

'f' of Miura (1984) while microphenocryst plagioclase 

exhibits a greater scatter indicating a greater involvement 

of vector 'e' presumably due to quenching. 

Because of the obvious kinetic control on Fe/Mg partitioning· 

in plagioclase and the different crystallo-chemical 

properties of the two cation sites it is not considered 

possible to attach much (if any) significance to Fe/Mg 

ratios of plagioclase in 

magmas from which they 

Kirkpatrick, 1982). 

3 . 4 §.P .. !.:11 e 1. 

an attempt to characterise 

crystallized (e.g. Kuo 

host 

and 

Spinel is present in 9 of 15 petrographically distinct 

basalts. Representative analyses are given in Table 8 and 

individual analyses are plotted in Figure 13. Reported 



Table 8: Reprei-entative oxide analyse~ Aguthas 22 basalts. 
Abbreviations as in Tabte 6. Cation proportions based on 
4 oxygens; 3 for ilmenite. Cr# = lOOCr/Cr+At; Mg# c 

lOOMg/Mg+Fe. 

Ti02 

Al203 

Cr203 

Fe203 
FeO 

MnO 

MgO 

CnO 

TOTAL 

Ti 

Al 

Cr 

Fe3+ 

Fe2+ 

Mn 

Mg 

Ca 

CrD 

Mg fl 

Ti02 

Al203 
cr2o3 
Fe 2o3 
FeO 

HnO 

HgO 

cao 
TOTAL 

Ti 

Al 

Cr 
Fe3+ 

Fe2+ 

Mn 

Mg 

Ca 

CrD 

MgD 

· AG22-l-l 

1,08 

26, 71 

34,82 

8,20 

13,55 

0,16 

15,23 

n.d 

99,71 

0,023 

0,943 

0,825 

0,185 

0,339 

0,004 

0,680 

46,7 

66,7 

meg in plag 
c 

0,26 

41, 71 

23,42 

3,58 

11,08 

0, 14 

18,81 

n.d 

99,02 

0,005 

1,366 

0,514 

0,074 

0,257 

0,003 

0, 778 

27,4 

75,2 

r 

0,26 

. 41,86 

23,20 

3,66 

ll ,31 

0, 14 

R,67 

0,06 

99,17 

0,005 

1,369 

0, 509 

0,077 

0,263 

0,003 

0,772 

0,002 

27,l 

74,6 

c 

AG22-1-4 
in plag 

AG22-3-4 

r 
~--------------'-- ------

0,47 

27,99 

33,19 

8,49 

13,01 

0,15 

\'S,92 

99,24 

0,010 

1,038 

0,755 

0, 186 

0,317 

0,004 

0,690 

42,l 

68,6 

0,63 

28,82 

32,19 

9,19 

13,47 

0,22 

15,67 

n.d 

100,84 

0,014 

0,989 

0, 781 

0,201· 

0,328 

0,005 

0,680 

44,l 

67 ,5 

AG22-9-l 
mp 

c 

0,65 

28,69 

34,98 

6,89 

12,0R 

O, lR 

16, 13 

n.d 

99,62 

0,014 

1,000 

0,81R 

0, 153 

0,299 

0,005 

0, 711 

45,0 

70,4 

r 

0,62 

28,45 

34,87 

7,01 

11 ,99 

0,21 

16,05 

n.il 

99,22 

0,014 

0,996 

0,819 

0, 157 

0,298 

0,005 

·o, 111 

45,l 

70,5 

1,40 

26,44 

34 ,75 

7,59 

14, 71 

0,18 

14,54 

0, 17 

99,79 

0,032 

0,938 

0,827 

0,172 

0,370 

0,005 

0,652 

0,005 

46,9 

63,8 

AG22-12-1 
mp in plag 

c 

0,50 

32,79 

32,65 

5,45 

10,64 

0, 18 

17,44 

n.d 

99,67 

0,011 

l, 115 

0,745 

0, 118 

0,257 

0,004 

0, 750 

40,l 

74,5 

r 

0,57 

33,43 

31,50 

5,86 

11, 36 

0, 13 

17,16 

0,05 

100,07 

0,012 

1,132 

0,716 

0, 127 

0,273 

0,003 

0,735 

0,002 

38,7 

72 ,9 

AG22-7-l 
in ol 

c ' 

1,02 

25,lR 

35,30 

9,32 

13,00 

0,20 

15 ,27 

0,05 

99,35 

0,023 

0,897 

0,844 

0,212 

0,32Q 

0,005 

0,688 

0,002 

48,5 

67. 7 

r 

1,02 

25,37 

36,22 

8,59 

13 ,48 

0,16 

15,06 

0, 19 

100, 10 

0,023 

O,R99 

0,861 

0,194 

0,339 

0,004 

0,674 

0,006 

48,9 

66,6 

AG22-12-4 
ph 

c 

0,69 

28,37 

33,51 

8,48 

12,42 

0,25 

15,31 

n.tl 

99,05 

0,015 

l ,~01 

0, 793 

O, l 91 

0,311 

0,006 

0,682 

44,2 

68,7 

r 

_l,07 

218,03 

33,08 

8,73 

13,98 

0,27 

14,28 

0,08 

99,53 

0,024 

0,992 

0,785 

0, 198 

0,351 

0,007 

0,639 

0,003 

44,2 

64,5 

82 

AG22-8-16 
mp 

c 

1,14 

24. 23 

36,25 

8,70 

16'17 

0,28 

13,29 

0,05 

100,12 

0,026 

0,872 

0,875 

0,200 

0,413 

0,007 

0,605 

0,002 

50,l 

59,4 

r 

l,lR 

24'14 

35,64 

8,78 

16,06 

0,18 

13,22 

0,12 

99,33 

0,027 

0,87~ 

0,867 

0,203 

0,413 

0,005 

0,606 

0,004 

49,R 

59,5 

AG22-3-20 
ilm 

47,84 

0,19 

n.tl. 

12,05 

36,44 

0,42 

3,36 

0, 14 

100,46 

0,885 

0,006 

0,223 

0,750 

0,009 

0,123 

0,004 

(Ilm)87 ,2 

(Hm)l2,8 

mt 

22,49 

1,47 

n.d 

24'16 
50,41 

0,83 

o, 75 

0, 14 

100,26 

0,626 

0,064 

0,673 

1,562 

0,026 

0,041 

0,006 

(Us)65,0 

(Mt)35,0 
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spinels (chosen to reflect the maximum variation 
in compositions) in Agulhas 22 basalts. Fields 
represent Mid-Atlantic Ridge Spinels (Sigurdsson 
and Schilling, 1976;- dashed outline) and three 
identified spinel types in FAMOUS basalt 527-1-1 
{Fisk and Bence, 1978; continuous outline). See 
text for discussion. Note zoning trends (arrows) 
and an / approximately linear relationship shown 
by Dredge 8 and 12 spinels (slope: unity). 
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contents were calculated assuming perfect 

stoichiometry (Finger, 1972). Compositions are comparable 

with spinels from other abyssal basalts. Following the 

terminology of Sigurdsson and Schilling (1976) two spinel 

types are present. Chrome spinels (Cr/Cr+Al = 0.40 - 0.52), 

frequently associated with olivine microphenocrysts and 

phenocrysts as well 

compositionally similar 

as plagioclase megacrysts, are 

to typical MORB spinel (Sigurdsson 

and Schilling, 1976; Sigurdsson, 1977; Fisk and Bence, 1978; 

Dick and Bullen, 1984). Several spinels, particularly those 

from porphyritic basalts, are slightly less magnesian than 

typical chrome spinels and appear to define a linear trend 

(with slope of unity) in Mg/Mg+Fe - Cr/Cr+Al space (Figure 

13). The single high-aluminia spinel (included in megacryst 

plagioclase, sample AG22-8-16) has a composition (Cr/Cr+Al = 

0.27; Mg/Mg+Fe = 0.78) corresponding to high alumina spinels 

from high alumina 
1
picrites from the Mid-Atlantic ridge 

(Sigurdsson and Schilling, 1976; Fisk and Bence, 1978). 

Zoning is rare but two types have been recognised, 

correlating with the following occurrences: (1) spinels 

included in olivine, and (2) spinels associated with 

plagioclase and/or discrete isolated crystals. Zoned 

spinels in olivine have constant Cr/Cr+Al ratios while 

Mg/Mg+Fe ratios decrease from core to rim (Figure 13). 

Zoning of spinels in plagioclase involves an increase in 



Cr/Cr+Al from core to rim while Mg/Mg+Fe decreases, or 

remains constant. High alumina spinel is unzoned. 
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The decrease in Mg/Mg+Fe in olivine related spinels is 

consistent with spinel cores having crystallized prior to 

olivine (they are poikilitically included) and rim 

crystallization upon crystallization of plivine. Such 

Mg/Mg+Fe fractionation by ~Pi~el has been identified by 

various workers (Graham et al., 1978; Dick and Bullen, 1984) 

and is consistent with paragenic relations in MORB (i.e. 

spinel followed by olivine crystallization). In particular, 

Dick and Bullen (1984) describe spinels of these 

compositions as "quench" spinels crystallized at the ocean 

floor. , This implies therefore that rim compositions are 

probably in equilibrium with magmatic liquid compositions, a 

contention supported by somewhat similar spinel and whole 

rock Mg/Mg+Fe ratios (i.e. Mg'l';!,spi nel /Mg~whol e rock .... 1 - see 

also Irvine; 1965, 1967). Zoning involving increasing 

Cr/Cr+Al is compatible with fractionation of plagioclase. 

As plagioclase crystallizes, the Al content of the residual 

melt at the plagioclase crystal-melt interface would be 

expected to decrease and hence Cr/Cr+Al should increase. 

Alternately, increasing Cr/Cr+Al may reflect a bulk 

compositional increase favoured by decreasing f02 with 
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differentiation (Hill and Roeder,. 1974). Mg/Mg+Fe ratios . 

should remain unaffected or, ,in the,. :presence·. of ,concomitant 

olivine cr~stallization, decrease. 

The origin of high alumina spinel has been proposed as due 

to 'high pressure crystallization (Green et al., 1972; 

Sigurdsson and Schilling, 1976; Fisk and Bence, 1978; Die~ 

.and Bullen, 1984). Ex~erimental evidenc~ from lunar b~salt 

studies (Green et· al., 1972) indicates that increasing 

pressure increases Al content of spinels and hence should 

lower the · Cr/Cr+Al ratio. Fisk and Bence (1980) were able 

to synthesize type II and III spinels (Figure 13) in 

experiments on FAMOUS .basalt 527-1-1, but not high alumina. 

(type I) spinels. They concluded that the former spinels 

crystallized at lower pressures(crustal) and inferred that 

pressure was the critical factor governing the formation of 

high alumin~ spinel (Fisk and Bence, 1980). 

.\ 

Despite the absence of unequivocal experimental· evidence, 

the effect of increasing pressu:['.e does favour the smaller 

partial molar volume of the Al-spinel .(e.g .. Robie and. 

Waldbaum, 1968; Dickey and Yoder, .1972; Thy; 1983') . 

Moreover, high pressure can also be· expected to increase 
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Selected clinopyroxene analyses are presented in Table 9 and 

individual analyses are d~picted in Figure 14. The megacryst 

pyroxene ( sample AG22-12-l ) is reverse zoned (Wo41 En49 

Fs 1o - Wo42 Ens1 Fs1) and compositionally similar to early 

crystallized Ca-rich pyroxene (augite) from tholeiitic 

magmas (McBirney and Noyes, 1979) and MORB (Grove and Bryan, 

1983). Analysed groundmass pyroxene compositions are highly 

variable, even within a single grain. This variability (10 

mole % range in Wo and En; 13 mole % range in Fs) 

corresponds to a range from salite-ferrosalite to 

ferroaugite (Deer, Howie and Zussman, 1978). Despite the 

apparent scatter in Figure 14, two trends are present in 

groundmass pyroxene. Most conspicuous is a significant 

decrease in wollastonite (Ca) component from cores to rims 

of several grains at a constant Mg/Mg+Fe ratio. The other 

trend i~ one of iron enrichment paralleling that of iron 

enrichment in tholeiitic magmas (Muir and Tilley, 1964). 

Groundmass pyroxene compositions correspond to pyroxenes 

known to be of alkaline affinity (Le Bas, 1962). In 

particular, they are ti tani f erou.s pyroxenes ( Ti02=1. 4-4. 6 wt 

%) with a high proportion of non-quadrilateral components . 
(e.g. Al203= 2.3-7.6 wt%; Na20= 0.5-0.9 wt%) but with low 

Cr20a (<0.2 wt%) contents. In contrast, megacryst pyroxene 

0.5-1% 2.6-
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Table 9: Representative clinopyroxene analyses 

meg = single pyroxene megacryst (AG22-12-l); 

ml = skeletal microlites (coarse-grai~ed Dredge 3 basalts). 

Cation proportions based on 6 oxygens. 

AG22-12-1 AG22-3-20 AG22-3-34 
meg ml ml 

c r r c r c 

Si02 51,52 52,34 49,91 43,98 45,52 46,12 

Ti02 0,78 0,37 1,83 4,55 4,23 ·3,34 

Al203 3,26 2,57 2,26 6,92 5,-88 6,84 

cr203 0,47 0,88 n.d 0,38 0,30 0,12 

FeO* 6,30 4,53 10,80 9,64 9,68 7,25 

MnO 0,22 0,16 0,27 0,14 0,10 0,08 

MgO 16,97 18,09 14,57 11, 15 11, 71 12,85 

Cao 19,73 20,35 20,20 22,05 21,56 22,34 

Na2o 0,36 0,35· 0,54 0,88 0,86 0,85 

TOTAL 99,61 99,63 100 ,42 99,60 99,85 99,79 

Si 1,899 1,917 1,875 1,682 1,731 1,734 

Ti 0,011 0,010 0,052 o, 131 0,121 0,095 

Al 0,142 0, 111 0, 100 0,313 0,263 0,303 

Cr 0,014 0,025 0,012 0,009 0,004 

Fe 0,194 0,139 0,339 0,309 0,308 0,228 

Mn 0,007 0,005 0,009 0,004 0,003 0,003 

Mg 0,932 0,987 0,816 0,637 0,664 0, 720 

Ca 0, 779 0,798 0,813 0,905 0,879 0,900 

Na 0,026 0,025 0,039 0,065 0,063 0,062 

Wo 40,7 41,4 41,1 98,8 47,4 48,6 

En 48,7 51,2 41,3 34,3 35,8 38,9 

Fs 10,6 7,4 17,6 16,9 16,8 12,5 
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3. 5%) , Ti02 (0.4-0.8%) and Na20 (0.4%) contents than 

groundmass pyroxene. 

in individual grains shows a strong negative 

correlation with Si02 (Figure 15a) suggesting that the 

majority of Al is located in tetrahedral sites. Ti is 

positively correlated with Al (Figure 15b) and Ti 

substitution for Al is about five time greater in groundmass 
( IY\e~Gl.U~"'>t) 

pyroxene than in phenocryst pyroxene. Components 9._t~e~ than 

quadrilateral components substitute in mega~ryst pyroxene in 

the form of a Ca-Tschermak molecule, whereas in groundmass ... 
pyroxene it is as a titanpyroxene molecule (Figure 16). 

Groundmass pyroxene compositions are similar to those found 

in North Atlantic pillow basalts (Coish and Taylor, 1979). 

Variations are ascribed to the effect of rapid cooling on 

crystallized pyroxene (Coish and Taylor, 1979}. 

Experimental evidence (Grove and Bence, 1977) indicates that 

cooling rate strongly affects the substitution of Ti02, 

Al20a and CrzOa in pyroxene; increasing cooling rate favours 

increased substitution of Ti02 and Al20a but decreasing 

CrzOa. Groundmass pyroxene compositions therefore, 

represent a record of metastable crystal/liquid partitioning 

consequent on rapid crystallization Deer et al., 1978 ) 

rather than reflecting crystallization from different host 

liquids ( LeBas, 1962; cf Figure 15a ). The metastable 

partitioning is best explained in terms of variations in 
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fJJi~ .. ~E .. ~ .. ..!J?.: Variation of Si, Ti and Al in analysed Agul~as 
22 pyroxenes. (a) Si02 vs Al203; fields of 
alkaline and other magmas taken from le Bas 
(1962), (b) Ti vs Al (atomic) in pyroxenes. 
Note the different Ti/Al ratios. Symbols as in 
Figure 14. 
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a. toTi (X2) 

NaM2 Al'.v 

0.2 mm. 

f. .. t..~.~ .. E .. ~ ..... ...1 . .§..: (a) Variation of "others" components (Papike et 
al., 1974) in analysed Agulhas 22 basalt 
pyroxenes. Tie-line represents within-grain 
variation in a single groundmass pyroxene, 
basalt AG22-3-20. Symbols as in Figure 14. 

(b) Schematic representation of intergrown 
groundmass plagioclase and clinopyroxene, basalt 
AG22-3-20 (see tie-line in Figure (a)). 
Compositions given as percentage Ca- end-member; 
pyroxene of composition Wo39 is offset towards 
NaM2 in Figure (a). 
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silica activity ( eg. Carmichael et al., 1970 and the 

delay in nucleation of plagioclase (Gibb, 1974; Lofgren, 

1980). Direct evidence for the latter process is present in 

the form of reverse zoning in Agulhas 22 basalt groundmass 

plagioclase and the apparent interaction of plagioclase and 

pyroxene in basalt AG22-3-20 (Figure 16 ). 

Carmichael et al. (1970) have shown that variations in 

silica activity can account for pyroxene and plagioclase 

compositions according to the equilibria: 

PYX MELT PLAG 

A delay in the nucleation of plagioclase (Gibb, 1974) would 

be expected to shift the reaction in the favour of the 

formation of Ca-Tschermak pyroxene molecule. In this regard 

Rong-Shu and MacKenzie (1981) note that supercooling and the 

failure of plagioclase to nucleate results in pyroxene 

compositions which "may depart appreciably from the 

equilibrium composition". 

The Fe/Mg exchange between ,pyroxenes and whole rock or 
-

coexisting glass compositions t assuming an Fe203/FeO ratio 

of 0.15 for these host liquids ) is depicted in Figure 17. 

Groundmass compositions are evidently too Fe-rich to have 

equilibrated with whole rock compositions, an observation 

supporting metastable crystal/liquid equilibria attendant 



Figure 17: 
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0.4 Q l(d:0.23 -

-----·-
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FeO/Mgo liquid 

FeO/MgO (molar ratio) of analysed pyroxenes 
versus FeO/MgO of co-existing whole-rock (AG22-
3-20 and AG22-3-34; no glass) and glass (AG22-
12-1; no whole rock analysis available) 
compositions. Symbols as in Figure 14. 
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Figure 18: Cr vs Ti in Agulhas 22 megacryst pyroxene. 
Symbols as in Figure 14. Fields of experimental 
and natural pyroxenes of FAMOUS area low­
pressure pyroxene (Grove and Bryan, 1983) shown 
for comparison. Arrow depicts trend of early to 
late crystallizing clinopyroxene (cpx) . 
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upon supercooling. Megacryst·pyroxene~ however, displays ~n 

.~ .. 9.~i .. !X!?.Ei.~1!! parti ti'oning coefficient for Fe/Mg exchange 

between rim comp6sitions and quench il~~s; i.e. Kn~0.23, the 

accepted eqG'~librium value ( Bryan, 197_9; Grove and Bryan, 

1983 )An Figure 18, the similarity of the rim composition 
~,, .. )o..~ttl. . . . . 

·and~ow · pressure pyroxenes of Grove and Bryan (1983) is 

llustrated. 

A value of 0.33 is determined for the- Fe/Mg distribution 

between the megacryst core composition and quench glass. 

Although the whole rock composition is unknown, this Kn 

would presumably be similar to or less than that between 

the megacryst core and· the whole ~ock composition ( this i~ 

96 

because glasses generally have simila~ or hi~her FeO/MgO 

ratios than corresponding whole rock ·compositions; see 

Chapter 5). Nevertheless, the high 'Kn relative• to ·rim 

compositions i~plies that the core composition crystallized 

from a liquid with a :hi:Kh .. ~.!:. FeO/MgO ratio or alternatively, 

that core cr~stallization occurred at elevated pressure, 

since it is knbwn that the KnCFeJMgJ between high Ca 
. I 

pyroxene and basaltic liquid increases with·pressure (Bence 

and Bender, 197q). More speci~icall~, experimental w6rk on 
. . . 

primitive FAMOUS basalt 527--1-1 ·(Bence and Bender, 1978) has 

established that KnCFe/Mg) is 0.35 at lOKb and 1280oc and 

p.34 at 15Kb and 1340°C. 
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mole % giekelite component. End member compositions ~re 

calculated by the method of Stormer (1983). The procedure 

(Stormer, 1983; page 390) is outlined below: 

(1) Determine cation molar proportions for both spinel 

(Ti-Mt) and rhombohedral (Ilm) phase. 

(2) Normalize the spinel formula unit to 3 cation 

sites and rhombohedral formula to 2 cation sites. 

(3) Determine the sum of cationic charges per formula 

unit, subtract 8 for spinel and 6 for rhomboh~dral 

phase. Remaining value represents charge 

deficiency (or excess). 

(4) Eliminate this value by converting Fe 2 + to Fe3+ or 

vice versa. If unable to, it cannot represent a 

stoichiometric oxide phase. 

(5) Determine the mole fraction of Fe2 + relative to· 

the sum of all divalent cations, and of Fe3+ 

to all trivalent cations. 

(6) Calculate xspi ne1 phase and xrhombohedral phase 
ul vospi nel ilmenite 

by the equations a and b below: 

Xu5P=l-XFe304 =0.5nFe3+, F (XFe2·+, 52+) (XFe3+, 53+) .. (a) 

·- ..... (b) Xx LM = 1-0.5nFe3+, F 

where 

Fea+, F = total number of Fe3 + ions per formula unit 

XF e 2 + , 5 2 + = mole fraction of Fe2 +. to the sum 

' of divalent cations 



The 

XFe3+, S3+ = mole fraction of Fea+ to the sum of 

trivalent cations 

(7) Determine the temperature (T) and oxygen fugacity 

(f02) using XusP and X11M with chosen 

relationship. 

coexisting oxide in 

projected on 

( 1964; their 

the T-f02 

Figure 

phases 

grid of 

5) give 

sample AG22-3-20, when 

Buddington and Lindsley 

a temperature of last 

oxygen fugacity of 10-s equilibration of 1)00°C 

atmospheres. Despite the 

at an 

uncertainty of ±50°C (Buddington 

and Lindsley, 1964), this temperature is consistent with 

quench temperatures determined by olivine and plagioclase 

thermometry and corresponds to typical temperatures obtained 

by ocean floor basalt oxide geothermometry (Haggerty, 1976). 

Following the calculation procedure of Powell and Powell 

(1977) a crystallization temperature of 1111°C and f02 of 

10-s. 1 atm. is indicated. 

********** 
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CHAPTER 4 

Natural glasses in the form of residual quenched rinds of 

pillow basalts as well as trapped melt inclusions are 

potentially useful recorders ·of maimatic evot~tion. For 

example, glass compositions· have been used .to show the 

importance of low pressure (e.g. Mels6n et at., 1976; Walker 

et al., 1979) as well as high pressure (e·.g. Bender et aL, 

1984) fractionation. Melt indlusi~n dati.have been cited ~s 

evidence for primiti~e and/or primary magmatic precursor 

melts (Watson, 1976; Donaldson ~nd Brown, 1977; le Roex et 

al., 1981) as well as magma mixing (Dungan and Rhodes, 1978; 

Natland et ~l., 1983; Price et al., 1986). Of critical 

significance is the ne~d to establish· the relationships 

. e betwep residual melts and host whole rocks and/or crystals. 

Previou~ studi~s on quench glass· ·~ompositions have 

emphasized the importance of glasses· as representing true 

liquid compositions unaffected by mecha~ical phenocrtst 

addition (e.g. Melson et al., 1976; Natland and· Melson, 

1980; Bender et al., 1984). Melson et al. (1976) and other 

workers have established that many MORB . glasses ·are 
I 

r~latively homogeneous at electron microprobe precision and 
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Sample 

AG22-1-4 
AG22-1-13 
AG22-3--l 
AG22-3-8 
AG22-5-8 
AG22-5-10 
AG22-5-14 
AG22-7-1 
AG22-8-9 
AG22-8-24 
AG22-9-1 
AG22-12-1 
AG22-12-4 
/IG22-12-35 
AG22-13-14 
AG22-13-1 

Average 
- Ridge A 

Average 
- Ridge B 

Average 
MORB 

Average 
22-25°N 

Si02 

49.59 
50.26 
50. 44 
50. -17 
49.30 
49.52 
49.93 
50.56 
50.82 
50.21 
50.66 
50.60 
50.66 
50. 18 
50.75 
50.37 

50.27 

49.93 

50.33 

50.54 
+ 1. 78 

50. 72 
±.0. 29 

Ti02 

1.-16 
1.58 
1. 78 
l. 99 
1.44 
1.52 
2.00 
1. 60 
1 . 9 7 
2.35 
1. 33 
1. 55 
2.08 
1.38 
1. 30 
1.35 

1.70 

1. 68 

1 . 7 1 

1. 62 
f0.50 

1. 61 
±_0.23 

15. 76 
15.92 
15. 3 7 
14. 9 3 
16. 80 
15.75 
15. 18 
16.36 
l 4. 78 
14. 99 
16.75 
16. 10 
lL Gl 
15. 48 
15.63 
16.96 

15. 71 

15. 67 

15.74 

FeO 

9.09 
9.33 

10.30 
10.67 
9.38 

10.03 
10.54 
9.02 

10.29 
10.91 
8.57 
8.76 

10.32 
9.60 
9. 15 
8.21 

9.64 

9.91 

9.42 

15.27 10.69 
± 1. 1.3 ±_1. 67 

15.46 10.00 
±_0.-19 ,:t0.81 

MnO 

0.20 
O.t6 
(). 17 
0. 19 
0. 19 
0. 19 
0.13 
0. 17 
0.22 
0. 18 
0 .14 
0. 16 
0.20 
0.20 
0. 16 
0.14 

0. 18 

0. 18 

0. 1 7 

MgO 

8.36 
8.00 
7.20 
7.74 
8.09 
8.37 
7.30 
7.65 
7.29 
6.92 
8. 10 
7.85 
6. 8·1 
8. 10 
7.90 
8.21 

7.75 

7.8i 

i.65 

7.29 
±1. 54 

7.34 
+0.51 

Cao 

11. 4 3 
11. 4 5 
JO.BO 
10.60 
11. 15 
10.64 
10.55 
11. 27 
10.90 
10.31 
1l . 91 
11. 29 
10.88 
10.57 
11 • 6 3 
10.90 

11. 02 

10.95 

11 . 07 

Na20 

3.01 
3.09 
3.28 
3.47 
3. 4 2 
3. 31 
3.71 
3.20 
3.61 
3. 52 
3.06 
3.36 
3.67 
3.53 
3. 4 4 
3. 17 

3.37 

3.33 

3.40 

11.16 2.69 
,:tl.54 ,:t0.77 

11.23 2.97 
±_0.61 ±_0.19 

0 .'10 
0. 12 
0. 18 
0. 12 
0. 12 
0. 1 7 
0.27 
0 .11 
0. 1 7 
0.19 
0.07 
0. 13 
0. 13 
0. 12 
0. 11 
0. 12 

0. 14 

0.15 

0. 13 

0.16 
.±_0.23 

0. 13 
±_0.04 

Cayman 
Trough 

1. 70 3.50 0.25 

Analyses of 16 samples of this study ( average of +/- 5 
points per sample ) and chosen to be representative of major 
composition groups ( considering also 68 analyses - le Roex, 
unpublished data performed on Cambridge microprobe ) . 
Average MORB from Melson et al., ( 1976), Average 22-25° N, ~!AR 

from Bryan et ul. (1981), Cayman Trough (Caribbean Plate) 
data from Thompson et al. (1979). 

Tubl~Q_,_ : Represen tat i ,·e an<!l yscs of pillow basalt glasses. 

n.d. 
0. 16 
0. 16 
n.d. 
n.d. 
0.20 
0. 19 
n.d. 
0. 17 
0.25 
n.d: 
n.d. 
0.22 
0. 1 7 
n.d. 
n.d. 

Total 

99.00 
99.96 
99.68 

100.21 
99.89 
99.74 
99.82 

100.07 
100.22 
99.58 

100.59 
99.80 
99.61 
99.80 

100.20 
99.53 

0.16(1.24] 9!1. 94 

[ 1. 26] 

(1.23] 

(1.47] 

[ 1. 36] 

99.67 

99.82 

99.42 

99.46 

(1.1-1.2] 
Fe0'/Mg0 
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Q 
Or 
Ab 
An 
Ne 
Di 
Hy 
01 
Mt 
Ilm 

AG22-l-4 
MiP 

01-pl 

0.60 
25.90 
29.25 

23.08 
3 .. 10 

13.62 
1. 77 
2.79 

AG22-1-13 
MiP 

01-pl 

0.71 
26.19 
29.22 

22.51 
5.83 

10.87 
1. 79 
3.00 

AG22-3-4 
MiP 

01-pl 

1. 08 
27.98 
26.69 

22.36 
7. 11 
9.54 
1. 99 
3.39 

AG22-3-8 
MiP 

01-pl 

0.71 
29.28 
24.80 

22.57 
5.26 

11. 71 
2.04 
3.78 

AG22-5-8 
MiP 

01 

-
0.71 

26.66 
30. 14 

1. 26 
20.58 

16.24 
1. 80 
2.74 

AG22-5-10 
~iP 

01 

.:.. 

1. 02 
28 .. 24 
27.63 

20.85 
0.47 

17. 07 
1. 94 
2.93 

AG22-5-14 
'.'1iP 

01 

1. 61 
29.96 
23.69 
0.92 

23.57 

14.26 
2.04 
3.81 

AG22-7-1 
~IiP 

01-pl 

0.65 
27.10 
29.96 

21.17 
6.90 
9.57 
1. 7 3 
3.04 

-------------------------------------------------------------------------------------------
AG22-8-9 AG22-8-24 AG22-9-1 AG22-12-l AG22-12-4 AG22-12-35 AG22-13-1 _.\G22-13-14 

SPP OPP MiP OPP OPP MiP '.'1iP MiP 
01-pl 01-pl . 01-pl 01-pl-cpx 01-pl 01 01 01-pl 

Q 
Or 1. 00 1. 13 0.41 0.77 0.77 0.71 0.72 0.65 
Ab 30.40 30.00 25.64 23;53 31.27 29. 97. 27.09 29.07 
An 23.62 24.. 54 31.71 28.47 28.00 26.04 31.73 26.88 
Ne ,.. -
Di 24.72 22. 10 21.74 22.52 25.69 21. 62 18.52 25.04 
Hy 3. 11 5.60 6.33 3.30 2.42 1. 86 6;53 0.54 
01 11.52 10.20 10.13 11. gg 10.98 1 ·l • 5 5 11.36 13.72 
Mt 2.00 2. 11 1. 63 1. 68 2.03 1. 88 1. 59 . 1. 7 5 
Ilm 3.73 4·. 48 2.52 2.95 3.96 3.48 2.57 2.57 
--------------------------------------------------------------------------------------------

MiP = micf"oporphyri tic, -~pp ; sparsel~ plagioclase . 
porphyritic, OPP = olivine-plagioclase porphyritic, 
01 = olivine!, pl = p.lagioclase, cpx = clinopyro:;011e. 

Table 11. ------·- }formative mineralogy of g~lasses. (Table 10). 
Calculated assuming FeO/Fe20J = 0.15. 
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The average KzO content of Agulhas 22 basalt glass is 

similar to average normal MORB of comparable FeO*/MgO from 

the MAR at 22°N (Bryan et al., 1981). In terms of Ti02 and 

NazO (Figure 20,a) Agulhas 22 glasses are transitional 

between Atlantic MORB from 22°N and glasses from the slow· 

spreading Mid-Cayman rise (Thompson et al., 1980). In a 

plot of TiOz versus FeO*/MgO ratio (Fig 20,b) the Agulhas 22 

basalts plot within the field of known SWIR basalts (le Roex 

et al., 1982; 1983) and compared with average SWIR basalts 

• 
they have slightly higher TiOz and Na20 contents at a given 

FeO*/MgO ratio. 

Oxide versus MgO variation diagrams for Agulhas 22 basalt 

glasses are presented in Figure 21. Despite significant 

scatter in oxide concentrations at a given MgO content 

(owing to chemical variation between geographic sites) the 

data describe broadly coherent evolutionary trends similar 

to chemical variations·observed in MORB from the Atlantic, 

Pacific and Indian Oceans (Flower, 1980). These include 

increasing FeO, Ti02, Na20, KzO and P~Os and decreasing Cao 

• and Alz03 contents as MgO decreases. 

Although there is a signific~nt overlap in 6xide abundances, 

there is a suggestion of a between-ridge variation, 

namely lower average Si02 and higher FeO contents in Ridge A 

glasses relative to Ridge B glasses. In Figure 22, the Fe-Mg 

* However, scatter in K
2
o is probably due to alteration, while 

low-pressure al ± plag fractionation is accountable for scatter 
in Cao (Francis, 1986). 
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variation is illustrated in terms of cation mole percent 

values. 

The two distinct trends in Figure 22, corresponding to Ridge 

A and Ridge B basalt (sample AG22-12-35is an exception), 

show a similar displacement to that found in East Pacific 

Rise (EPR) basalts by Bender et al. (1984). In an analogous 

model to that proposed for the EPR basalts, the distinct 

trends in Agulhas 22 basalt glass could reflect different 

liquid lines of descent from parental magmas derived by 

different degrees of partial melting or from compositionally 

distinct source regions. 

in a later section. 

This aspect is discussed further 

Major element compositional variation in MORB glasses define 

apparent cotectics in the normative plagioclase-olivine~ 

pyroxene ternary (Miyashiro et al., 1970; Shido et al., 

1971; Bryan and Dick, 1982). Bryan and Dick (1982) have 

shown that genetically related two-phase and three-phase 

saturated basalts project on to common pseudo-cot~ctics in 

this ternary normative system. They concluded that parallel 

but offset trends in this system represent compositional 

shifts in liquid lines of descent as a function of upper 

mantle heterogeneity. 

The Agulhas 22 glass data are plotted in this normative 

ternary (Figure 23) and it is immediately apparent that 
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Pyroxene 
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!:.i: .. ~.~E.~ ........ .?.}: Normative plagioclase - pyroxene - olivine 
compositions of Ridge A and B basalt glass. 
On average, Ridge B glasses have a higher 
normative plagioclase content than Ridge A 
glasses. Symbols as in Figure 21. Fields 
include all glass analyses (le Roex, 
unpublished data) for Ridge A (solid line) 
and B (dotted line) lavas. 



~.Y. .. ~.!:-~ .. ~-~- glass compositions are significantly different for 

the two ridge segments. In spite of considerable overlap of 

samples, this average difference is comparable to the 

difference observed in basalts from the MAR at 22 and 29°N 

(Bryan.and Dick, 1982). More specifically, Ridge B glasses 

are offset to higher normative plagioclase contents relative 

to Ridge A basalt glass. 
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To obtain a qualitative evaluation of phases involved in 

producing the glass fractionation trends, use has been made 

of a plot of CaO/Al203 (weight ratio) versus Mg~ (Bence et 

al., 1979). The Mg* (Mg/Mg+Fe 2
+ ratio) is employed as an 

index of olivine or pyroxene fractionation while the 

CaO/ Al2 Oa ratio 

fractionation. 

reflects pyroxene or 

Plagioclase crystallization 

plagioclase 

(CaO/Al203 

- 0.5) wi11 increase the ratio in the residual melt whereas 

high Ca pyroxene (CaO/Al203 

dramatically decrease the ratio. 

will leave it unchanged. 

7) crystallization will 

Olivine crystallization 

As a group, the glasses show a relatively large scatter in 

Figure 24 and CaO/Al20a ratioscare generally higher than in 

corresponding whole rocks. The latter observation, together 

with increases in CaO/Al20a ratios with decreasing Mg* in 

glasses of 

consistent 

specific dredges 

with control 

(e.g. Dredge 

by olivine 

3' 5 and 13) is 

and plagioclase 
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fractionation. In contrast, . decreasing CaO/ Al2 03 

with decreasing Mg• (e.g. Dredge 1, 8 and 12) 

ratios 

suggest 

control by clinopyroxene fractionation (see also whole rock 

data). The coherent trends in glass data for individual 

Dredge hauls suggest an origin due to fractional 

crystallization. 

4 . 3 ~-~-.t~ ...... I.~.9. .. ~-~ .. §. .. !..9..~ .. §. ... i.."··--·~-~ ..... j.~:l: ... ~ .. 9-9.:~.9..!:..!..2.~. 

Examination of the nature and significance of melt 

inclusions may yield important informati9n on physico­

chemical conditions of a fractionating magma (Roedder, 

1976). In particular, it has successfully been demonstrated 

that such inclusions in liquidus minerals may provide 

important constraints on magma compositions at the time of 

melt entrapment (e.g. Anderson and Wright, 1972; Anderson, 

1976; Watson, 

Rhodes, 1978; 

1976; Donaldson and Brown, 

le Roex et al., 1981). 

1977; Dungan and 

Melt inclusions in 

Agulhas 22 basalts occur in most mineral phases but only 

sufficiently large enough to analyse by microprobe in 

plagioclase crystals in th~ plagiocl~se porphyritic basalts 

of Dredges 8 and 12. 

Melt inclusions in plagioclase megacrysts range from small 

oval micro-inclusions (<0.3mm) to large irregularly shape~ 

inclusions up to 2mm long. Inclusions can be subdivided 

into two categories based on shape, size and distribution, 

~lthough there is some gradation between categories. 
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Type 1 inclusions vary from oval to subspherical micro-

inplusions (30-300 microns) to large (2mm) individual 

inclusions. In small inclusions, melts are glassy with a 

higher refractive index ·than host plagioclase, whereas 

larger ones are frequently occupied by a devitrified dark-

brown melt (Plate 3,H). Spherical vapour bubbles (diameter 

roughly 1/6tb of inclusion) occur in most inclusions and 

daughter crystals are rare (minute unidentifiable 

transparent to yellow-brown daughter crystals· have been 
• 

observed). Micro-inclusions are restricted to highly calcic 

type 1 megacrysts, and it is this association that is characteristic. 

Irregular (type 2) inclusions vary from isolated oval shaped 

forms to larger bleb-like and rod-like interleading forms 

typically orientated along growth zones (Plate 3,A). 

Lengths range from 100 microns to 1.0mm, and included 

material ranges from glassy to devitrified with fringes of 

post-entrapment crystallization products extending inward 

from inclusion walls. Type 2 inclusions occur in both type 

1 and type 2 plagioclase megacrysts but are more numerous in 

the latter. Interleading, channel-like inclusions are most 

common and conspicuous in plagioclase of composition An19, 

which can display spectacular skeletal morphology in 

sections cut parallel to (110); eg. Plate 3,F. In type 2 

plagioclase megacrysts exhibiting patchy zoning, inclusions 

frequently occur in negative crystal form. 
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Representative melt inclusion analyses are presented in 

Table 13. Analyses were obtained using a relatively broad 

. beam(~ 5um diameter). Where large enough, inclusions were 

analysed at their centres and near inclusion walls. 

Contamination by excitation of host plagioclase was 

generally only noted among inclusions similar in size to the 

beam size (e.g. analyses 1-5, Table 12). 

The chemical variation is illustrated in Figure 25. The 

usefulness of the CaO/Al203 ratio versus Mg~ has been 

discussed in an earlier section and the whole rock variation 

in Ridge B lavas is shown for comparison. Interaction of 

inclusions and host plagioclase should be reflected in 

at a * constant Mg· ; for example micro-

inclusions mentioned above have lower CaO/Al203 than large 

inclusions, attributable to fluorescence of host 

plagioclase. 

The ·Ti02 -Mg~ diagram (Figure 25, a) is most often employed in 

melt inclusion studies because: (a} post-entrapment 

crystallization should not mar~~dly affect Mg•, and (b) Ti02 

is relatively incompatible and should be an indicator of 

post-entrapment crystallization (e.g. Dungan and Rhodes, 

1978; Clocchiatti and Massare, 1985). Minimum Ti02 content~ 

of melt inclusions (Figure 25,a), 
at a given Mg•, are 

relatively unif6rm. Moreover, they are also similar 

-----~--------------------------~ 
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Si02 47,79 47,22 47,61 50,30 50,17 50,93 49,75 50,21 49,72 50,25 E.'< ~ 
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Analyses 1 to 3· Type 1 megacryst (An81); AG22-8-16 < s· 
' ~.,, 

4. Type 1 megacryst (An79); AG22-12-l . ~ 
O'Q 

5; Type 1 megacryst (An8o-78); AG22-12-2 g· 
6. Type 2 megacryst (An72_75); AG22-8-l 
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"' 7. Type 2 megacry!1t (An74_77); AG22-12-l 

' 
(II 

8 to·9; Type 2 megacryst (An70-76); AG22-12-4 

10; Type 2 megacryst (An76-78); AG22-12-20 
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to whole rock Ti02 contents which define a well constrained 

linear relationship. Several high Ti02 contents reflect the 

importance of post-entrapment crystallization in governing 

melt inclusion chemistry. This is supported by petrographic 

evidence (Plate 3) and correspondingly elevated CaO/Al203 

values. 

In addition to the above observations, it is evident that 

inclusions nearer the centre of several plagioclase crystals 

have apparently suffered more post-entrapment 

crystallizatioin than those successively further away (i.e. 

they have higher CaO/Al203 ratios and Ti02 contents). This 

supports the contention that the inclusions originated due 

to growth under supersaturated conditions if primary 

crystallization was rapid, as skeletal morphologies suggest 

(Plate 3), Alternatively, if growth was slo~, the post­

entrapment crystallization may be purely a function of time. 

In view of known crystal growth rates (e.g. as low as 

0.3mm/yr; Kirkpatrick, 1977) this may be possible. 

A~ can be seen in Figure 25, melt inclusion chemistry 

correlates with crystal c~mposition; 

labradorite plagioclase display a range in 

inclusions in 

Mg~ similar to 

that observed in whole rock compositions while inclusions in' 

bytownitic-plagioclase have a restricted Mg*, converging on, 

or similar to, the composition of most primitive lava 
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AG22-9-2. Ti0

2 
contents and Ca0/Al 2o3 ratios of 

AG22-9-2 and the inf erred primitive inclusion 

composition are also similar. This supports the view that 

the melt inclusions are cogenetic, that is, they share a 

common parentage and hence that crystals are liquidus 

products of a higher temperature stage of crystallization 

(e.g. Fisk et al., 1982). 

In conclusion, although somewhat modified by post-entrapment 

crystallization, melt inclusions provide evidence for two 

• 
broad episodes of crystallization. The first involved 

entrapment of a magma similar in composition to primitive 

lava AG22-9-2 in bytownitic plagioclase. The second event 

is indicated by inclusion of a relatively more evolved, and 

evolving magma in zoned labradoritic plagioclase. 

********** 
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CHAPTER 5 

WHOLE ROCK GEOCHEMISTRY ................................................................................................................................... _,_ 

The aim of this chapter is to present the Agulhas 22 

geochemical data with the view to determining the 

petrogenesis of the lavas. The data is presented in terms 

of within-sample and between-sample variations and within-

and between-dredge variations. Variations are then 

evaluated in terms of fractional crystallization. 

Major, minor and trace element data (le Roex, unpublished 

data) are presented in Tables 15 to 19. Error estimates are 

given in Appendix 1. 

5.2 Alteration 

The majority of Agulhas 22 basalts show varied evidence of 

alteration with Fe-hydroxides and secondary clay minerals 

(e~pecially Dredge 3 and 5 samples). Observed L.O.I. - loss 

on ignition at 1000°C: HiO+C02 and other volatile components 

- values (0.38-1.47 wt%) demonstrate that analysed basalts 

may be moderately altered (average LOI= 0.82 wt%). 

Sea floor alteration is known to be a complex phenomenon 

involving for the most part a decrease in the contents of 



0 0.2 0.6 0.8 3.0 3.2 3.4 

Fresh glass 

Dull olive-brown glass 

Dull orange-brown glass 

·Orange gel-like palagonite 

Grey fibrous palagonite 

.. I 

.f..~ .. q; .. ~.-~ .. ~ ........ ?. .. ~.: A graphical profile illustrating the chemical 
change involving alkalis (wt. %) accompanying 
alteration of glass to palagonite in lava 
AG22-3-2. Note that the values of analysis 3 
(Table 13) have been plotted directly without 
normalization. Dotted lines represent whole rock 
composition. 
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1. 2 . 3 . 4. 5 . 

-------------------------------------------------
Si02 50.25 48.95 47.52 49.87 49.62 

Ti02 1. 90 1. 74 1. 66 1. 63 1. 89 

Al2 Oa 15.55 16.13 15.72 16.57 15.07 

FeO 10.59 9.85 9.64 10 .. 12 10.49 

NiO 0.15 0.16 0.12 0 .12 0.18 

MgO 7. 51 7.59 7.35 7.81 7.32 

Cao 10.66 11.23 10.39 11.18 10.48 

Na20 3.35 3.32 3.53 2.97 2.98 

K20 0. 15 0.29 0.76 ' 0.21 0.20 

Total 100.03 99.25 96.69 100.47 100.01* 

Table 13: Compositions of quench glass and whole rock of 
lava · AG22-3-2. Numbers represent fresh ( 1) to 
altered (2,3,4) glasses and whole rock composition 
( 5). ( * includes 0. 83% LOI, 0. 48% H2 0). Note the 
overall increase in alkalis to orange gel­
palagonite (analysis 3, Figure 26), particularly 
KzO. Characteristics-:are consist~nt with low­
temperature sea-water alteration by percolation 
along radial cooling cracks observed by Scott and 
Hajash (1976). 
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f.!J~ .. ~.E~ ........ ?..?.: K2 0 versus percentage weight loss on ignition 
(LOI) for Agulhas 22 basalts~ Note the general 
positive correlation but varied behaviour 
described by tie-lines joining chemically 
similar samples identified by less mobile 
elements and trace element abundances. 
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Si02 , CaO, MgO and Ni and an increase in L.O.I., K, Rb and 

total iron (Miyashiro et al., 1970; Hart, 1969; 1970; Hart 

et al., 1974). A plot of K20 versus LOI (Figure 27) for 

Agulhas 22 basalts demonstrates .that K20 behaves in a very 

unpredictable fashion, consistent with the mobil~ nature of 

this element (Hart, 1969; 1970). 

Relative to fresh glass, palagonitized glass of sample AG22-

3-2 is enriched in K20 by a factor of 5 (see Table 13 and 

Figure 26), explicable in terms of the effect of seawater 

exchange (ie. 

Hajash, 1976). 

added by percolating seawaters; Scott and 

Other elements known to be affected to varying degrees by 

alteration processes include Rb, Ba, Sr, Cu and Co (Hart et 

al., 1974; Humphris et al., 1978; Staudigel et al., 1981). 

Hart (1969; 1970) established tbat Rb is generally enriched 

2.5 times faster than K during seawater alteration. In 

Figure 31, it is evident that there is a substantial scatter 

in Rb contents in Agulhas 22 basalts which is in accord with 

the above observation. 

For this reason Rb and K are avoided in subsequent sections 

and emphasis is placed instead on less mobile elements and 

specifically elements which are considered to be immobile in 

ocean floor basalt alteration {e.g. Ti, P, Zr, Nb, Y, Cr, V 

and Zn; Hart et al., 1974; Erlank and Kable 1976; Humphris 



-· 

and Thompson, 

Honnorez, 1984) . 

1978; Staudigel et al., 1981; Alt and 

5 • 3 !.(L!:.h.~_g_: .. ~ .. .?.:.!!!1?.1.~_ .... Y . .?.:E .. ~ .. ?.: .. t. .. ~ .. 9..g. 

Relationships between glass and corresponding whole rock 

compositions may be visualized in MgO-variation diagrams 

(Figure 28) in which glass-whole rock pairs are indicated by 

tie-lines. Also shown are vectors representing trends 

expected by addition (or removal) of indicated proportions 

(volume per cent) 0£ plagioclase~ pyroxene and/or olivine to 

an arbitrarily chosen composition (Staudigel and Bryan, 

1981). 

Three types of tie-lines are present. Type 1 tie-lines 

parallel the olivine vector leading to an MgO depletion in 

quench glass relative to whole rock. Type 2 tie-lines 

parallel the plagioclase vector leading to an Mg9 depletion 

in .ii:h . .9..1: .. ~ .... -... -~.9 .. 9..~S. relative to quench glass. Type 3 · tie-lines 

require a combination of plagioclase and a. mafic phase 

leading to an MgO depletion in quench glass relative to 

whole rock. Staudigel and Bryan (1981) recognised the 

former two types of tie-line ~~lationships in basalts from 

IPOD sites 417 and 418 in the North Atlantic. These authors 

emphasized the importance of phenocryst redistribution 

(especially plagioclase; 

whole rock compositions. 

type 2 tie-lines) in controlling 

125 



0 

12 

11 

C1> 10 
LL 

9 

8 
1--~~.._~~_._~~-'-~~--.J'--~~.._~~--1 

2.5 

C\I 2.0 

~~ 0 
.... 

1.5 ~~ ~~ olv · cpx 

plag 

18 
Ab74 

17 
M ~~~ 0 16 
"" < 15 

14 olv 

13 cpx Ab14 

12 
~b 

0 ~.--r-'" ~ nJ 
(.) 11 

· 10 

10 9 8 7 6 

MgO 

f .. L~t~E .. ~ ...... ?. . .?..: Selected '.'1g0-oxide variation diagrams to 
illustrate glass (circles) versus whole rock 
(squares) relationships in Agulhas 22 basalts. 
Vectors represent addition of 3 volume % olivine 
( ol v), pyroxene ( cpx) and plagioclas.e ( plag, Ab) 
to an arbitrary composition (Staudigel and 
Bryan, 1981). 

126 



127 

Similar relationships are relevant to Agulhas 22 porphyritic 

lavas. Glass-whole rock relationships in aphyric and 

sparsely porphyritic lavas are consistent with observed 

microphenocryst pha~es and modes (see Figure 28 and Table 

5 ) . 

For reasons outlined above, glass compositions have been 

used in preference to whole rock compositions in many 

studies (e.g. Natland and Melson, 1980; Bender et al., 

1984). Nevertheless, since Dredge 7 and 9 lavas are aphyric 

(microporphyritic) it is not unreasonable to expect that 

whole rock compositions may represent liquid compositions. 

In fact, in terms of Mg 4 and MgO abundances, these whole 

rock compositions are similar to several known primitive 

quench glass and MORB compositions recovered from the 

Atlantic Ocean to date (e.g. Table 14). This is significant 

since the latter compositions are considered by many 

petrologists to represent primary (or near primary) magmas 

formed by direct melting of the suboceanic mantle (e.g. 

Presnall et al., 1979; Basaltic Volcanism Study Project, 

1981). 

In this respect, and as argued in Chapter 6 later, samples 

AG22-7-2 and AG22-9-1 are even more primitive than primitive 

basalts documented by Bryan et al (1979) which they believe 

are primary magmas formed near 9 kb (eg. Presnall et al, 

1979). 



'.[A:§.1'_~ ..... J .. 1.: Some primitive compositions of selected basalt and 

basalt glasses from the literature. 

1 2 3 4 

-----------------------------------------------------------
Si02 50.30 50.40 49.10 49.40 

Ti02 0.73 0.70 0.62 0.81 

Al2 03 16.60 15.60 16.50 15.64 

FeO* 7.99 7.10 8.78 7.44 

MnO 0.12 0.20 0. 15 0 .15 

MgO 10.20 9.10 10.30 10.01 

cao , 13.20 13.60 12.40 12.93 

Na20 2.00 2.00 1. 92 1. 95 

K20 0.01 0.30 0.07 0.17 

101.15 99.00 99.84 98.50 

Mg"# 72.10 72.20 69.90 73.10 

Ni ,ppm 200 232 249 

1. Quench glassi South Atlantic: Frey et al. (1974): 
Sample 3-18-7-1. , 

2. Melt inclusion reconstruction, Bouvet Triple Junction: 
Watson (1976). 

3. "Primitive" glass, FAMOUS area (Langmuir et al. , 19 7 7; 
table 1, 527-1-1). 

4. Aphyric basalt, 45°N MAR (Dungan and Rhodes, 1978: 
Chain 43-4-23). 
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In this section, the compositional variations 

basalt samples is given. Distinct glass and 

in analysed 

whole rock 

groups are recognised on the basis of chemical ~quivalence, 

analogous to the procedure of Melson et al. (1976). Oxide 

differences in major element analyses are compared to 

analytical error (tolerance of 2 sigma) and, in whole rock 

analyses, grouping is aided by absolute and relative 

abundances of trace elements (Tables 15 to 19). 

Major element analyses of natural glasses from eight 

randomly selected samples establish that glasses exhibit a 

restricted range in composition. Relative to average MORB 

glass (Melson et al., 1976) the 

assuming Fe20a/Fe0=0.15; Brooks, 

Mg* (100 X Mg/Mg+Fe2+ 

1976) indicates that 

compositions are fairly evolved (Mg~=65-63) with relatively 

high Ti02 ( 1, 5-1. 6 wt%), Al2 Oa ·~ ( 16 .1-16. 5 wt%) and Na2 0 

(2.9-3.1 wt%) and low K20 (0.06-0.22 wt%) contents. 

Whole rock chemical analysis of AG22-1-1 establishes that 

this pillow lava is an olivine normative tholeiite with a 

relatively primitive composition (e.g. Mg'lf-:66; .Mg0=9.1 wt%; 
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Table lS: M.hol e-rock analyses ("t. ll of selected basal ts of Dredge 1 and 3. Feah and !!gt 
calculated assu1in9 Fe2'J3/feO = 0.15. Trace ele1ents in PP•· llineral nor1s 
calculated with Fe2'J3 = 0.15, noraalized volatile free. AP = aphyric; pp = 
plagioclase porphyritic; SP = sparse! y porphyritic; OPP = olivine plagioclase 
porphyritic. 

A622- A622- A622- A622- A622- A622- A622-
H 3-2 3-4 3-20 3-23 3-29 3-34 
AP AP AP AP AP AP AP 

Si02 49.32 49.62 49.19 49.47 49.07 48.72 49.00 
Ti02 1.43 1.89 1.73 1.74 1.74 1.91 1.81 
Al :z03 15.70 15.07 15.43 15.28 15.34 14. 9B 15.56 
Fe2'J3 1.25 1.39 1.31 1.30 1. 43 1.40 1.32 
FeO B.30 9.24 8.76 . B.66 9.53 9.30 8.82 
llnO 0.16 0.18 0.18 0.17 0.17 0.19 0.16 
llgO 9.10 7.32 8.23 7.69 7.90 7.45 7.52 
Cao 11. 26 10.48 10.49 10.66 10.40 10.42 10.73 
Na20 2.73 2.98 3.06 3.19 3.13 3.03 3.30 
K20 0.12 0.33 0.35 0.39 0.38 0.28 0.21 
P:zOs 0.14 0.20 0.19 0.19 O.lB 0.21 0.19 
LO. I 0.39 0.83 0.77 1.03 o. 99 1.41 1.17 
H20 0.19 0.48 0.39 0.53 0.38 0.79 0.64 

Total 100.09 100.01 100.08 100.30 100.64 100.09 100.43 

Zr 98 145 130 132 128 146 137 
Nb 2.3 2.6 3.6 3.1 3.5 4.5 3.0 
y 32 41 35 36 38 41 40 
Rb 1. 7 s.o ' 3.9 6.5 9.2 4.8 3.4 
Ba 14.2 13.3 14.9 16.5 15.0 19.0 9.6 
Sr 129 154 164 166 142 160 146 
Co SI 49 51 46 S2 49 47 
Cr 394 223 320 272 2S5 246 255 
Ni 188 121 170 131 161 137 120 
y 240 283 250 255 2S5 279 258 
Zn 72 as 81 79 BS 86 77 
Cu 65 58 SB 56 65 SB 60 
Sc 39 42 37 39 39 40 3B 

Ir/Nb 43 56 36 43 37 32 46 
Zr /Y 3.1 3.5 3.7 3.7 3.4 3.li 3.4 
Y/Nb 14.0 15.8 9. 7 11.6 10.9 9.1 13.3 
Ti/Zr BB 79 Bl 80 82 79 80 
Ti/P 14.2 13.1 12.6 12. 7 13.4 12.6 13.2 
Zr/Ba 6.9 10.9 10.0 8.0 8.5 7.6 14.2 
llgt 66.1 58.5 62. 6 61.3 59.6 58.S 60.3 

Qz 
Or o. 72 I. 97 2.09 2.33 2.26 1.69 1.26 
Ab 23.21 25.SS 26.17 27.34 26.68 26.19 28.31 
An 30.38 27.12 27.63 26.56 26.88 27.02. 27.40 
Ne 
Di 20.15 19.83 19.32' 21.00 19.5S 19. 95 20.66 
Hy 8.69 12.39 6.20 4.98 4.38 8.82 3.04 
01 11. 98 6.99 12.90 12.10 14.41 10.06 13.4S 
lit 1.82 2.04 1.92 I. 91 2.09 2.07 1. 94 
Ih 2. 73 3.64 3.32 3.3S 3.33 3.71 3.49 
Ap 0.33 0.48 0.45 0.45 0.43 0.51 0.46 
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Ni=188 ppm; Cr=394 ppm), comparable to published analyses of 

primitive MORB (Table 14). Primary magmas to MORB are 

expected to have Mi =68-73 (Ito, 1973; Green et al., 1979), 

Ni>200 ppm (Hart and Davis, 1978; Sato, 1977) 1 and Cr>400 

ppm (Sun et al., 1979). 

-Zr (98 ppm}, Nb (2.3 ppm) and Y (32 ppm) abundances are 

within the range typical for MORB (e.g. Kable, 1972; Erlank 

and Kable, 1976; le Roex et al., 1983, 1985). Relative 

abundances of these incompatible elements (e.g. Zr/Nb=43; 

Zr/Y=3~1; Y/Nb=14) indicate the sample to be typical N-type 

MORB. The sample has a Ti/Zr ratio of 88, very close to 

average Indian Ocean basalt (av. Ti/Zr=90; Frey et al., 

1980) and SWIR basalt between 0 and ll~E (av. Ti/Zr~87; le 

' 
Roex et al., 1983). 

Analysed quench glasses exhibit a wider range in composition 

and a more evolved nature than Dredge 1 glass (e.g. Mg#=61-

58; Mg0=8.5-7.5 wt%; Ti02~1.8-2.0 wt%). Relative to Dredge 

1 glass they have lower Al20a (1_5.6-16.0 wt%) and Cao (10.2-

11.1 wt%) and higher Na20 (2.9-3.5 wt%) contents. K20 

contents are low (0.06-0.15 wt%). 

Major and trace element XRF analyses of six selected samples 

' (two 'pillow basalts, four without glass) are presented in 
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Table 15. Samples are olivine normative (7-14% olivine in 

the norm) with a similar range in composition to the quench 

glasse's (e.g. Mg#-=62-59; Mg0=8.2-7.3 wt%; Ti02=1.7-1.9 wt%). 

Relatively high LOI values (0.77-1.41 wt%) demonstrate the 

moderately altered nature of the samples. The range in 

ferromagnesian trace element abundances (e.g. Ni=170-120 

ppm; Cr=320-246 ppm) similarly demonstrate the moderately 

evolved nature and chemical variation of the basalts. 

Incompatible trace element abundance~ (e.g. Zr=130-146 ppm; 

Nb=2.6-4.5 ppm; Y=35-41 ppm) also demonstrate this range in 

composition. Incompatible element ratios (e.g. Zr/Nb=32-56; 

Y/Nb=9-16; Zr/Y=3.4-3.7) are within the range of N-type MORB 

ratios from the SWIR (le Roex et al., 1983) and similar to 

those characteristics of Dredge 1 basalts. Ti/Zr ratios (80 

± 2) are significantly lower than chondritic and north 

Atlantic averages (Ti/Zr=l00-110; Sun et al., 1979) , anQ. 

more closely resemble those of the American-Antarctic Ridge 

(AAR) basalts between 4 and 18°W (av. Ti/Zr=83 + 11; le Roex 

et al., 1985). 

The relatively coherent trends in oxide and trace element 

\ 

abundances suggest that the samples may be related by 

fractional crystallization. A fractional crystallization 

model attempting to relate basalt AG22-3-2 to AG22~3-4 is 

given in Chapter 6. Despite the broadly coherent trends, 

132 



differences in Zr/Nb ratios cannot be reproduced by simple 

olivine and plagioclase fractionation (Zr and Nb are incorn-

patible in these phases; see Chapter 6), suggesting that 

these di-ff er enc es are perhaps due to partial ,rnel ting and/or 

source region characteristics (le Roex et al., 1987). 

Dredge 5 

Microprobe analyses of quench glasses establish that samples 

from Dredge 5 (Table 16) are olivine normative with a 

similar but wider range in composition to Dredge 3 glasses 

(e.g. Mg~=64-58; Mg0=8.2-6.8 wt%; Ti02=1.5-2.1 wt%). On the 

basis of K20 and Ti02 contents however, two broad chemical 

glass types are identified (eg. Table 10). Type I glasses 

(the majority of glasses) have, for the same range in Mg~, 

lower K20 (0.05-0.18 wt%) and Ti02 (1.5-1.8 wt%) contents 

than Type II (2 samples) glasses which have Kz0=0.20-0.26 

wt% and Ti02=1.7-2.1 wt%. Cao and Al20J contents are 

generally lower than Dredge 1 glasses but in most primitive 

samples (e.g. AG22-5-1, AG22-5-6), Al20J contents are high 

(Al 20 3 =17.1 wt%) relative to samples from other dredges with 

' 'l M fr s1m1 ar g (e.g. Al203=l6.l wt% & in AG22-1-8; 

Major and trace element XRF analyses of bulk rock samples 

similarly reflect the within-dredge variation described by 

glass compositions. Mg# ranges from 66-59, Ni=189-113 ppm 

and Ti02=1.4-2.0 wt%. Samples are olivine tholeiites (9-16 
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TABLE 16: Whole rock analyses of Dredge 5 basalts. Fe2!h and ltgl calculated assuaing Feih/FeO: 0.15. Abbreviations as in 
Tab! e 15. 

A622- A622- A622- A622- A622- A622- A622- A622- A622- A622- A622- A622- A622- A622-
5-2 5-7 5-14 5-15 5-18 5-31 5-38 5-46 5-48 5-51 5-59 5-65 5-66 5-68 

AP AP AP AP AP AP AP AP AP AP AP AP AP AP 

Si02 49. 70 50.03 49.44 49.34 49.44 49.57 49.37 49.14 49.33 49.49 48. 94 49.75 49.37 49.08 
Ti02 1.58 1. 60 1.96 I.SB 1.59 1.67 1.64 1.43 1. 77 1.66 1.50 1.69 1.% 1.62 
Alib 15.82 15. 91 15. 32 15.87 15.79 15. 45 15. 46 16.50 15.37 15.75 15.70 15.53 15.32 15.32 
Fe:i!h 1. 23 1.24 1.38 1.29 1.25 1.31 1.27 1.24 1.32 1.31 1.24 1.31 1.33 1.25 
FeO 8.18 8.25 9.19 8.61 8. 30 8. 73 8.44 8.28 8.83 a. 74 B.28 8.72 8.89 8.34 
ltnO 0.18 0.17 0.17 0.16 0.16 0.16 0.16 0.15 0.17 o. 16 0.17 0.16 0.16 0.16 
ltqO 8.31 8.14 7.36 7. 98 8. 14 8.68 B.54 8.35 7.24 8.05 8.81 7.55 7. 14 8.61 
cao 10.99 11.04 10.28 10.74 11. 01 10.61 10.64 10.99 10.55 10. 73 10. 64 10.72 10.38 10.56 
Na:z!J 3.10 3.06 3.19 3.06 2. 99 3.04 3.16 3.16 3.19 3.14 3.19 3.42 3. 40 3.01 
Kil 0.24 0.26 0.47 0.29 0.26 0.27 0.45 0.20 0.16 0.24 0.18 0.22 0.46 0.38 
P:z!J,. 0.17 0.18 0.23 0.16 0.17 0.18 0.21 0.15 0.18 0.17 0.15 0.17 0.23 0.21 
LO.I 0.64 0.69 0.89 0.87 0.65 0.68 o. 89 0.87 t.27 0.43 o .• 97 1. 10 1.16 0.97 
H:z!J 0.23 0.27 0.34 0.36 0.23 0.25 0.34 0.40 0.71 0.31 0.37 0.36 0.40 0.37 

Total 100.37 100. 84 100.22 100.31 100.48 100.48 100. 57 100.86 100.09 100.18 100.14 100.70 100.20 99.88 

Zr 115 117 146 116 115 127 128 103 133 123 113 125 147 128 
Nb 4.0 4.5 9.8 3.2 3.6 2.8 7.6 2. 9 2.5 3.1 <1.4 (1. 4 9.6 7.7 
y 34 34 40 33 33 34 34 30 38 35 32 37 39 33 
Rb I. 6 2. 7 6.8 3.8 3.5 2.7 6.4 2.2 3.1 4.5 3.3 4. 4 7.1 6.1 
Ba 17 .2 17.3 41 10.4 15.0 14.4 34 10. 7 a.o 12.3 4.8 7.6 41 36 
Sr 146 148 182 156 148 168 191 164 151 157 148 150 185 192 
Co 49 48 46 51 48 51 so 51 48 . 48 50 47 48 50 
Cr 322 . 322 188 280 321 340 350 306 239 266 354 237 186 353 
Ni 144 143 115 152 148 172 181 155 115 144 189 113 118 178 
v 241 244 270 232 244 242 239 205 262 241 229 247 265 238 
Zn 72 74 84 75 72 76 76 70 80 77 70 76 82 76 
Cu 55 58 so 63 58 62 57 b1 bl bl 60 62 53 58 
Sc 38 38 40 39 38 39 36 36 40 39 36 35 37 38 

Zr/Nb 29 26 14. 9 36 32 45 . 18.9 36 53 40 . >Bl )89 15.3 16.6 
Zr/Y 3.4 3.4 3.7 3.5 3.5 3.7 3.8 3.4 3.5 3.5 3.5 3.4 3.8 3.9 
Y/Hb s.s 7.6 4.1 10.3 9.1 12.1 4.5 10.3 15.2 11.3 >23 )26 4.1 4.3 
Ti/Zr 83 83 81 83 84 80 78 84 81 82 80 82 81 77 . 

Ti/P 12.9 12.3 11.8 13. 7 13.0 12.9 10.8 13.2 16. 4 13.6 13.6 13. 8 11. 0 10. 7 
Zr/Ba 6. 6 6.8 . 3.6 11. 2 7. 7 8.9 3.7 9.6 16.6 10.0 23.5 28.4 3.7 3.5 
lt9t 64. 4 63. 7 58.8 62. 3 63. 6 63.9 64.3 64. 2 59.4 62.1 65.5 60. 7 58.9 64.8 

Qz 
Or 1. 42 1.54 2.81 I. 73 1.54 1. 60 2.68 1.19 o. 96 1.42 1.08 . 1. 31 2.75 2.28 
Ab 26.37 25.93 27.27 26.13 25.40 25.81 26.92 26.85 27.51 26.72 27.32 29.16 29.17 25.85 
An 28.68 29.94 26.36 28.98 29.01 27 .so 26.85 30.37 27.67 28.33 28.33 26.58 25.53 27.57 
Ne 
Di 20.31 20.10 19.34 19.35 20.10 19.37 20.24 19.02 20.01 19.62 19.57 21.14 20.56 19.65 
Hy 5. 52 7.33 6.84 6.06 8.57 6. 90 2.30 !. 49 9.11 5.66 2.17 3.12 3.01 5.66 
01 12.50 10.91 11.07 12. 46 10.13 13.01 15.54 16.20 0. 93 12. 76 16.48 13.15 12.72 13.53 
llt 1. 79 I.BO 2.02 1.89 1.82 1. 91 1.85 I. 81 I. 95 1. 91 1.82 1.91 1. 95 1.84 
Ih 3.02 3.04 3. 76 3.03 3.03 3.18 3.14 2.73 3.43 3.17 2.88 3.23 3. 77 3.12 
Ap o. 41 0.43 0.55 0.38 o. 41 0.43 0.50 0.36 0.43 0.41 0.36 o. 41 0.55 0.50 



wt.% olivine in the norm) which, on the basis of 

incompatible element abundances, can be sep4rated into the 

two types indicated by glass chemistry. Type I basalts have 

relatively low incbmpatible minor element (e.g. Ti02=1.43-

1.77 wt%; P20s=0.15-0.18 wt%; K20=0.16-0.29 wt%) abundances 

and incompatible trace element abundances (e.g. Zr=103-133 

ppm; Nb=2.5-4.5 ppm; Rb=l.6-4.5 ppm; Ba=4.8-17.3) with Ti/Zr 

ratios (80-84) similar to AAR basalts from 4-18°W (le Roex 

et al., 1985) and Dredge 3 basalts. 

Type II basalts have, for the same range in Mg#, higher 

incompatible minor element contents (e.g. Ti02=1.62-1.96 

wt%; P20s=0.21-0.23 wt%; K20=0.38-0.47 wt%) as well as 

incompatible trace elements abundances (e.g. Zr=128-147 ppm; 

Nb=7.6-9.8 ppm; Rb=6.l-7.1 ppm; Ba=34-41 ppm Sr=182-192 

ppm). Selected incompatible element ratios (Zr/Nb=l4.9-

18.8; Zr/Y=3.7-3.9; Y/Nb=4.1-4.5) reflect the more enriched, 

or l-_~ ... §. .. §. ......... -~ .. P. .. !. .. ~..!:.~_g._, character of type II basal ts which are 

nonetheless within the range of N-type MORB from the 

Southern Ocean (le Roex et al., 1983, 1985). Zr/Nb ratios 

are apparently intermediate between average T-type and N­

type MORB from the AAR (le Roex et al., 1985) with an 

average (1_6.4) close to chondritic (16; e.g. Mason, 1972; 

Sun et al., 1979). The ~ore mobile incompatible elements 

(e.g. Rb, Sr, Ba; Hart, 1971) show a greater scatter in type 

I basalts, suggesting that some of this variation may be 

attributed to alteration effects. 
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The relatively coherent variations within type I basalts 

suggests a relationship via fractional crystallization. 

Nevertheless, differences do exist between basalts that are 

considered impossible to achieve by simple fractional 

crystallization (see Chapter 6). Such differences (eg. 

incompatible inter-element ratios), are considered to 

reflect differences in partial melting or source region 

characteristics. To a first approximation, type I basalts 

are thought to reflect derivation from a depleted, N-type 

MORB source similar to SWIR MORB between 0 and 11° E (le 

Roex et al., 1987). In contrast, type II basalts appear to 

reflect (distinct) source characteristics of a less depleted 

mantle. 

Rx..~.5!~.~ ..... -7 .. . 
Major element microprobe analyses of quench glasses from two 

sel~cted samples establish that they are chemically similar 

and, moreover, similar in composition to most primitive 

# glasses from Ridge A dredge hau~s (e.g. Mg =63;. Mg0=7.8 wt%; 

Ti02=l.6 wt%). Bulk rock analysis of AG22-7-1 (Table 17) 

indicates that it is more primitive than the corresponding 

quench glass and samples previously described (e.g. Mg#=68; 

Mg0=9.47 wt%; Ti02=1.5 wt%, Ni=214 ppm; Cr=405 ppm). 
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Table 17: Whole-rod analyses of selected Dredge 7, 8 and 9 basalts. Details as in 

Table IS. 

A622- A622- A622- A622- A622- A622- A622- A622- A622-

7-1 8-1 8-2 8-9 8-11 8-15 8-19 8-24 9-2 

AP SP SP SP SP SP pp pp AP 

Si02 50.25 49.89 49.81 49.63 49.71 49.85 49.38 49.45 49.86 

Ti02 1.50 1. 75 2.14 1.73 1. 76 1. 76 1.89 1.83 1.19 
- Alil:s IS.SB 16.12 15.48 lb.02 15.95 lb.10 17.27 17.87 15.85 

Feil:s I.IS 1.25 1.35 I. 27 1.26 1.27 1.23 1.19 1.13 
FeO 7.86 8.32 9.00 8.45 8.39 8.48 8.18 7.96 7.55 

ftnO 0.15 0.16 0.17 0.16 0.15 0.17 0.16 0.14 0.15 

ftgO 9.47 7.52 b.95 7.24 7.10 7.49 6.29 6.31 10.02 

Cao 10.75 10.69 10.31 10.63 10.68 10. 10 !0.'11 11.14 11.15 

Ha20 2.81 3.15 3.26 3.06 3.14 - 2.97 3.03 2.88 2.66 

K20 0.12 0.25 0.47 0.32 0.40 0.22 0.29 0.24 0.06 

Pile 0.15 0.19 0.26 0.19 0.20 0.20 0.23 0.22 0.11 
LO.I 0.41 0.83 1.02 0.93 1.10 0.75 0.93 o. 95 0.31 

H20 0.06 0.21 0.25 0.40 0.45 0.27 0.31 0.31 0.08 

Total 100.29 100. 33 100.47 100.03 100.29 100.23 100.10 100.49 100.12 

Zr 115 139 181 137 139 140 161 155 Bl 

Nb 1. 4 2.5 2.8 2.2 2.4 2.5 3.6 1.9 <I. 4 
y 32 38 47 37 37 39 42 41 27 

Rb <1.3 t. 3 5.8 4.5 6.6 2.2 2.0 1. 9 <L 3 

Ba 7.4 6.8 9.5 6.9 6.4 7.2 7.3 6.5 <2 

Sr 141 160 155 159 166 159 164 • 168 123 

Co 51 46 47 45 43 46 41 40 52 

Cr 405 264 243 263 261 26B 231 237 551 

Ni m 117 106 111 106 115 99 93 243 
y 236 247 280 252 247 259 253 250 206 

Zn 71 78 87 ~ 79 78 79 78 81 65 

Cu SS 49 45 so 51 49 41 39 63 

Sc 38 35 35 37 36 37 33 32 36 

Zr/Nb 82 56 65 62 SB 56 45 82 )75 

Zr /Y 3.6 3.7 3.9 3.7 3.8 3.6 3.8 3.8 3.0 

Y/Nb 23 15.2 16.8 16.B 15.4 15.6 11.7 22 )44 

Ti/Zr 79 76 72 77 7 76 71 72 BO 

Ti/P 1.3.9 12.8 11.4 12.6 12.2 12.2 11.4 11. 5 12. 7 

Zr/Ba 10.6 20 19.S 19.8 22 19. 4 22 23.8 32.3 

ftgl cB.2 61.7 57.9 60. 4 60. ! 61.1 57.8 58.b 61.9 

g 

Or o. 71 1.49 2.80 !. 91 2. 39 1.31 !. 73 1.43 0.35 

Ab 23.82 26.85 27.81 26.23 26.91 25.33 25.94 24.56 22.57 

An 29.60 29.32 26.43 29.42 28.61 30.18 33.04 35.40 31.22 

Ne 
Di 18.47 18.54 19.16 18.57 19.37 17.94 16.52 15.40 19.00 

Hy 13.34 9.13 8.39 10.05 8.08 12.72 10.65 12.59 11.16 

01 9.14 9.05 a. 75 8.17 a. 93 &.82 6.15 4.87 11.54 

llt !. 71 1.83 !. 97 1.87 1.a5 !.86 1.80 I. 74 1.64 

Ill 2.85 3.35 4.10 3.33 3.38 3.37 3.63 3.50 2.27 

Ap 0.36 0.45 0.62 0.46 . 0.48 0.48 0.55 0.53 0.26 



In terms of trace element abundances,· sample AG22-7-1 is 

similar to Ridge A basalts but with a low (close to 

detection limit by XRF) Nb content (1.4 ppm). The high 

Zr/Nb ratio (82), Y/Nb ratio (32) and comparatively low Zr/Y 

ratio (3.6) reflect a "depleted" character similar to N-type 

MORB from the Southern Ocean (le Roex et al., 1983, 1985). 

The Ti/Zr ratio (79) is close to the average Ridge A value 

(av. Ti/Zr=81 + 2). 

Although it is apparent that the Zr/Nb ratio is 

significantly higher than average Ridge A basalt (av. Zr/Nb 

- 40, excluding Type II basalts from Dredge 5), caution 

should be exercised when comparing Zr/Nb ratios at very low 

Nb contents. Analytical errors in Nb under these 

circumstances can result in a large apparent range in Zr/Nb 

ratio (see Table below). 

Sample 

AG22-1-1 

AG22-3-2 

AG22-3-4 

AG22-5-46 

AG22-5-48 

AG22-7-1 

Reported 
Zr/Nb 

43 

5'6 

36 

36 

53 

82 

Maximum• 
Zr/Nb 

53 

67 

41 

42 

65 

121 

Minimumii: Range 
Zr/Nb 

36 17 

48 19 

32 9 

31 11 

45 20 

62 59 

(*Reported (+1 sigma error); **Reported (-1 sigma error) 
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Glasses of Dredge 8 are the most evolved thus far described 

{e.g. Mg#=59-55; Mg0=7.29-6.5 wt%; Ti02=2.0-2.5 wt%). Bulk 

rock analyses {Table 17) indicate that lavas are moderately 

evolved (e.g. Mg#=62-58; Mg0=7.5-6.3 wt%; Ti02=1.7-2.1 wt.%, 

Ni=117-93 ppm; Cr=264-231 ppm); porphyritic basalts with 

high Al2 Oa {17.3-17.9 wt%) reflect the importance of 

plagioclase accumulation (see Section 5.3). Aphyric sample 

AG22-8-2 has a similar Mg# to porphyritic samples AG22-8-19 
and. 

& -24 {Table 17) but higher Ti02A ferromagnesian ~ 

trace element abundances. Incompatible element ratios are 

similar. 

Incompatible element abundances in Dredge 8 basalts also 

show a range in composition (e.g. Zr=137-181 ppm; Nb=2~2-3.6 

ppm; Y=37-47 ppm) while interelement _E_at.L<?. .. §. (e.g. Zr/Nb=45-

82; Zr/Y=3.6-3.9; Y/Nb=15-22) reflect a N-type MORB 

character (e.g. le Roex et al.,. 1983, 1985). Ti/Zr ratios 

(71-77) are low but nonetheless fall within the range of 

known SWIR basalt (Ti /Zr=87 + 16.; le Ro ex et al. , 1983) . . ~ 

The relatively coherent geochemical characteristics of 

Dredge 8 basalts suggest that they may be related to a 

common parental magma by crystal fractionation/accumulation. 

The low Nb contents (close to the limit of detection) render 
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comparison of interelement ratios (involving Nb) suspect; a 

systematic decrease in Ti/Zr ratios from aphyric basalts to 

porphyritic basalts could be achieved by fractional 

crystallization involving ?linopyroxene. Supporting evidence 

for such a hypothesis is noted in decreasing Ca0/Al 2 0 3 

* ratios with decreasing Mg (eg. see Figure 24). 

Dredge 9 quench glass analyses (3 of 5 recovered samples) 

are chemically similar and they are the most primitive 

glasses thus far descri'bed (e.g. Mg4 =66-67; Ti Oz= 1. 3-1. 4 

wt%; Fe0=8.4 wt%; see Table 17). 

Bulk rock analysis of AG22-9-2 indicates the lava to be less 

evolved than the quench glass (e.g. Mg#=70; MgO=lO.O wt%; 

Ti02=1.2 wt%). The sample has very high compatible trace 

element abundances (e.g. Ni=243 ppm; Cr=551 ppm) and low 

incompatible trace element abundances (e.g. Zr=81 ppm; Y=27 

' ' ppm; Nb, Rb and /Ba are below detection limits). High MgO, 

Ni and Cr contents are within the range expected for a 

primary magma (e.g. Ni>200 ppm~ Sato, 1977; Hart and Davis, 

1978). Incompatible element ratios (e.g. Zr/Y=3.0; 

Ti/Zr=89) indicate this sample to be similar to the N-type 

MORB of Dredge 1. This lava is the most primitive in the 

entire Agulhas 22 suite. 
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!?. . .!: .. ~.£~ .. ~ ........ !.?.. 

Consideration of 
n 

quench glass analyses yields three distict ,... 

glass compositions apparently related to three 

petrographically distinct lavas (Tables 10 and 18). Glass 

from sample AG22-12-4, a porphyritic olivine-plagioclase 

basalt, is the most evolved (e.g. Mg#=58; Mg0=6.8 wt%; 

Ti02=2.2 wt%) while aphyric basalt AG22-12-35 and the 

remaining samples have similar Mg# (~65) but differ in Ti02 

and Al20a contents (Table 10). In particular, aphyric 

basalt AG22-12-35 has higher Ti02 (2.0 wt%) and lower Al20a 

(16.2 wt%) contents than sparsely porphyritic samples and 

porphyritic olivine-plagioclase-clinopyroxene basalt AG-22-

12-1 (Ti02=l.6 wt%; Al20a=16.5-16.9 wt%). 

Bulk rock analyses of selected samples similarly reflect the. 

presence of three apparently distinct basalt compositions. 

Plagioclase porphyritic basalts have high Al203 contents 

(17.9-22.0 wt%) and display a concomitant decrease in other 

major, and trace element, abundances reflecting dilution by 

plagioclase accumulation. Sparsely porphyritic basalts 

display a :# range in composition Je.g. Mg =65-61; Mg0=8.0-7.1 

wt%; Ti02=1.4-1.7 wt%) demonstrated also by trace element 

abundances (e.g. Zr=108-132 ppm; Y=30-37 ppm; Ni=l51-120 

ppm; Cr=336-262 ppm). Relatively restricted ranges of Nb, 

Ba and Sr (Ba=3.9-5.7 ppm; Sr=151-157 ppm; Nb=l.3-1.6 ppm) 

occur and Rb values are low (2.5 ppm to below detection 
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Tab! e 18: Who! e rock analyses of selected Dredge 12 basalts. Details as in Table 15. 

A622- A622- A622- A622- A622- A622- A622- A622- A622- A622- A622-
12-3 12-11 12-13 12-23 12-24 12-2b 12-27 12-31 12-35 12-42 12-b3 
pp pp pp SP SP SP pp SP AP AP AP 

Si02 49.75 49.92 49.33 49.54 49. 7b 49.7b 49.92 49.75 49.85 49.90 49.19 
Ti02 1.28 I.Sb 1.00 1. b7 1.b2 1.43 1.38 I. 74 1. Bl 1. 76 1.80 
Al 211:. 19.40 18.bb 22.03 16.91 lb.BB 16.71 17. 91 lb.SS 15.45 16.04 15.31 
Fe203 0.98 I.OS o. 79 1.22 1.20 I.lb t. 04 1.24 1.31 1.29 1.25 
FeO b.52 7.02 5.30 8.12 B.02 7.70 6.90 8.25 8.74 B.63 8.34 
ftnO 0.13 0.12 0.09 0.15 0.15 0.15 0.12 0.16 0.16 0.19 0.15 
ftgO 5. 94 5.92 5.38 7.14 7.49 8.04 6.24 7.25 8.19 7.54 7.82 
Cao 11. 91 II. 42 12.53 10.82 11.04 11.10 11. bO 10.75 10.44 10.63 10.33 

Na20 3.01 3.46 2.86 3.12 2. 94 2.92 3.10 3.12 2.93 2.89 3.38 

K•O 0.20 0.25 0.16 0.25 0.18 0.18 0.24 0.25 0.16 0.20 0.17 
PiJ,, 0.14 0.18 0.11 0.21 0.17 0.15 0.14 0.19 0.20 0.20 0.20 
LO. I 0.72 0.81 0.87 0.78 O.b9 0.73 1. 23 0.77 0.59 0.56 1.47 

H20 0.22 0.22 0.38 0.23 0.17 0.24 0.60 0.3B 0.21 0.18 0.73 

Total 100.20 100.59 100.83 IOo.11: 100.31 100.27 100.42 100.40 100.04 100.01 100.14 

Zr 97 124 77 132 122 108 102 134 146 140 145 

Nb <t. 3 2.2 (1. 3 t.3 1.6 1.4 <t.3 1.5 <t.3 I. 9 2.2 
y 28 34 21 37 36 30 29 37 39 38 39 
Rb 2.9 5.2 3.5 2.5 (1.3 (1.3 3.7 1.8 <1.3 1. 9 1.8 
Ba 3.0 8.7 <2 3.9 5.7 4.5 5.4 4. 9 7.3 7.6 7.1 

Sr 180 186 200 157 151 152 171 155 153 158 161 

Co 35 38 30 43 44 45 37 44 49 45 47 

Cr 247 206 260 2b2 298 33b 284 2b3 335 279 306 
Ni 76 73 86 121 120 151 87 126 159 122 151 
v 194 216 150 237 242 21B 214 244 26b 257 24B 
Zn 59 64 46 74 . 76 70 62 76 80 BO 77 
Cu 41 41 42 47 48 52 54 4B 54 50 54 
St 31 30 2b 34 35 35 34 34 39 37 32 

Zr/Nb >150 56 )67 102 76 77 )95 89 >122 74 66 
Zr/Y 3.5 3.6 3. 7 3.6 3.4 3.6 3.5 3.6 3.7 3.7 3.7 
Y/Nb )46 15.5 18.4 34 23 21 >27 25 )32 20 17. 7 
Ti/Zr 80 7b 79 77 80 80 B2 79 75 76 75 
Ti/P 12.7 12.0 12.b 11.0 13.2 13.2 13. 7 12.7 12.6 12.2 12.5 
Zr/Ba 32 14.2 )100 34 21 24 18.8 27 20 18.4 20 

"gl 61.9 • bO.O 64.4 61.0 62.5 65.0 61. 7 61.0 62.5 60. 9 62.6 
•, 

!l 
Or 1.19 1.48 o. 95 1. 49 !. 07 1.07 1.44 1. 49 0. 95 1.19 1. 03 

Ab .25.66 29.40 24.30 26.63 25.01 24.89 26.60 26.60 24.9B 24.64 29.20 
An 39.13 34.80 47.00 31.67 32.51 32.18 34. 74 30.64 2~.75 30.43 26.65 
Ne 
Di 15.B8 17.07 11. 95 17.20 17. 46 18.10 18.51 17.Bl IB.00 17. 45 19.81 
Hy 7.05 1. 90 5.08 8.09 10.B4 9.54 7.68 9.10 14.30 14.89 5.30 
01 b.90 10. 41 7. 41 9.45 7.87 9. 45 b.52 0. 11 7.17 5. 6B 12.20 

"t 1.43 1.53 1.15 1. 78 1. 75 1.69 1.53 I.SI 1. 91 I. B8 I.SS 
Ila 2.45 2.98 I. 91 3.20 3.09 2.73 2.66 3.33 3.46 3.37 3.49 
Ap 0.33 0.43 0.26 0.50 0.41 0.36 0.34 0.45 0.48 0.48 0.48 



limit). The depleted nature of these basalts is reflected 

in high Zr/Nb ratios (77-102) and.Y/Nb ratios (21-34), and 

low Zr/Y ratios (3.4-3.6) similar to characteristics of N-

type MORB described by le Roex et ~l. (1983) from the SWIR. 

Aphyric basalts exhibit a more restricted compositional 

range (e.g. Mg*=63-61; Mg0=8.2-7.5 wt%; Ti02=l.8 wt%; 

Zr=140-146 ppm; Y=38-39 ppm) than sparsely porphyritic 

basalts, with higher Ba (7.1-7.6 ppm) contents. 

Incompatible element ratios (e.g. Zr/Nb=66-74;. Zr/Y=3.7; 

Y/Nb=l8-20; Ti/Zr=75-76) are similar to those found in the 

sparsely porphyritic lavas. 

Since the Nb contents of Dredge 12 basalts are close to the 

limit of detection, it is not possible to establish with 
) 

certainty whether all samples are ·genetically related. 

Howeve~, the broadly coherent variations in major and trace 

element abundances suggest an origin due to fractional 

crystallization ( a scheme relating basalts AG22-12-23 and 

AG22-12-26 is presented in Chapter 6 ). 

Quench glass and bulk rock analyses of selected samples 

indicate the presence of two chemically distinct lavas 
e5 

(Tables 10 and 19). Quench glas~ of the olivine basalts ~~e 

relatively primitive 
I 

(e.g. Mg*=67; Mg0=8.2-8.9 wt%; 

Ti02=1.4-l.5 wt%) and in this respect resemble Dredge 9 
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Table 19: Whole rock analyses and noras of selected Dredge 13 
basal ts. Details as in Table 15. 

A622- A622- A622- A622-
13-1 13-14 13-24 13-25 

AP AP AP AP 

Si02 50.30 50.52 50.06 50.29 
Ti02 1. 41 1.25 1.40 1.41 
Al:z!b 16.67 16.08 16.59 16.69 
Fe203 1.09 1.20 1.12 I. II 
FeO 7.26 7.97 7.48 7.42 

""o 0.14 0.16 0.14 0.15 

"go 8.45 8.17 8.54 8.57 
cao 11. OS 11.44 10.99 11.05 
Na20 3.06 2.99 2.95 2.93 
K20 0.15 0.11 0.14 0.13 
P20:o O. IS 0.11 0.16 0.15 
L.O. I 0.54 0.37 0.39 0.38 
H20 O. IS 0.11 0.10 0.10 

Total 100.42 100. 48 100.06 100.38 

Zr 108 78 108 109 
Nb 2.2 <1.4 1.5 l.S 
y 30 27 29 30 
Rb 1.3 (1.3 1.3 <1.3 
Ba 6.0 2.2 4.1 s.o 
Sr 164 146 165 165 
Co 47 47 47 .47 
Cr 337 375 340 338 
Ni 161 105 165 162 
y 218 207 220 221 
Zn 65 68 66 66 

. Co 53 69 56 56 
Sc 35 39 3S 36 
Zr/Nb 49 }38 72 73 
Zr/Y 3.6 2.9 3.7 3.6 
Y/Nb 13.6 >32 19. 3 20 
Ti/Zr 79 97 79 78 
Ti/P 13.0 ts.a 12.1 13.0 
Zr/Ba 22 36 26 22 

"gt 67.S 64.6 67.0 67.3 

Q 
Or 0.89 0.65 0.83 0.77 
Ab 25.96 25.30 2S.07 24.82 
An 31.39 30.13 31.75 22.04 
Ne 
Di 18.29 21.07 17.78 17. 70 
Hy 8.91 9.19 10.26 11.04 
01 9.95 9.30 9.63 9.00 
~t !. 58 1. 74 1.63 1.61 
IID 2.69 2.37 2.67 2.68 
Ap 0.36 0.26 0.38 0.36 



glasses. However, they have unusually high Al203 (16.7-17.4 

wt%) contents relative to known primitive MORB glasses (e.g. 

Melson et al., 1976; see also Table 14). Coupled with low 

CaO (10.7-11.3 wt%) contents, these lavas have low CaO/Al203 

ratios (average CaO/Al203 wt% ratio ~0.64). Following the 
a 

classifi~tion of Kuno (1960) these glasses may be classified 

as high alumina basalt. Quench glass of olivine-plagioclase 

basalt (AG22-13-14) appears to be slightly more evolved than 

the olivine basalt glass in terms of Mg# (65-63), MgO (7.6-

7.9 wt%) and FeO (8.9-9.2 wt%). How~ver, AG22-13-14 has a 

lower Ti02 content (1.3 wt%) and a higher CaO/Al203 ratio 

(~0.72 average). 

Bulk rock analyses serve to distinguish the two basalt types 

more clearly. Three selected olivine-basalts are fairly 

primitive (e.g. Mg~=67; Mg0=8.5 wt%; Ti02=1.4 wt%; Ni=161-

165 ppm; Cr=337-340 ppm} with moderate incompatible trace 

element abundances (e.g. Zr=108-109 ppm; Nb=l.5-2.2 ppm; 

Y=29-30; Rbil.3; Ba=4.1-6.0 ppm; Sr=16(-165 ppm). Selected 

inter-element ratios (e.g. Zr/Nb=49-73; Zr/Y=3.6-3.7; 

Y/Nb=14-20; Ti/Zr=78-79) indicate that they are similar to 

N-type MORB from this ridge seg~ent. 

The olivine-plagioclase basalt AG22-13-14 has an Mg:fl- of 65 

and a similar MgO content (8.2 wt%) to the olivine basalts . . 
In terms of Ni abundances, AG22-13-14 appears to be more 

evol~ed than the olivine basalts. However, relative to the 
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latter, the Ti02 content is somewhat !..9_t::!_~.E. ( 1. 2 wt% Ti02 ) 

and the Cr content is .h .. ?.:.~h..~..!. ( 375 ppm). 

Selected incompatible element ratios (e.g. Zr/Nb >38, Nb < 

1.4;; Zr/Y=2.9; Y/Nb~13) indicate that the sample possesses 

N-type MORB characteristics (le Roex et al., 1983, 1985). 

The Ti/Zr ratio (97) of this sample is the highest in the 

Agulhas 22 suite and is similar to chondritic and North 

Atlantic averages (Ti/Zr=l00-110; Sun et al., 1979). 

The geochemical characteristics of analysed Dredge 13 lavas 

suggest that the within-dredge variation cannot be achieved 

by a simple fractional crystallization relationship! Rather, 

it is evident that two distinct parental magmas are 

required, providing evidence for distinct source region 

characteristics on a local scale. 

5 . 5 . 1 - ~?.:. . .5. .. .9..E ..... ~ ... !.~.~ .. ~-~1.§. 

Major element concentrations are plotted on conventional 

MgO-variation diagrams (Figure-~9·) to illustrate· between-

ridge chemical variations. From these diagrams it is 

apparent that (a) the lavas exhibit a wide range in 

composition (MgO=lO to 5 wt.%); (b) that most oxides show 

broadly coherent variations with decreasing MgO and (c), 
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that the plagioclase phyric basalts show distinct trends 

consistent 

trends are 

with plagioclase accumulation. 

broadly consistent with 

The observed' 

crystal-liquid 

differentiation processes operating on more than one 

parental magma. The decrease in CaO and Al20a, and increase 

in K20, Ti02 and P20s with decreasing MgO in th~ aphyric and 

sparsely porphyritic lavas are consistent with simultaneous 

crystallization of olivine and plagioclase. These aspects 

are discussed further in Chapter 6. 

Figure 30 shows a uniform increase in Ti02 content with 

increasing FeO*/MgO in aphyric lavas, while the porphyritic 

lavas are displaced from the main trend to lower Ti02 

contents; reflecting dilution of Ti02 by addition of 

plagioclase phenocrysts (see high Al20a contents). Ridge B 

lavas show a greater range in FeO*/MgO than Ridge A lavas. 

Aphyric basalt AG22-13-14 has a low Ti02 content relative to 

the other Ridge .B samples with a similar FeO*/MgO ratio, 

suggesting that this sample has experienced a somewhat 

different petrogenetic history. 

The incompatible elements Ti and P show a good positive 

correlation (Figure 31) which suggests that the mantle 

source is relatively homogeneous with respect to Ti02 and 

(eg; 

evidently 

le Roex and Dick, 1981} 

cannot be related by 

crystallization. 

since all samples 

simple fractional 

·' 
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5.5.2 Trace elements _ ........ ,_ ....... -........................ , .. _, .. _,,, ................. . 

The Agµlhas 22 trace element data are plotted in Figure ~2 

using Zr as an index of differentiation. The incompatible 

elements Y and Ba (to a lesser extent) increase with 

increasing Zr whereas the compatible trace elements Ni and 

Cr decrease. V correlates positively with Zr and Sc remains 

constant. These variations are broadly consistent with 

crystal-liquid fractionation. Porphyritic lavas 

(particularly Dredge 12) tend to obscure the compatible 

trace element trends. These lavas have low transition 

element contents, consistent with the hypothesis that they 

have experienced plagioclase accumulation and consequent 

dilution of transition element concentrations. 

are relatively sensitive 

indicators of crystal fractionation {Basaltic Volcanism 

Study Project, 1981). A strong negative correlation between 

highly compatible elements and increasing Zr content 

reflects the importance of olivine (Ni)' spine! (Cr) 
~ ~p~ P'i<o¥ettt(C/) 

Acrystallization. It is important -~o note the displacement of 

Ridge A lavas toward higher Ni contents relative to Ridge B 

lavas. This displacement supports the variation in Ni 

contents of analysed olivine from the respective ridge 

segments (Figure 7). 
\ 

\ 
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Cu and Co show a slight decrease with increasing Zr. v 

increases with increasing Zr content despite the evidence 

presented earlier for clinopyroxene fractionation (V is 

relatively compatible in clinopyroxene, and should thus 

p.e_£.E.!?..?.:~~. with increasing Zr).· Nevertheless, this observation 

does not necessarily refute the involvement of clinopyroxene 

in crystal fractionation. Moreover, Frey et al. (1974) 

concluded that since Sc and V correlated with Ti02 (implying 

bulk Kn's of less than unity), .high pressure pyroxene 

fractionation was either relatively unimportant in MORB 

genesis or alternatively, that olivine and plagioclase 

fractionation overshadows the effect of pyroxene removal. 

In Figure 33 it is evident that V correlates positively with 

Ti02 while Sc remains relatively constant (albeit with a 

broad scatter), implying a Kn of close to unity. The 

within-dredge scatter in Sc content correlates with 

variation shown in an earlier section to be largely a 

function of olivine and plagioclase crystallization. 

Transition element abundance variations are therefore 

qualitatively in accord with crystal fractionation . of the 

phenocrysts observed in the Agulhas 22 basalt suite. Higher 

Cu, Co and Sc contents in Ridge A basalts relative to Ridge 

B basalts (Figure 32) preclude a· between ridge relationship 

by a simple crystal fractionation process. Although Sr 
. . 

displays a considerable scatter which is perhaps 

attributable to alteration (Hart et al., 1974)' it is 
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evident that less depleted Dredge 5 basalts have higher Sr 

contents than remaining basalts. 
Decreasing Sr contents 

within th,is distinct subset of basal ts is consistent with 

the compatible nature of Sr in plagioclase . 

.!._nq.Q~..E.~_!._.~.!?. .. :! .. ~ ............. !'. .. r..~.£..~ ....... _,_~.1 .. ~~-~ .. ~ .. t. abundances (Zr, Nb, Y, Ba) 

increase with increasing differentiation and relative 

abundances se'rve to distinguish distinct magma types. 

Within dredge Zr/Y, Zr/Nb and Zr/Ba 
' 

ratios however, are 

relatively constant. Less depleted Dredge 5 samples have 

distinctly higher Nb and Ba contents for the same range in 

Zr as remaining Dredge 5 and other basalts. Similarly, 

although a considerable overlap in Zr/Y ratio exists, the 

entire range in Zr/Y ratio (3.0-3.9) is considered too great 

to have resulted from crystal fractionation. More 

specifically, fine scale differences appear to define two 

subparallel groups of data, one corresponding to a Zr/Y 

ratio of ± 3.0 (AG22-l-1, AG22-9-2, .~G22-13-14) and another 

with a Zr/Y ratio of'± 3.6 (the remaining Dredge 13 lavas 

and other samples straddle this trend). 

Notwithstanding the presence of the two groups defined by 

Zr/Y ratios, the within-ridge and between ridge variation in 

selected incompatible element ratios (including Ti/Zr) 

precludes a simple relati.onship by fractional 

crystallization between basalts from different sites. For 

example, sample AG22-13-14 has a higher Ti/Zr ratio (97) 



than samples AG22-1-1 and AG22-9-2 (Ti/Zr ~88). Similarly, 

Dredge 3 lavas have a slightly higher Ti/Zr ratio (average 

Ti/Zr=80) than Dredge 9 lavas (average Ti/Zr=75). 

In addition to the within-ridge variation described above, 

coherent trends defined by Zr/Nb and Zr/Ba ratios indicate 

that Ridge B basalts are more depleted in Nb and Ba contents 

relative to Ridge A basalts. The within- and between-ridge 

variation is depicted in Figure 34 as a function of 

geographic location; individual magma types can be 

recognised by distinct inter-element ratios. 

The contrasting Zr/Nb and Zr/Ba ratios are taken as evidence 

for distinct source region characteristics (eg. le Roex et 

al., 1983,1985,1987), whereas other differences (including 

the apparent between-ridge major element decoupling and Ni 

abundances of olivines) are qualitatively consistent with 

an origin due to partial melting. For example, with 

reference to Figure 22 

peridotite mantle yields 

(inset), partial melting of a 

a trend of decreasing Mg at 

.9. . .9..P. .. @ .. !: .. ~.P. .. !:. Fe, whereas fractional crystallization yields a 

trend of decreasing Mg and J.:.1.2:.9. .. !:_~ .. ~ .. § .. t .. P..§1;. Fe. Parallel but 

offset trends of the latter type may therefore reflect 

crystallization of parental magmas derived by differing 

degrees of partial melting (Basaltic Volcanism Study 

Project, 1981). Differences in Ni contents of olivine are 

consistent with the fact that the partition coefficient for 
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f. .. t..~.~ .. £ .. ~ ........ ?. .. ~.: Selected inter-element ratios of Agulhas 22 
basalts plotted as a function of geographic 
location. 



Ni in olivine is strongly dependant on the MgO content of 

the host liquid (Hart and Davis, 1978). 

It 'is instructive to compare and contrast the Agulhas 22 

basalt geochemistry with the geochemistry of MORB from the 

Circum-Antarctic Ridge System. In particular, it is 

important to investigate chemical characteristics within the 

framework of the petrogenetic model(s) postulated to account 

for upper mantle heterogeneity and enrichment related to the 

Bouvet Mantle Plume (e.g. le Roex et al., 1983; 1985; 1987). 

It has been noted that the Agulhas 22 MORB compare with 

normal MORB dredged between 0 and 11°E (le Roex et al., 

1983). Similar fine scale geochemical variations (e.g. 

Ti/Zr, Zr/Y and Zr/Nb ratios) to those found in the Agulhas 

22 basalt suite have been noted ·in SWIR basalts and basalts 

from the Southern MAR (le Roex et al., 1983, 1987). Since 

it is now well established that incompatible element ratios 

(e.g. Ti/Zr, Zr/Y) are important indicators of source region 

characteristics (le Roex et _al. , 1987 and references 

therein) the preferred model postulated to account for the 

geochemical variations in Southern Ocean MORB (le Roex et 

al., 1983; 1985; 1987) is one in which the upper mantle is 

heterogeneous on a local scale. In this respect, the mantle 

beneath the SWIR between 16 and 26°E appears to be no 

158 



different: the Agulhas 22 lavas indicate that the upper 

mantle in this area is heterogeneous on the scale of 

individual dredges. 

Relative to average SWIR MORB, the Agulhas 22 basalts have 

hig~er TiOz, Al20a and Na20 contents. In this respect, it is 

perhaps important to recall that Thompson et al. (1979) 

reported on basalts with relatively high TiOz and Na20 

contents from the very slowly spreading Mid-Cayman Rise. 

These authors suggested that these basalts represented 

products of high ptessure crystal fractionation, and 

proposed that the observed enrichments were a consequence of 

a favourable tectonic setting. Relative to the present 

study, an analogous model for the high Na20 .contents is 

proposed (see Chapter 6) although it is recognised that 

partial melting may also affect Na20 contents (eg. Sun et 

al, 1979) . 

With due consideration to sampling constraints, it is 

important to note the conspicuous absence of transitional 

(T-tpe) MORB in the Agulhas 22 suite (Figure 35). This 

fact and the progressive eastward incompatible element 

depletion indicated by Y/Nb, Zr/Ba and Zr/Nb ratios, is 

taken as evidence for the decreasing westward influence of 

an enriched MORB component in SWIR ba~alts between 16 and 

26°E. It is 

"less depleted" 

perhaps important to emphasize that even the 

Dredge 5 basalts share characteristics of 
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average normal MORB dredged between 0 and 11°E (le Ro ex et 
.................... _ ......... -

al., 1983). 
.'· 

The model pref erred here·is analogous to the model proposed 

by le Roex et al. (1985) for the decreasing westward 

influence of the Bouvet Mantle Plume in MORB from the 

American-Antarctic Ridge, 
\ ' although isotopic data are 

required to substantiate this. 

********** 
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CHAPTER 6 

PETROGENESIS 

Current understanding of processes involved in MORB genesis 

(i.e. origins, crystallization and melting) has benefitted 

much from experimental investigations (e.g. Bender et al., 

1978; Walker et al., 1979; Fisk et al., 1980; Stolper, 1980; 

Takahashi and Kushiro, 1983). Assuming that experimental 

conditions and experimentally determined phase relationships 

correspond with those in natural basalt suites, comparison 

of natural basalt data and experimental results may yield 

important constraints on MORB genesis. 

For example, it has been shown that the array of basalt 

compositions from the Oceanographer Fracture Zone at 35°N on 

the Mid-Atlantic Ridge can be generated by ext~nsive 

fractional crystallization of plagioclase + olivine and 

plagioclase + olivine + clinopyroxene from more primitive 

MORB under anhydrous conditions ·at low (<lkb) pressure 

(Walker et al., 1979). Experimental results (Walker et al., 

1979) indicate that residual liquids move along the 

plagioclase-saturated liquidus in the .diopside-olivine-

silica ternary (Figure 35). 
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~i~~r~-~~: Agulhas 22 basalts plotted in the pseudoternary 

diopside (Di} - olivine (Ol} - quartz (QZ} after 
Walker et al. (1979). (a} Cotectics determined 
by Stolper (1980}; (b) Ridge A basalts; (c} 
Ridge B basalts. MORB cluster from Stolper 
(1980). Dotted fields represent fields of glass 
data. Numbers refer to Dredge stations and 
specific samples are discussed in the text. 
\)i~tt\O~~S .~<e Dredge 12 porphyritic lavas. 
Hachured eliipse defines a field of 2 sigma 
(95%} confidence, illustrating the plotting 
uncertainty, involving all oxides, about an 
arbitrarily chosen point (Presnall and 
Hoover, 1984}. Dotted lines (arrowed} are ch'"ords 
from the OL-apex representing low-pressure 
olivine +/- plagioclase fractionation. 
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162 



High pressure fractionation has received a great deal of 

attention in MORB petrogenesis (eg. Bender et al., 

1978,1984; Bryan, 1979; Thompson et al., 1980; Flower, 1980, 

1981; Fisk et al., 1980; Elthon et al., 1982). It has been 

shown by these workers that high pressure crystallization 

leads to the enhancement of clinopyroxene fractionation at 

the expense of plagioclase. This would cause Ti and Fe to 

increase less for a given decrease in Mg content than at the 

(low pressure) 1 atmosphere saturation surface (Bender et 

al., 1978, 1984). This observation is relevant to Figure 

28. 

To evaluate the petrogenesis of AG22 basalts, glass and 

whole rock compositions have been plotted on the diopside-

olivine-silica portion of the plagioclase-olivine-diopside-

silica tetrahedron (Figure 35; after Walker et al., 1979). 

Also shown in this diagram are experimentally determined 

cotectics at various pressures (Walker et al., 1979; 

Stolper, 1980) . 

Facts to emerge from Figure 35 include: 

(1) Whole rock an~ glass compositions all plot within the 

low-pressure olivine (+/- plagioclase) phase field. 

(2) Compositions plot within the low silica - high olivine 

portion of the MORB cluster. In particular, magnesian 

compositions (Mg > 66) plot close to the 10 kb. 
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cotectic of Stolper (1980); ie. they correspond to 

liquids expected at pressures near 9 kb. 

(3) Relative to whole rock compositions, glasses correspond 

to more evolved liquids and 1 more importantly, show an 

·overprinting of low pressure evolution. The offset of 

glass data toward lower normative silica is an artifact 

·of the projection scheme' (see later). 

(4) Fractionation trends involving decreasing Mg# among 

( 5 ) 

lavas of individual dredges are predominantly down and 

to the right in Figure 35, consistent with cotectic 

olivine + clinopyroxene + plagioclase fractionation at 

pressures of greater than lkb. In contrast, Dredge 12 

glass and porphyritic basalt data, as well as "less 

enriched" basalts.of Dredge 5, define trends of olivine 

+/- plagioclase fractionation toward the 1 atmosphere 

three-phase saturated cotectic. 

In contrast to the "normal" fractionation trends 

discussed in 4 above, the most evolved Dredge 8 lava 

(AG22-8-2; Mg = 58; Ti02 = 2.1 wt. %) plots away from 

the quartz apex and the (presumably parental) least 

evolved Dredge 8 lava (AG22-8-1; Mg = 62; Ti02 = 1.8 

wt. %). Fractionation in this sense is compatible with 

high pressure 

1980). 

(>lOkb) crystal fractionation (Stolper, 

, ' 
_ ..... _. 

164 



16 5 

The offset of the Agulhas 22 data relative to the majority 

of MORB reflects the characteristically high Na 2 0 contents 

of the sample suite. (In the projection 

algorithrn,increasing Na20 leads to less Si02 available for 

QZ (Walker et al., 1979). In addition, the sense of 

variation in projected data in this pseudoternary is 

sensitive to analytical uncertainty (Presnall et al., 1979; 

Presnall and Hoover, 1984) particularly in Na20, CaO and 

Si02 (see Figure 35). This would explain the apparent 

exaggeration of Ridge A basalt trends and data which appear 

to be undersaturated in Figure 35 but which do not contain 

normative nepheline. Moreover, it also precludes valid 

interpretation of observation 5 above; as discussed by 

Presnall and Hoover (1984), analytical uncertainty alone can 

account for much of the variation in MORB variation. The 

remaining points are nevertheless valid and are consistent 

with evidence presented earlier, for example, for 

clinopyroxene involvement in petrogenesis (e.g. decreasing 

CaO/Al203 ratios, presence of resorbed megacryst pyroxene). 

The subparallel trends in Figure 35- are therefore 

interpreted to represent trends of crystal fractionation at 

various pressures. Consequently, although little inference 

may be made regarding the nature of parental magmas (from 

other studies, possible parental magmas probably occupy a 

field or an array of compositions of differing normative 

silica; see, for example, Bryan et al, 1979), Figure 35 

- ~- ,.. . ~. -:j 
. ~- I 

. ~ - - - ~ -,__;~ - .... - . - _. _-" :..... ~- ~ J. -- -._ ___________________________________ .;.._ ...;-;;....;.,;-"'-----.;..;;----~-"'---___;:;..______;-~----~· "'--"'---=------"-"-~-=--c~. - - -- ·-· --· 
~. -. - - . .· 



provides compelling evidence regarding polybaric 

fractionation of SWIR basalts. A fractionation scheme 

relating to high pressure crystallization is presented in 

the following section. 

Another important issue is: does the most primitive lava 

(AG22-9-2) represent a primary magma? If this composition 

represents a primary liquid (i.e. is capable of being in 

equilibrium with its mantle source; Ito, 1974) then its 

position in Figure 35 places an ~.P.l?. .. ~.E. limit on the pressure 

of melting (i.e. between 8 and 12 kb, or deeper). 

Evidence accumulated from the literature suggests that 

partial melting of the sub-oceanic mantle in the aforesaid 

pressure range 

(e.g. Presnall 

Kushiro, 1983; 

is a feasible mechanism 

et al., 1979; Kushiro, 

Fujii and Bougalt, 1983; 

for producing MORB 

1980; Takahashi and 

Fujii and Scarfe, 

1985). Kushiro (1973) has demonstrated that primary magmas 

may be derived at E.~.1 .. ~ .. !: .. !. .. Y.~JY.: shallow depths ( <25km). 

In this regard, primary magmas (or direct mantle melts) 

should satisfy the following criteria: (a) 

Mg# 's of between 68 and 73 (Green and 

they must have 

Ringwood, 1967; 

Green, 1971; Kushiro, 1973) and (b) not have MgO and Ni 

contents below the apparent MORB upper limits of 9.0 wt% and 

200 ppm respectively (e.g. Kay et al., 1970). 

-:.---· 
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In this respect, th~ composition of AG22-9-2 could therefore 

represent a primary magma. It is. perhaps important to note 

that this lava is even more primitive than primitive lavas 

dredged from the MAR near 22°N which Bryan et al. (1979) 

suggest may be primary melts produced at 9 kb pressure. By 

implication, sample 

13 bould similarly 

AG22-7-1 and olivine basalts of Dredge 

represent pr.imary magmas. In this 

regard, the high Al203 contents of Dredge 13 olivine basalts 

and glasses could be important. More specifically, high 

alumina basalts are believed by some workers to be (near) 

primary melts (e.g. Kuo, 1960; see also Johnston, 1986 and 

references therein). These observations notwithstanding, the 

controversy regarding primary MORB liquids still stands; the 

hypothesis that primary MORB is generated at greater depths 

(e.g. O'Hara, 1968) has yet to be disproved. 

The basalts in question the ref ore warrant further 

investigation since this aspec~ 

magmas beneath this section of 

implications for the petrogenesis 

(the nature of primary 

the SWIR) has important 

of the SWIR. Presently, 

the qualitative results outlined above are significant and 

provide important 

22 basalt suite. 

clues to the petrogenesis of the Agulhas 

In the following section, results of 

quantitative modelling are presented in support of the 

petrogenetic model inferred from Figure 35. 
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The hypothesis that geochemical variations may be a 

consequence of fractional crystallization can be tested 

quantitatively by a least squares approximation technique 

(Bryan et al., 1969) using proposed parent and daughter 

compositions and observed mineral chemistry. This technique 

involves mass balance calculation of an over-determined 

major element data matrix, defined by the parent and 

daughter compositions as well as the participating phases, 

relating the proposed end-members by the addition or 

subtraction of various mineral vectors ( eg. see mineral 

vectors in Figure 28 ). 

A number of models were tested on an HPlOOO computer using a 
'· 

fortran program written by Prof. A.R. Duncan of the U.C.T 

Geochemistry Department. Data are first normalized to 100% 

on a volatile free basis, with all iron expressed as FeO. 

Final program output consists of the various independent 

vectors the proposed daughter composition and 

pa~ticipating phases ), the calculated parental composition 

( the dependent vector and the differences in oxide 

components between the calculated and observed parental 

composition given as a residual component, positive or 

neg at i v·e ) . 
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Criteria for a satisfactory model are as follows; 

1. Differences should be as low as possible with no major 
\ 

discrepancy in any single oxide. Differences should at 

least not exceed limits of analytical tolerance. 

2. The sum of squares of the differences ( residual 

components ) should not exceed 0.10 ( eg. Wright and 

Doherty, 1971). 

3. The proportions of independant vectors should sum 

close to 100 %. Moreover, they should represent 

geologically feasible proportions and preferably 

correspond with observed modes. 

Initial mass balance calculations were determined with 

theoretical end-member mineral compositions ( eg pure An, 

Ab, Fo, Fa ) using Zr as an incompatible element to obtain a 

feasible degree of crystallization. This strategy was used 

in an attempt to identify initial solutions which 

potentially satisfied both major and trace element data. 

Refinement of selected models was performed using observed 

mineral chemistry and omitting Zr in the final calculation. 

Trace element data were then used to independently evaluate 

the modelled fractionation schemes assuming that closed 

system fractionation was operable. For this procedure, 

Rayleigh Fractionation (Gast, 1968) is assumed by the 

equation; 
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(CL) i I (co )i = F< D*) i - l 

where (CL h is the observed concentration of element i in 

the daughter liquid, ( c0 ) i is the original concentration in 

the proposed parental liquid, F is the fraction of liquid 

remaining and (Dt )i is the bulk distribution coefficient of 

element i given by the mass balance equation: 

(Di ) n = distribution coefficient of element i in phase n. 

xn = weight fraction of phase n, as determined by the 

least squares solution model. 

Distribution coefficients used Table 20 ) were selected 

from the literature appropriate to basaltic compositions. 

The assumption of Rayleigh fractionation, or surface 

fractionation, implies effective removal of the fractionate 

from the liquid, thereby precluding equilibration with the 

residual liquid. The presence of zoned crystals in the 

sample suite supports this assu~ption. 

The models presented below were chosen to span the greatest 

compositional range observed at a given dredge site. The 

results are given in Tables 21 to 24 and are discussed 

individually below. 



?;:_~.:!?. .. ~.~-... ..?. . .9 ... :.. Trace element distribution coefficients for 
basaltic liquid/mineral partitioning used in 
petrogenetic modelling ( this study). Sources of 
literature as follows: (1) =Pearce and Norry 
(1979); (2) Mccallum and Charete (1978); (3) le 
Roex (1980); (4) = Goodman (1972); (5) = 
Philpotts and Schnetzler (1970); (6) =McKay and 
Weill (1977); (7) =Dupuy and Coulon (1973); (8) 
=Griffen and Murthy (1969); (9) = Dale and 
Henderson (1972); (10) = Paster et al. (1974); 
( 11) = Lindstrom ( 1976); ( 12) = Hart and Davis 

\ (1978); (13) = Bougalt and Hekinian (1974); (14) 
=Seward (1971); (15) =Nagasawa et al. (1976). 

OLIVINE SOURCE PLAGIOCLASE SOURCE CLINOPYROXENE SOURCE 

II!' 0.01 ( 1) 0.01 ( ll 0.03 - 0.22 2) 

Nb 0.01 l) 0.01 ( l) 0.01 - 0.04 { 2) 

y 0.01 l) 0.013 - 0.031 ( 3) 0.5 l) 

Rb 0.008 ( SJ 0.05 - 0.12 ( 4) 0.004 - 0.08 4) 

Ba 0.005 :!: 0.003 ( 6) 0.18 - 0.77 ( 7) 0.013 - 0.046 ( 5) 

Sr 0.0012 - 0.072 ( 8) l.27 - 2.84 ( 5) O.ll ( 3) 

Co 2.75 - 4.45 ( 9) 0.03 (10) 0.68 - 1.22 ( 9) 

Cr 0.6 :!: 0.2 (ll) 0.05 ( 3) 4.72 - ll.43 ( 9) 

Ni (124/MgO) - 0.9 (12) 0.06 (13) l.42 - 2.11 ( 9) 

v 0.04 :!: o. 02 (ll) 0.04 ( 3) 0.74 (13) 

Zn 0.86 (13) 0.13 (10) 0.5 (13) 

2.13 ( 3) 

Cu O.ll (13) 0.44 (13) l.5-2.4 (14) 

Sc 0.13 - 0.22 ( 9) 0.01 (10) 2.38 - 3.23 ( 9) 

Cr - SPINEL SOURCE 

Sc 0.048 :!: 0.001 (15) 
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Table 21 gives the result of a least squares 

calculation relating the most primitive Dredge 3 basalt 

( AG22-3-4; Mg#= 62.6 ) to the most evolved lava ( AG22-3-2; 

Mg#= 58.5 ) by fractionation of 6.4 % plagioclase and 3.6 % 

olivine. The predicted and observed major element 

compositions are in excellent agreement and the mineral 

proportions are in accord with the observed modes. 

Results of ·trace element modelling provide independent 

support for this fractionation scheme, with only Nb, Rb and 

Ba showing significant discrepancies. However, the poor 

precision of Nb measurements at such low concentrations 

precludes meaningful comparison of Nb contents. In addition, 

( as previously discussed ) variations in Rb and Ba can be 

ascribed to sea-water exchange upon alteration. The Cr data 

have been omitted because of the presence of chrome spinel 

microphenocrysts in the lavas ie. Cr is highly compatible 

in spinel ). As little as 0.4 % fractionation of this phase 

can account for the the observed Cr variation, with a 

negligible effect on the major element results. 

It is also noteworthy that lava AG22-3-2 has a lower Cu 

content than the predicted liquid, an observation which can 

be reconciled with the chalcophile behaviour of Cu and the 

fractionation of sulphide(s). In this respect, it is 
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Table 21. A mass balance calculation model relating the 
compositions- of two lavas from Dredge 3. A 
satisfactory fit for a closed system fractional 
crystallization relationship between compositions 
of AG22-3-4 (parental) and AG22-3-2 {residual). 

wt % 

Observed 
Residual 

Composition 

Observed 
Parental 

Composition 

Calculated 
Parental 

Composition 

Residuals 
-----------------------------------------------------------
Si02 
Ti02 
Al2 Oa 
FeO 
MnO 
MgO 
Cao 
Na20 
K20 
Pt Os 

,, 49.62 
1. 89 

15.07 
10.49 
0. 18 
.7. 32 

10.48 
2.98 
0.33 
0.20 

Weight fractions 

ppm 

Observed 
Parental 

Composition 

49.19 
1. 73 

15.43 
9.94 
0.18 
8.23 

10.49 
3.06 
0.35 
0.19 

49.24 
1. 70 

15.46 
9.98 
0 .17 
8.18 

10.30 
2.90 
0.30 
0.18 

0.05 
-0. 0.3 
0.03 
0.04 

-0.01 
-0.05 
-0.19 
-0.16 
0.05 

-0.01 

R2 = 0.08 

89.65 
3.60 
6.44 

% Residual liquid 
% Olivine (Fos1.9) 
% Plagioclase (AnGG. 4) 

99.69 % 

Observed 
Daughter 

Composition 

Calculated 
Residual 

Composition 

Bulk D* 
-----------------------------------------------------------

Zr 130 145 145 0.010 
Nb 3.6 2.6 4.0 0.010 
y 35 41 39 0.012 
Rb 3.9 5.0 4.3 0.035 
Ba 14.9 13.3 16.6 0.007 
Sr 164 154 159 1.280 
Co 51 49 48 1. 608 
Ni 170 121 128 3.590 
v 250 283 273 - 0. 192 
Zn 81 85 84 0.724 
Cu 58 58 62 0.362 
Sc 37 42 41 0.053 
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• I 
important to note that Bryan et al. (1979) have postulated 

the removal of - 0.1 % sulphide from FAMOUS basalts to 

account for analogous disrepancies ( viz. low Cu and Ni 

contents in differentiates ). The formation of immiscible 

sulphide droplets and sulphide-decor~ted vesicles could 

·adequately account for such fractionation. 

Least squares solution models for Dredge 5 lavas, 

particularly the 'less depleted' subset met with little 

success. This suggests that closed system fractional 

crystallization does not adequately explain geochemical 

variations within this dredge haul. However, a successful 

least squares solution ( Table 22 ) was determined which can 

relate one of the most primitive Dredge 5 lavas ( AG22-5-31; 

Mg#= 63.9 ) to the most evol.ved Dredge 5 basalt ( AG22-5-

48; Mg4 = 59.4 ) by the removal of olivine (3.8 %) and 

plagioclase (2.9 %). The proportions of these phases are in 

agreement with observed modes. 

The trace element abundances predicted on the basis of this 

least squares solution ( Table_22 ) are in relatively close 

agreement with the presumed daughter composition. Higher Ba 

and Sr contents in lava AG22-5-48 relative to predicted 

values are interpreted to be due to alteration. Since chrome 

spine! is present in these lavas, Cr data have been omitted 
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Table 22. A mass balance calculation model to test for a 
, ............ _,_ ................ - .... .. 

wt % 

relationship between Dredge 5 lavas. A 
satisfactory solution for a closed system 
fractional crystallization relationship between 
lavas AG22-5-31 (parental) and AG22-5-38 
(residual) . 

Qbserved Observed 
Residual Parental 

Composition Composition 

Calculated 
Parental 

Composition 

Residuals 
------------------------------------------------------------

Si02 
Ti02 
Al2 03 
FeO 
MnO 
MgO 
Cao 
Na20 
K20 
P2 Os 

\ 49.33 
1. 77 

15.37 
10.02 
0.17 
7.24 

10.55 
3.19 
0.16 
0.18 

Weight fractions 

ppm 

Observed 
Parental 

Composition 

49.53 
1. 67 

15.45 
9.91 
0.16 
8.68 

10.61 
3.04 
0.27 
0.19 

49.59 
1. 67 

15.50 
9.91 
0.17 
8.67 

10.48 
3.07 
0.15 
0.18 

0.02 
o.oo 
0.05 
0. 00· 
0.01 

-0.01 
-0.13 

0.03 
-0. 12 
-0.01 

R2 = 0.08 
94.54 % 

3.72 % 
2.61 % 

100.87 % 

Residual liquid 
Olivine ( Foa s . 6 ) 

Plagioclase (An10. i) 

Observed 
Daughter 

Composition 

Calculated 
Residual 

Composition 

Bulk D* 
----~-------------------------------------------------------

Zr 127 133 134 0.010 
Nb 2.8 2.5 3.0 0.010 
y 34 38 36 0.011 
Rb 2.7 3 . 1 2.9 0.025 
Ba 14.4 8. 0 . ~ 15.2 0.005 
Sr 168 151 169 0.859 
Co 51 48 47 2.548 
Ni 172 115 116 7.998 
v 242 262 255 0.040 
Zn 76 80 76 1. 084 
Cu 62 61 64 0.575 
Sc 39 40 41 0.079 
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from the model ( see argument above ), but Cr variation can 

be satisfied by minor (< 0.5 %) Cr-spine! fractionation. 

P..~ .. ~9: .. ~ .. ~ .... ,.?._.~. 

A least squares solution relating the compositions 

of the most primitive Dredge 8 basalt AG22-8-1; Mg# = 
64 .• 0 ) 

_,,_ 
and the most evolved Dredge 8 basalt ( AG22-8-2; Mg~ 

= 57.9 is given in Table 23. This model requires 

clinopyroxene in the fractionate. The phase proportions 

are; olivine = 2.6 %, plagioclase = 10.2 % and clinopyroxene 

= 2.9 %. Although pyroxene is not present as a phenocryst 

phase, the relative proportions of plagioclase and olivine 

are similar to observed modes. The fact that clinopyroxene 

is necessary to satisfy the observed variation where 

clinopyroxene is ~ignificantly absent, is a paradox faced by 

MORB petrologists worldwide ( eg. Basaltic Volcanism Study 

Project, 1981 ). As previously noted, it is probable that 

clinopyroxene fractionation may occur at high pressures and,. 

on account of the fact that the primary clinopyroxene 

stability field shrinks with decreasing pressure eg. 

Presnall et al., 1978 ), consequent resorption - or crystal 

settling might obliter~te direct evidence for 

clinopyroxene crystallization. The pyroxene used in the 

model was the clinopyrox~ne megacryst core composition in 

lava AG22-12-1. This megacryst shows textural evidence for 

resorption and the core composition compares well with 



!..?:..!:?.~ .. ~ ...... ~ .. ?. .. • A mass balance calculation model testing a 

wt % 

Si02 
Ti Oz 
Al2 03 
FeO 
MnO 
MgO 
Cao 
Na20 
K20 
Pz Os 

possible relationship between two Dredge 8 basalts 
by fractional crystallization. Parental 
composition is AG22-8-1 and residual composition 
is AG22-8-2. 

Observed 
Residual 

Observed 
Parental 

Composition Composition 

49.81 50.26 
2.14 1. 76 

15.48 16.24 
10.21 9.44 
·0.17 0.16 
6.95 7.57 

10.31 10.75 
3.26 3.15 
0.47 0.25 
0.26 0.19 

Calculated 
Parental 

Composition 

50.32 
1. 85 

16.17 
9.32 
0 .16 
7.57 

10.65 
3.24 
0.40 
0.22 

R2 

I' 

Residuals 

0.06 
0.09 

.-0.07 
-0 .12 
o.oo 
0.00 

-0 .10 
0.09 
0.15 
0.03 

= 0.07 
Weight fractions: 84.45 % Residual liquid 

ppm 

2.63 % Olivine (Fos1. 6) 
10.16 % Plagioclase (An61. i) 

2.90 % Clinopyroxene (Wo40.1En4s. ;Fs10.6) 

100.14 % 

Observed 
Parental 

Composition 

Observed 
Daughter 

Composition 

Calculated 
Residual 

Composition 

Bulk D* 
-----------------------------------------------------------

Zr 140 182 185 0.045 
Nb 2.5 2.8 3.0 0.014 
y 38 47 44 0.103 
Rb 1. 3 5.8 1. 5 0.035 
Sr 161 156 153 1. 316 
Co 46 47 48 0.661 
Ni 118 107 107 1. 610 
v 249 282 286 0.170 
Zn 79 88 86 0.479 
Cu 49 46 55 0.360 
Sc 35 35 37 0.626 
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clinopyroxenes believed to be high pressure cognate 

megacrysts in FAMOUS lavas ( Bence and Bender, 1978 ). 

The predicted trace element abundances Table 23 are 

comparable to the observed composition of basalt AG22-8-2, 
0 

supp[ting a fractional crystallization relationship. 

Alteration is inf erred as the agent responsible for 

discrepancies in Rb and Ba contents, while the lower Cu 

content of basalt AG22-8-2 relative to the predicted value 
) 

a consequence of sulphide is interpreted to be 

fractionation. 

The involvement of clinopyroxene in the postulated model is 

supported by the systematic variation in Ti/Zr ratios from 

basalt AG22-8-1 through porphyritic lavas ( AG22-8-19, AG22-

8-24 ) to basalt AG22-8-2. The partition coefficient for Ti 

and Zr 0.3 and 0.1 respectively in Ca-rich pyroxene; 

Pearce and Norry, 1979 ' ) suggests that clinopyroxene 

fractionation is responsible for this variation. 

To satisfy Ni variation, an unreasonably low distribution 

coefficient is required ( i~. Kd = 8 '), However, this 

discrepancy does not warrant rejection of the model since 

the remaining elements provide an acceptable solution. It is 

poosible that the magma accumulated olivine which would 

account for the elevated Ni content. There is, however, no 

direct evidence to support this contention since there is no 
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significant difference between the observed mean olivine 

composition Fos1.a and the expected equilibrium olivine 

composition Fos2. o ) determined on the basis of the Roeder 

and Emslie (1970) FeO/MgO partition equation ( Kd = 0.3 ). 

Enrichment of equilibrium olivine in such a magma is a 

possible mechanism which may affect Ni contents but not 

fractionate the FeO/MgO ratio ( eg. Filter pressing; Cox, 

1979 ). Such a process may be relevant to this evolved lava 

since petrographic evidence suggests that it has an 

intrusive affinity. 

Cr has been omitted from the model on account of the 

presence of chrome spinel ( << 1 % Cr-spinel fractionation 

could satisfy Cr variation with a negligible effect on the 

major element model ). 

1.?..E .. ~ .. ~-~ .. ~ ..... J .. ?. .. 
A calculated least squares solution model ( Table 

24 ) tests the validity of a fractional crystallization 

relationship among Dredge 12 lavas. Samples chosen to 

represent the most primitive and the most evolved Dredge 12 

liquids are AG22-12-26 and AG2Z-12-23 respectively. The 

model indicates that these compositions may be related by 

13.79 % crystallization, involving the removal of olivine 

(2.52 %) ' plagi~clase (6.88 %) and clinopyroxene (4.62 %). 

i 
\ 

1 
I 

~. 
j 
i 



Table 24. A · mass balance calculation to test for 

a·relationship between two. basalt compositions 

fr6m Dredge 12 by fractional crystallization. 

Th~ parental composition is ·AG22-1~~26 ·and the 

r~sidual compositi-0n is AG22-12-23. 

wt % 

Observed 
Residual 

Composition 

Observed 
·Parental 

Composition 

Calculated 
Parental 

Composition 

-------------.------------------------------ Residuals 

-----------------------------------------------------------­. . 
Si02 49.54 49.76 49.77 0.01 

Ti02 1. 67 1. 43 1.48. 0.05 

Al2 03 16.91 16.71 16.69 .:..o. 02 

FeO. 9.21 8.74 8.71 -0.03 

MnO 0.15 . 0. 15 . . 0. 15 0.00 

MgO 7.14 8.04 8 .04. 0.00 

Cao 10.82 11 .. 10· 11.09 -0.01 

Na20 3.12 2.92 3.02 0.10 

K20 0.25 O:. 18 . .o. 22 0.04 

P2 Os 0.21 0 .' 1 5 0.18 0.03 

- - - - - - - - - - - - - - - - - - - -- - - - -: - - --- - - - - - - -.- - - - - - - -)- - - - - - - - - - - - - - -
. · . . R2 = 0.02 

Weight fractions: 86.21 % Residual liquid· 
2.·52 % ·olivine (Fos1.o) · 
6.88 % Plagiocla~e (Ans~.s ~ 

4. 62 %· Ca-pyroxene (Wo4 o. 1 En4 s. 1 Fs1 o. 6) 

ppm 

100.24 % 

Observed 
Parental 

Composition 

Observed Calculated 
Daught~r Residual 

Compoiition . Composition 

Bulk D* 

----------------------------~-----~-------
-----------------

Zr 108 132 124 0.073 

Nb 1. 4 1. 3 1. 6 0 • 017 I 

y 30 37 34 0.173 

Ba 4.5 3.9 5.2 0.009 

Sr 152 157 152 1.020 

Co 45 43 44 1.217 

Cr 336 262 293 1. 930 

Ni 151 121 125 2.267 

v 218 237 243 0.271 

Zn 70 74 75 0.553 

Cu 52 47. 56 0.515 

Sc 35 34 35 1. 094 
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The megacryst pyroxene core composition (AG22-12-1) was used 

to satisfy the major element mix. The least squares data 

indicate a satisfactory fit to the model. 

The trace element abundances in the predicted residual 

liquid compare favourably with those observed in lava AG22-

12-23, with analogous differences ( eg. lower Rb and Sr and 

higher Cu contents are predicted to models presented 

above. Nevertheless, differences are observed in 

incompatible element abundances ( Zr and Y that evidently 

refute this simple fractional crystallization model. These 

differences eg. higher Zr and Y contents in observed 

liquids are thus inferred to be the result of variable 

source region characteristics or slight differences in 

partial melting that produced Dredge 12 parental magmas. 

In this respect, it is important to note that models 

attempting to relate the aphyric basalts of Dredge 12 to the 

sparsely porphyritic lavas were unsuccessful. More 

specifically, it was speculated that the aphyric lavas could 

be produced by the removal of plagioclase (predominantly) 

from a common parental magma (~g. that they could represent 

residual magma purged from 

hypothesis implies that 

a plagioclase-rich magma). This 

the aphyric lavas and the 

porphyritic lavas represent complimentary magmas. The 

unsatisfactory solutions do not refute this possibility;• it 
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is concluded that phenocryst redistribution in porphyritic 

lavas is responsible for obscuring such a relationship. 

High Zr and Ti contents in the aphyric lavas and 

correspondingly high Mg#'s could be qualitatively accounted 

for by a different degree of partial melting of the basalt 

source. If the latter explanation is relevant, it is 

consistent with the observation that the mantle beneath this 

section of the SWIR is heterogeneous at the scale of 

individual dredges. This within-dredge variation is 

analogous to, yet more subtle than, the variation observed 

among Dredge 5 and 13 lavas. 

Conclusions 
•••a-... - ......... ,.,~•••-""""-"'""''' .. ,_,., 

In summary, the models presented above p~ovide quantitative 

support that; ( i ) fractional crystallization was an 

important process in the petrogenesis of the Agulhas 22 

basalt suite and; (ii) that differences in incompatible 

element abundances at several dredge sites must be a 

consequence of partial melting and/or source region 

characteristics. 
. .~ 

It is important to correlate these quantitative results with 

qualitative results illustrated by major element variation 

diagrams ( eg. CaO/Al203 ratio versus Mg~; Figure 24, and 
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the system Di-01-Qz; Figure 35 ). The proportions of the 

phases in the inferred fractionates are; 

(i) In model 1 (Dredge 3); ol:plag 35:65. 

(ii) In model 2 (Dredge 5); ol:plag 60:40. 

(iii} In model 3 (Dredge 8); ol:plag:cpx - 15:65:20 

(iii) In model 4 (Dredge 12); ol:plag:cpx - 20:50:30. 

The order in which these models is presented above 

corresponds to the sequence from the steepest negative slope 

in Figure 24 to the steepest positive slope. Despite the 

observation that model 4 does not adequately account for the 

geochemical variation among Dredge 
&Jbei.t :>peciMJ-i11e) 

12 lavas, it is 

interesting to comparehthe major element solution with that 

of model 3. Relative to model 3, clinopyroxene in model 4 

apparently crystallizes at the expense of plagioclase ( the 

proportion of olivine and the total amount of fractionate 

are compatible ). This observation is consistent with 

crystallization at a somewhat higher pressure ( eg O'Donnel 

and Presnall, 1981 ) . In other words, compatible with the 

relative plotting positions of _Dredge 8 and 12 lavas in the 

ternary system Di-01-Qz ( see Figure 35;- Dredge 12 lavas 

plot slightly closer to the 01 apex than Dredge 8 lavas). 

********** 
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CHAPTER 7 

DISCUSSION AND CONCLUSIONS 

In this chapter, aspects of the fogulhas 22 mineralogical and 

chemical data are discussed in terms of their inferred 

petrogenesis and their tectonic setting. 

Seismic evidence (e.g. Nisbet and Fowler, 1978) and thermal 

budget considerations (e.g. Sleep, 1975; Kuznir and Bott, 

1976; Kuznir, 1980) suggest that spreading rates should 

exceed a minimum of 0.45 to 0.9 cm/yr (half rate) for a 

steady state magma chamber (e.g. O'Hara, 1977; Bryan and 

Moore, 1977; Dungan and Rhodes, 1979) to be maintained. 

Consequently, magma chambers are believed to be ephemeral at 

slow spreading ridges, a hypothesis which predicts (a) the 

probability that more primitive ·basalts should reach the 

ocean floor (e.g. Stakes et al., 1984) and (b), that, in the 

absence of mixing, the chemical integrity of individual 

magma batches should be maintained (e.g. Batiza and Vanko, 

1984). In simpler terms, the -former point would be 

reflected by a relatively larg~ range in basalt compositions 

and eruption temperatures and, by implication, evidence for 

polybaric crystallization. 



Figure 36 represents a model of petrologic processes at a 

slow spreading ridge according to Flower (1980). This model 

predicts two 

15 and 25 km 

or more stages of crystallization: (a) between 

depth and (b) less than 5 km depth. Based on 

the observation that plagioclase is evidently buoyant in 

basaltic magma (e.g. Flower, 1980; 1981; Elthon, 1984) and 

that this phenomenon is pressure dependent (e.g. Bottinga 

and Weill, 1970), Flower (1980) has suggested that the more 

widespread occurrence of plagioclase enriched basalt at slow 

spreading ridges (relative to fast spreading ridges) is to 

be expected. Fisk (1986) has noted that if the volume of 

crystals exceeds 30%, such magmas rarely erupt and Staudigel 

and Bryan (1981) have noted the importance of enrichment by 

mechanical redistribution upon eruption. Although this 

calls into question the relationship between sea floor 

spreading rate and plagioclase enrichment, the issue that a 

polybaric crystallization regime is likely to produce 

plagioclase enriched magmas is relevant here. 

Flower (1980) suggests that complex plagioclase crystal 

morphologies and zoning patterns often found in MORB are 

explicable in terms of polyb~ric crystallization regime 

(i.e. the magma dynamics inferred from Figure 36). In 

contrast, Kuo and Kirkpatrick (1982) have concluded that 

plagioclase from DSDP Legs 45 and 46 MORB displays evidence 

for magma mixing, a contention supported by melt inclusion 
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.f. .. ~.g;-~E .. ~ ..... J .. ?..: A model of magma d:;-namics at c. slO\,- spreading 
ridge IFlc~er, 1980) based on the theoretical 
geotherm (Al ~t the ridge axis. Curves B and C 
represent geotherms 30 km. from the ridge axis 
and average ocean crust respectively. (Geotherms 
after Sleep, 1975). The solid line represents 
the path of magma ascent. Depth intervals are 
schematic only. Pl-lherz = plagioclase 
lherzolite, sp-lherz = spinel lherzolite. 
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and geochemical evidence (Dungan and Rhodes, 1979; Rhodes et 

al., 1979). Despite this apparent contrast, zoning patterns 

in Agulhas 22 basalt plagioclase, although similar to other 

MORB plagioclase (e.g. Kuo and Kirkpatrick, 1982; Natland et 

al., 1983), are not identical. 

basis for 

morphology 

interpretation of 

is outlined and 

history is proposed. 

7 • 2 .9£.Y._~!:.?.: .. ! .. ! .. ?.: ... ~?.: .. !:. .. ~. o ~-!!. .. :!:...~ .. !:.9..F.Y 

In the following section the 

zoning patterns and crystal 

a model of crystallization 

Plagioclase crystallization, as well as crystallization of 

other phases, ·probably accompanies magma movement because of 

.cooling at the melt-country rock interface and effervescence 

of volatile constituents with decompression (Anderson, 

1984). Consequently, it is reasonable to associate textural 

records of crystal growth with magma movement. For example, 

textural evidence (particularly plagioclase zoning patterns) 

has been presented to explain the crystallization processes 

in various igneous systems (e.g. Ewart, 1963; Pringle et 

al., 1974; Kuo and Kirkpatrick, 1982; Anderson, 1984). 

These studies have emp&asized the genetic implications of 

magma movement on glomerocryst formation; turbulent flow may 

result in relative enrichment of parts of magmas in crystals 

(e.g. Wright and Fisk, 1971) to produce poikilitic 

glomerocrysts while crystals mutually attached along growth 
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zones (i.e. synneusis, Vance, 1969) may have "swum together" 

in the melt. These aspects are treated as· evidence for 

magma dynamics in MORB genesis by Kuo and Kirkpatrick 

(1981}. In this section, these relations are applied in an 

analogous fashion to the porphyritic lavas of Dredge 8 and 

12 and loosely to the Agulhas 22 suite as a whole. The 

presence of calcic megacrysts in lavas of other dredges 

suggests a genetic link in the pre-eruption history of the 

suite in general. 

The origin of oscillatory zoning in plagioclase is a complex 

and controversial issue (see Lofgren, 1974 for a good 

review). Models to explain oscillatory zoning are generally 

divided into two categories of behaviour (dynamical or 

static) according to whether the model implies movement of 

the plagioclase crystal in an absolute or relative sense to 

the surrounding melt (e.g. Anderson, 1984). In contrast to 

dynamic models referred to above, where external factors 

influence oscillatory zoning, a static model for oscillatory 

zoning has been developed by Loomis (1981,a & b)·. In this 

model, oscillatory zoning may arise by local convection of 

melt at the crystal-melt interface and the effect of water 

pressure on the equilibrium plagioclase composition. 

It is recognized that interpretations of oscillatory zoning 

rely heavily on the coupling between interface kinetics and 

the diffusion of chemical species in the melt (e.g. Lasaga, 
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1981; 1982), and that the two types of behaviour outlined 

above may be seen as two end member models. In other words, 

it is not necessary to adopt either one or the 

other. Although the effect of water pressure is considered 

negligible on MORB plagioclase growth (e.g. Kuo and 

Kirkpatrick, 1982; based o~ low MORB water contents 

Delaney et al., 1977), local convection at the crystal melt 

interface may itself be a function of external conditions 

(e.g. Allegre et al., 1984; Provost, 1985). 

The model preferred here is that recently refined by the 

latter workers (Allegre et al., 1980; Provost, 1985) in 

which oscillatory zoning occurs at slow growth rates'and is 

a function of changes in pressure, temperature and 

supersaturation. In view of the above, the crystallization 

history of the Agulhas 22 basalt suite is proposed below, 

combining evidence from previous chapters . 

. e .. !:~$. .. §: ...... J .. (Deep magma reservoir) 

Nucleation and growth of type 1 plagioclase megacrysts 

occurred in primitive magma(s). Inclusion of high alumina 

spinel (sample AG22~8-16) suggests probable crystallization 

near the plagioclase/spinel lherzolite mantle boundary. 

Melt inclusions attest to trapped host magma possibly as a 

consequence of effervescence upon ~elt segregation. 
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Regrowth of slightly more calcic plagioc1ase rims and 

presence of poikilitic glomerocrysts suggests magma ascent 

(equilibrium plagioclase compositions become more calcic 

with .9:.t?...9. .. £.~ .. ?.:.~ ... ~.:!2 .. ~. pres sure; Lindsley, 1966; Yoder, 1969) and 

turbulent behaviour. Primitive lava AG22-9-2 may represent 

a sample of such a magma erupted at the surface . 

. ~ . .:t~ .. ~e ___ ?.. (Melt segregation and ascent) 

Resorption of type 1 plagioclase rnegacrysts and nucleation 

of type 2 plagioclase megacrysts. Olivine also crystallized 

at this stage ( indicated by its presence in glomerocrysts). 

Systematic morphologic and chemical variation from cores to 

rims of type 2 plagioclase megacrysts suggests initial rapid 

growth (presence of inclusion~; patchy zoning indicates 

morphologic instability; Lasaga, 1981; Anderson, 1984) and 

consequent re-equilibration at slow growth rates 

(oscillatory zoning indicates slow growth and even periodic 

cessation of crystallization; Lasaga, 1982; Allegre et al., 

1981). Overall reverse zoning is consistent with decreasing 

pressure (Yoder, 1969) and suggests that no significant heat 

loss occurred (for a contrary case, see Pringle et al., 

1974). These observations · are consistent with near 

adiabatic ascent 

(Provost, 1985). 

{Figure 36) after initial rapid ascent 

Variation of melt inclusion chemist~y 

attests to differentiation during ascent and mineralogical 
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variations attest to polybaric re-equilibrium of the magmas 

and crystallization of clinopyroxene. Clinopyroxene 

megacryst in sample AG22-12-1 probably crystallized at this 

stage (or earlier} and presumably suffered resorption during 

ascent by reaction with host magma . 

. s~.?.: .. ~ .. ~-~ ....... ~ ........ ~:P. .. 9.: ... -~. (Shallow level fractionation and eruption) 

Nucleation and growth of plagioclase phenocrysts and rims of 

similar composition on megacrysts, probably in a crustal 

magma chamber or sheeted dyke conduit system above a magma 

chamber ( Pallister and Hopson, 1981). Porphyritic basalts 

may have been enriched in plagioclase by flow 

differentiation in such a process and/or upon eruption. It 

was probably at this stage ( 3) that the skeletal 

clinopyroxene rim grew upon the clinopyroxene ~egacryst of 

sample AG22-12-1. Ascent through the crust of porphyritic 

lavas was apparently accompanied by incorporation of olivine 

xenocrysts which show shock fabrics. 

The nominal zoning of microphenocrysts in aphyric lavas in 

general indicates that chemical change of basalts within the 

crust was negligible (e.g. _ Fisk, 1986) and olivine 

microlites in several lavas attest to further cooling of 

20°C or more after nucleation of microphenocrysts. In 

general, microphenocrysts and groundmass phases show 

textural evidence for high cooling rates prior to ~nd upon 

extrusion. 
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.§ .. !:.~ .. ~-~ ... -.§· (Post conso 1 ida ti on) 

'Secondary alteration effects occurred as a result of 

variable low temperature sea water alteration 

(palagonitization, · formation of secondary. chlorite, 

smectites and hydroxide phases). 

7.3 Conclusions ,_ ............... _., ....... _ .. , ................ ... 

Principle conclusions of this study are as follows: 

(1) Basalts from the SWIR between 16 and 26 degrees east 

are olivine tholeiites with normal MORB characteristics. 

Aphyric (or microporphyritic) olivine-plagioclase basalt is 

the dominant lithology but several olivine basalts are al~o 

present. Porphyritic basalts (up to 20% plagioclase 

phenocrysts) comprise about 10% of the sample suite and are 

believed to be derived by accumulation of plagioclase and 

minor olivine. One such sample (AG22-12-1; Mg# =64) is an 

olivine-plagioclase-clinopyroxene basalt with a 
{ 

clinopyroxene megacryst which is partially 

single 

resorbed. 

Clinopyroxene is absent as a phenocryst phase in more 

evolved lavas. 

(2) Systematic ranges in mineral chemistry and the presence 

of distinct crystal populations iri these lavas suggest an 
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origin due to polybaric crystal fractionation. The 

preferred mode of origin is given as: 

(a) initial crystallization at depth of calcic 

bytownite (type 1 plagioclase) megacrysts and 

high-alumina spinel, 

(b) nucleation and growth of reverse zoned sodic 

bytownite (type 2 plagioclase) megacrysts 

consequent to magma segregation and ascent, and 

(c) crystallization within the oceanic crust prior 

to and upon eruption. 

Melt inclusions in plagioclase megacrysts of Dredge 8 

and 12 lavas provide evidence for initial entrapment upon 

decompression of a primitive magma with similar major 

element characteristics ( Mg#=70; Ti02=1.3 wt%; CaO/Al203 

ratio=0.70) to most primitive lava AG22-9-2. Inclusions in 

more sodic, type 2 plagioclase megacrysts correspond to 

more evolved lava compositions and attest to 

differentiation of host liquids upon ascent or in a magma 

chamber. Resorption of type 1 plagioclase megacrysts (and 

the clinopyroxene megacryst in 

explicable in terms of reaction 

sample 

with 

AG22-12-1) is 

evolving magmas 

due to the effect of pressure on the phase relationships of 

basaltic magma(s). 
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(3) Projections of basalt and quench glass major 

element data in the pseudo-ternary system diopside­

olivine-quartz (Walker et al., 1979) provide support for 

a polybaric crystallization history. Compositions plot 

within the low pressure olivine phase field, with only 

the most porphyritic lava having reached pyroxene 

saturation. Magnesian lavas (Mg;;f;;f 66) plot close to the 

l~ kb ~seudo-invarian~ point, consistent with liquids 

expected at pressures between 10 

and 15kb (Stolper, 1980). Comparison of the clinopyroxene 

megacryst composition with MORB pyroxene believed to be of 

high pressure origin (Bender et al., 1978) indicates that 

this pyroxene could have a similar genesis. Trends in 

projected data are consistent with polybaric olivine, 

plagioclase and clinopyroxene fractionation and olivin~ + 

plagioclase fractionation at low pressure. 

(4) Quantitative modelling of crystal fractionation 

indicates that geochemical variations at certain dredge 

sites can for the most part be explained by crystallization 

of observed mineral phases. These variations are consistent 

with projections in the diopside-olivine-quartz pseudo-

ternary. 

(5) The overall chemical characteristics of the Agulhas 22 

sample suite are within the range of normal, 'depleted' MORB 

from the SWIR, AAR and MAR in the vicinity of the Bouvet 

triple junction (le Roex et a-1., 1983; 1985; 1987) and 

variations in trace element abundances and inter-element 
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ratios indic~te that at l~~~i 4 magma types are represented 

by the lavas, thereby precluding a relationship between all 

samples by simple crystal fractionation. A subset of least 

depleted basalts in Dredge 5 have an affiniti to enriched 

Transitional type MORB from the SWIR between 0 and 11°E (le 

Roex et al.~ 1983) with comparatively low Zr/Nb (15-19), 

Zr/Y (3.7-3.9) and Y/Nb (4.1-4.5) ratios. Remaining Ridge A 

lavas have the following characteristics; Zr/Nb=26-56, 

Zr/Y=3.1-3.8 and Y/Nb=8-16. Ridge B basalts are the most 

depleted basalts 

Y/Nb=12-34. The 

with Zr/Nb=45-102, 

'less depleted' Dredge 

Zr/Y=3.0-3.9 and 

5 lavas and fine 

scale differences in inter-element ratios at individual 

dredge sites are believed to reflect iocal mantle 

heterogeneity, consistent with models of le Roex et al. 

(1983; 1985; 1987) for the suboceanic mantle in the Southern 

Ocean. 

~ 

(6) While between ridge trace element variations provide 

compelling evidence for lateral mantle heterogeneity in the 

study area ( eg. Zr/Nb, Zr/Y, Zr/Ba and Y/Nb ratios 

certain variations are consistent with origins due to 

partial melting. Differences in_partial melting may explain; 

(a) between ridge variations in quench glass and whole 

rock compositions (Ridge A basalts· have higher 

CaO/Al203 ratios, higher absolute MgO and FeO 

contents and lower normative plagioclase contents 



than Ridge B basalts), 

(b) higher nickel contents, at a given forsterite 

content, in 

phenocrysts 

olivine phenocrysts 

in Ridge A basalts 

Ridge B basalt olivine, and 

and micro­

rela ti ve to 

(c) higher Cu, Co and Sc contents, at a given Zr 

content, of Ridge A basalts relative to Ridge B 

basalts. 

196 

(7) The observation that Ridge A basalts are on average 

less depleted than Ridge B basalts is interpreted to be due 

to a relative increasing westward influence of an-enriched 

MORB component. It is suggested that this is related to the 

waning .~-~.§.!:.!'.?:?.:.£_¢.!: influence of the Bouvet mantle plume ( eg. 

le Roex et al., 1983,1985 ) although this requires detailed 

Lsotopic analysis. 

********** 
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A.!:.!:.:g.~.P. .. !..?.f ........ ! ... = ......... A.~.A.!:.YT .. !._g.A.!: ....... !?B.9. .. 9..E.;.P..Y..?.~. , 

The analytical procedure has been discussed in some detail 
in Section 1.4. In Table A-1, _ estimates of analytical 
tolerance, detection limits and accuracy of the method are 
given based on counting statistics ( from le Roex, 1980 ). 

A - 1 • 2 ;gJ..~ .. 9. .. t: .. t..9..!! ....... P.!.'5?.P.~ ...... !!!:.~.9. .. E .. Q .. ~.!!.?.: .. !.¥§..L~. 

Counting staistics based on microprobe analyses are 
presented in Table A-2 and A-3. Details of natural and 
synthetic standards used are given in Table A-4. In Table A-
3, the standard deviation of the mean of repli~ate analyses 
of the same basaltic glass is given for comparison with the 
theoretical precision based on counting statistics. For 
glass data of this study, an average of at least three glass 
analyses per sample proved to be adequate. Provided analyses 
·were not taken immediately adjacent to microphenocrysts or 
phenocrysts ( ie. avoiding possible chemical gradients ), 
the glasses are relatively homogeneous with respect to 
microprobe precision. 

Homogeneity at the micron scale is a problem in evaluating 
the absolute accuracy of this analytical technique. 
Nevertheless, Reid (1977) has noted that by using abundance 
data obtained by another method ( eg. XRF ), analysing one 
standard against another achieves good agreement. In this 
respect, details of standards used ( eg. Table A-4 ) are 
presented including their compositions for reference. 

A full analysis directory is giv.~n on microfiche see 
sleeve on inside back cover), 
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'.l'~.!? .. !.~.-~ .. :1.· Estimates of detection limits ( lower limit of 
detectiori, or LLD.), ·precision and accuracy ( ie. 
absolute error. ) based on counting statistics and 
calibration curves .for XRF analysis. Major 
elements expressed in.weight %1 trace elements in 
ppm .. Detection limi~s at the 99 % confidence 
level and counting errors at the 95 % confidence 
level (Data from le Roex, 1980 ). 

Oxide/ wt %/ Precision Accuracy LLD 
element ppm. 

----------------------------------------------------
Si02 50.0 0.140 0.264 0.036 

Ti02 1. 0 0.008 0.008 0.005 

Al20a ·15. 0 0.080 0.079 0.022 

Fez OJ 9.0 0.038 0.064 0.014 
MnO 0.15 0.008 0.003 0.008 
MgO 8.0 0.148 0.086 0.072 

CaO 12.0 0.028 0.030 0.008 

NazO 2.5 0.032 0.067 0.080 

KzO 0.2 0.002 0.022 0.002 

P2 Os 0.2 0.012 0.018 0.010 

Zr 40 - 400 0.94 1. 4 1. 4 

Nb 4 - 150 1.0 - 1.2 1.8 
y 20 40. 0.8 - 1.0 1. 3 

Rb 2.5 - 90 0.8 - 1.1 1. 5 

Ba 10 - 800 2. 1 - 6.0 6.7 

Sr 80 - 800 1.0 - 1. 7 1. 5 

Co 18 - 100 1.9 - 2.5 4.5 

Cr 25 - 350 1. 5 - 2.1 2.2 

Ni 10 208 2.5 3.7 4.0 

v 50 - 350 2.4 - 3.7 5.5 

Zn ·8 - 150 0.9 - 1. 7 1.4 

Cu 5 90 1.0 1. 2 2.9 
Sc. 25 40 1.0 - 1. 2 1. 2 
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T~.P. .. !. .. ~ ...... A-.: .. ?. ... ~ ... The c.ounting statistics for phase compositions 
determined to be closest to the grand averages 
analysed by the Cameca Camebax Microprobe ( this 
study). All data based on counting times of ten 
seconds. Figures in parentheses are Ni data for a 
counting time of 50 seconds. 

Glass Pyroxene Olivine 
----------- ----------- ------------
LLD 2 (] LLD 2 (] LLD 2 (] 

------------------------------------------------------------
Si02 0.06 0.36 0.05 0.28 
Ti02 0.06 0.09 0.05 0.05 
Al2 Q°3 0.05 0.27 0.03 0.08 
Cr2 03 0.09 0.05 0.05 0.05 
FeO 0. 12 0.37 0.09 0.24 
MnO 0.08 0.10 0.07 0.06 
MgO 0.04 0.17 0.03· 0. ·16 
Cao 0.04 0.20 0.04 0.20 
Na20 0.04 0.11 0.03 0.04 
KzO 0.03 0.04 0.03 0.02 

NiO 

Plagioclase Oxides 

LLD 2 (] LLD 2 (] 

----------------------------------------
0.09 

0.07 

0. 14 

0.05 
0.06 
0.06 
0.04 

0.38 

0.26 

0.10 

0.03 
0.22 
0 •.. 11 
0.03 

0.04 
0.04 
0.04 
0.05 
0.08 
0.08 
0.04 
0.03 

0.03 
0.05 
0.20 
0.25 
0.37 
0.07 
0 .15 
0.03 

0.05 0.26 
0.04 0.03 
0.04 0.03 
0.05 0.04 
0.09 0.32 
0.07 0.06 
0.04 0.27 
0.03 0.03 

-:-

0. 12 0 ··07 
(0.06) (0.05) 



!~.:!?. . .±.:~ ...... !\ .. : .. ~ . .:... Glass analyses ( Dredge 1 ) illustrating the 
precision and homogeneity by microprobe. 

Si02 
Ti02 
Al2 Oa 
FeO 
MnO 
MgO 
Cao 
Na20 
KzO 

Si02 
Ti02 
Al2 Oa 
FeO 
MnO 
MgO 
Cao 
Na20 
K20 

Analyses 1 

1. Single 

wt % 

50.26 
1. 67 

15.81 
9.43 
0.17 
8.10 

11.39 
3.15 
0.13 

wt % 

50.20 
1. 55 

15.80 
9.03 
0.17 
8.61 

11. 33 
2.83 
0.04 

to 3 

1. 

: 

2 a 

0.36· 
0.09 
0.27 
0.37 
0.10 
0 .17 
0.20 
0.11 
0.04 

2 a 

0.40 
0.07 
0. 12 
0.19 
0.04 
0.06 
0.19 
0.35 
0.05 

AG22-1-13 

analysis; 2 a 

wt % 

50.18 
1. 58 

15.88 
9.44 
0.16 
.8. 03 

11. 39 
3.11 
0.12 

2. 

5 . 

wt % 

49.84 
1. 48 

15.81 
9.19 
0.17 
8.61 

11.52 
3.10 
0.10 

2 a 

0.29 
0.06 
0.10 
0.19 
0.01 
0.04 
0.06 
0.03 
0.01. 

2 a 

0.38 
0.04 
0.05 
0.09 
0.02 
0.05 
0.12 
0. 05. 
0.01 

as per count'ing 

3 . 

wt % 

50.26 
1. 58 

15.92 
9.33 
0.16 
8.00 

.11.45 
3.09 
0.12 

wt % 

49.86 
1. 50 

15.94 
9.30 
0.15 
8.64 

11.57 
3.13 
0. 10 

2 a 

0.27 
0.06 
0.10 
0.22 
0.02 
0.06 
0.10 
0.04 
0.01 

6 . 

2 a 

0.31 
0.05 
0 .19 
0.17 
0.03 
0.06 
0.13 
0.07 
0.02 

statistics. 
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2 . Mean of 4 analyses & standard deviation of the mean. 
3. Mean of 10 analyses & standard deviation of the mean. 

Analyses 4 to 6 : AG22-1-l 

4. Mean of 10 replicate analyses on a single spot. 
S. Mean of 4 analyses & standard deviation of the mean. 
6. Mean of 6 analyses & standard deviation of the mean. 
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Table A-4. Standards used for 
elements in individual 
compositions are given 

the analysis of major 
phases. Abbreviations and 
below. 

STANDARD 

M-OL 

K-P 

c1rno* 

RHOO 

OIOP 

NISI 

NlJNI 

K-H** 

LACO 

OR - 1 

RUT 

ILMT••• 

01. Plag. Cpx. Oxide/ 
spinel 

Glass 

-----------------------------------------------
Si M-01 NUNI DIOP K-P 
Ti K-P RUT RCT 
:\ 1 NUN'I K-H CHRO 

• J._ 

Cr CHRO CHRO CHRO 
Fe M:-OL K-H K-H IL:1T 
Mn RHOD RHOD RHOD 
f1o- ::1-0L K-H K-H CHRO 

0 

Ca DIOP' L\CO DIOP K-P 
Na NUNI K-H 
K OR-1 K-H 
Ni NISI 

NAME SiD2 TiD2 Al203 Cr203 PeO MnO 

Marjalahti Olivine 40.24 11.53 

Kakanui Pyrope 41.46 0.47 23.73 10.69 0.29 

Synthetic Chromite o.47 19.41 44.50 22.10 0.21 

Synthetic Rhodonite 46.70 0.03 0.17 3.73 40.76 

Synthetic Diopside 55.47 

Synthetic Ni Silicate 28.69 

Nunivac Pla9ioclase 66.10 19.90 0.06 

Kakanui Hornblende 40.37 4.72 14.90 7.95 0.09 

Lake County Pla9ioclase 51.55 30.99 o.41 

Orthoclase, Val Switzerland 64.39 19.57 0.03 

Synthetic Rutile 100.00 

Synthetic Ilmenite 45.70 36.10 4.77 

Composition of standards used for microprobe analysis of minerals 

CHRO 1 Contains 0.25\ V205. 

K-11 t Contains 3.30' Fe203, 7.95\ PeO anc! 0.94t H20• 

********** 

DIOP 
RUT 
K-H 
CHRO 
K-H 
RHOD 
K-H 
DIOP 
K-H 
K-H 

M90 Cao Na20 

49.0B 

18.51 5.17 

12.30 

0.56 7.82 0.05 

18.62 25.90 

0.05 0.98 8.40 

12.90 10.30 2.60 

13.24 3.63 

1.15 

o.31 

K20 

3.30 

2.05 

0.13 

14.92 

NiO 

o.14 

71.32 
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A-2.1 Olivine 

The determination of olivine crystallization temperature~ is 
strongly dependent upon critical assessment of equilibrium 
FeO/MgO partitioning. As discussed in Section 3.2., the 
following assumptions are important and relevant to the 
procedure: 

(i) The application of an FeO/MgO partition coefficient, or 
Kd, of 0.3 ± 0.03 (~ceder and Emslie, 1970 ). 

(i} Adoption of an Fe203/FeO ratio of 0.15 for host liquids 
( eg. Brooks, 1976 }. 

In Table A-5, a complete listing of olivine equilibria is 
given; eg. olivine comp~sition, the Kd calculated between 
olivine and the · proposed co~existing liquid and the 
calculated temperature of crystallization. Temperatures of 
quenching ( assuming equilibration of the most iron-rich 
olivine rims and quench glass ) and of crystallization of 
the most Mg-rich olivines ( olivine-whole rock equilibria; 
ie. intratelluric crystallization ) are presented. For 
comparison, predicted liquidus temperatures ( according to 
Roeder and Emslies equation [1970] ) are given in Table A-6. 

In Table A-6, plagioclase liquidus temperatures as 
determined by the method of Nathan and Van Kirk (1978) are 
given for comparison with olivine liquidus temperatures. 
Except in the case of porphyritic lavas ( eg. AG22-8-19,-24 
and AG22-12-3,-ll,-13,-27 ), olivine liquidus temperatures 
are on average 32 degrees higher than plagioclase liquidus 
temperatures. 

Temperatures of quenching as determined by the Mathez (1974) 
equation ( equation 7, this text ) are presented in Table A-
7. The apparent discrepancy in plagioclase and olivine 
quench temperatures has been discussed in the text and the 
similarity between ( plagioclase ) eruption and liquidus 
temperatures noted. From this it is inferred that these 
sodic microphenocrysts are low-pressure liquidus phases. 
Moreover, it is evident that plagioclase nucleation is not 
as sensitive to small drops in temperature as is olivine ( 
eg. Donaldson, 1976 ). 

Hence, if these quench temperatures are believed to be real, 
the implication is that the bulk of the lavas have been 
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erupted at temperatures higher than would be expected if 
magma chambers were continually operable beneath the SWIR 
between 16 and 26° E ( see text for details ). A corollary 
to this statement ii that the oper~tion of magma chambers 
and consequent continued crystallization within the crust, 
would be expected to produce lavas more evolved than the 
average Agulhas 22 basalt~ 

A worked example using Mathez's (1974) geothermometer is 
presented below and the procedure outlined. The quench glass 
and the most sodic plagioclase microphenocryst composition 
of sample AG22-1-1 are used. 

AG22-1-1. 

(1) Calculate the molecular proportions of relevant oxides; 
ie. divide wt. % ·oxide by oxide molecular weight and 
convert to cation mole values. Normalize-to 1. 

eg .. Si = 0.592 
Al = 0.127 
Ca = 0.225 
Na = 0.055 

(2) Determine the input data as per equation 7, taking into 
account the activity correction factor for plagioclase 
( ie. taken from Figure 3 oY Mathez, 1974 ). 

eg. >. = 1.154 
<} = -0.297 
a= 0.503 ( @ 67.4 mole% An. ) 

(3) Rearranging Mathez's equation gives a quadratic 
function with; 

a = 1 
b = (-19.01 - ln Ala )/0.01176 
c = (-1.29*10- 3 *~)/0.01176 

Substituting data from step 2 gives; 

b = 1687 
c = 325791 

and .T. ........ ::: ..... JJ .. ~ .. ?. ....... ~ ... f ... ~ ... ( the positive root minus 273 K ) 

• 
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T.~.:!?. .. !.~ ....... A:.: .. ?. .. :. .. Olivine equilibria data for the Agulhas 22 
basalt suite. The first three columns pertain to 
the FeO/MgO exchange between the most Fe-rich 
olivine microphenocryst rims and quench glasses 
( ie. quenching ). The· last three columns 
pertain to · equilibratiion of most Mg-rich 
olivine. cores· and whole rock compositions. 
Dashes indicate absence of glass or whole rock 
data. Temperatures based on the MgO thermometer 
of Roeder (1974). 

OLIVINE/LIQUID EQUILIBRIA 
SAMPLE -------------------------------------------
NUMBER Quench glass/olivine Whole rock/olivine 
------ -------------------- -------------------

Fo % Kd. T Jo C Fo % Kd. T /0 c 
--------------------------------------------------------

AG22-1-1 '8 6. 1 0.305 .1166 86.7 0.297 1171 
AG22-1-4 84.9 0.333 1158 -
AG22-1-13 85.3 0.288 1144 
AG22-3-2 81. 9 0.307 1141 83.7 0.273 1119 
AG22-3-4 82.8 0.306 1128 84.8 0.296 1153 
AG22-3-8 82.5 0.305 1143 
AG22-5-8 84.5 0.311 1145 
AG22-5-9 81. 2 0.293 1103 
AG22-5-10 84.9 0.290 1158 
AG22-5-14 82.4 0.285 1136 84.2 0.271 1124 
AG22-7-1 85.9 0.273 1131 86.9 0.311 1181 
AG22-8-2 82.2 0.300 1119 
AG22-8-9 82.9 0.283 1125 83.7 0.292 1123 
AG22-8-16 81. 2 0.318 1135 
AG22-8-24 81. 6 0.289 1123 83.4 0.281 1091 
AG22-9-l 87.1 0.275 1139 88.7 0.305 1186 
AG22-12-1 84. 7' 0.317 1142 
AG22-12-4 81. 2 ·o. 299 1118 
AG22-12-20 85.7 0.300 1148. 
AG22-12-35 85.1 0.285 1147 85.9 0.266 1145 
AG22-13-l 86.4 0.289 1151 87.3 0.309 1150 
AG22-13-14 81. 3 0.297 1161 85.6 0.303 1147 
AG22-13-25 86.6 0.279 1154 87.3 0.290 1155 
AG22-13-32 86.4 0.268 1151 
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Table A-6. Olivine and plagioclase ~iquidus temp~ratures 

and compositions as determined on whole rock 
data by the method of N~than and Van Kirk 
(1978). Olivine dati based on FeO/MgO equilibria 
( eg. Roeder and Emslie, 1970 ), 

OLIVINE PLAGIOCLASE 
SAMPLE 

T /OC Fo % An % 
-----------------------------------------------------

AG22-1-1 
AG22-3-2 
AG22-3-4 
AG22-3-20 
AG22-3-23 
AG22-3-29 
AG22-3-34 
AG22-5-2 
AG22-5-7 
AG22-5-14 
AG22-5-15 
AG22-5-18 
AG22-5-31 
AG22-5-38 
AG22-5-46 
AG22-5-48 
AG22-5-51 
AG22-5-59 
AG22-5-65 
AG22-5-66 
AG22-5-68 
AG22-7-1 
AG22-8-l 
AG22-8-2 
AG22-8-9 
AG22-8-11 
AG22-8-15 
AG22-8-19 
AG22-8-24 
AG22-9-2 
AG22-12-3 
AG22-12-11 
AG22-12-13 
AG22-12-23 
AG22-12-24 
AG22-12-26 
AG22-12-27 
AG22-12-31 

1237 
1205 
1222 
1213 
1217 
1209 
.1211 
1224 
1221 
1207 
1220 
1221 
1228 
1228 
1228 
1205 
1219 
1233 
1210 
1203 
1230 
1239 
1211 
1198 
1207 
1205 
1210 
1194 
1195 
1251 
1196 
1193 
1194 
1208 
1213 
1223 
1198 
1208 

86.9 
82.7 
85.0 
84.3 
83.4 
82.9 
83.8 
86.0 
85.6 
82.9 
84.9 
85.6 
85.7 
85.9 
85.9 
83.2 
84.8 
86.5 
84.0 
82.9 
86.2 
87.9 
84.5 
82.4 
83.8 
83.6 
84.2 
82.3 
82.7 
88.9 
84.6 
83.6 
86.0 
84.2 
85.0 
86.3 
84.5 
84.2 

1195 
.. 1179 

1181 
1177 

·1176 
·1179 
1183 
1189 
1190 

·117 5 
. 1189 

1190 
. 1182 
.117.7 
1197 
ll.85 
1186 
1187 
1180 

·1172 
1181 
1192 
1193 

'1177 
1193 
1195 
1197 
1213 
1225 
1199 
1245 
1225 
1284 
1205 
1209 
1207 
1223 

. 1200 

75.9 
71. 9 
72.1 
71. 2 
71·. 3 
71. 7 
71. 2 
73.0 
73.3 
70.5 
73.0 
73.6 
72.3 
71. 7 
73.7 
71. 2 
72.3 
72.0 
70.1 
69.4 
72.4 
74.0 
72.4 
70.2 
72.9 
72.4 
73.6 
75.1 
77.0 
76.2 
78.8 
74.7 
82.7 
7 3-. 9 
75.3 
75.4 
76.3 
73.3 

-----------------------------------------------------
continued over page ... 



Table A-6 continued. 

-----------------------------------------------------
AG22-12-35 
AG22-12-42 
AG22-12-63 
AG22-13-1 
AG22--13-14 
AG22-13-24 
AG22-13-25 

1218 
1210 
1214 
1228 
1223 
1229 
1229 

85.0 
84.1 
85.0 
87.6 
86.1 
87.3 
87.5 

1188 
1197 
1181 
1204 
1197 
1205 
1207 

72.6 
73.9 
69.5 
74.2 
74.5 
74.7 
75.0 
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:Ia~~-~.-~ ... ::}_~... Eruption temperatures based on equilibration of 
quench glasses and most sodic microphenocrysts. 
Temperatures calculated using the Kudo and Weill 
(1972) geothermometer as modified by Mathez 
(1974). 

- B MAR 1989 

Sample 

AG22-1-1 
AG22-1-4 
AG22-1-13 
AG22-3--2 
AG22-3-4 
AG22-5-8 
AG22-5-14 
AG22-7-1 
AG22-8-9 
AG22-8-16 
AG22-8-24 
AG22-9-1 
AG22-12-l 
AG22-12-4 
AG22-12-20 

. AG22-12-35 
AG22-13-1 
AG22-13-14 
AG22-13-25 
AG22-13-32· 

Temperature ;oc 

1192 
1191 
1187 
1181 
1191 
1198 
1206 
1197 
1203 
1186 
1179 
1187 
1203 
1201 
1185 
1187 
1188 
1192 
1197 
1185 

********** 




