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ABSTRACT 

Parts I and II are an experimental study concerned with the current 

controversy regarding the evolved versus primary nature of primitive MORB 

glasses. 

In part I equilibrium partial melt compositions under anhydrous 

conditions are presented on four peridotite compositions at 10kbar. The 

four peridotite compositions are: 'MORE pyrolite' ,'Hawaiian pyrolite', 

Tinaquillo lherzolite and the spinel lherzolite KLB-1. In part II 

equilibrium partial melt compositions are presented for MORE pyrolite from 

8 to 35kbars and for Tinaquillo lherzolite at 15 to 20kbars. The 

equilibrium liquids were determined by 'sandwich' experiments. The results 

of the experiments are used to test a 10kbar melt model for the generation 

of primitive MORE glasses. The melt compositions from the four peridotites 

at 10kbar are significantly different from primitive MORB glasses in major 

element chemistry and plot away from the field of primitive MORE glasses in 

the CIPW molecular normative 'Basalt tetrahedron'. The results suggest 

primary MORE melts segregate from source diapirs at pressures of 8 to 

25kbars in equilibrium with either lherzolite or harzburgite residues. MgO 

contents of primary MORE melts range from 10-17 wt% while primary melts >17 

wt% MgO are of minor importance. 

Parts III, IV and V consist of a petrographic, mineral chemical, 

geochemical and petrological study of dredged lavas from the North Tongan 

forearc recovered during the 1984 cruise of the research vessel 

'Natsushima'. 

In part III petrographic, wholerock major and trace element data is 

presented and the geochemical affinities of all the dredge suites 

discussed. 

Part IV looks in detail at the chemistry of large (up to 0.2mm) glass 

inclusions contained in unusually magnesian olivine phenocrysts (Fo 94 ) 

within the high-mg lavas. 

xV 



Part V is concerned with the petrogenesis of the high-mg lavas and 

associated island arc tholeiites from North Tonga. The mineral chemistry of 

phenocryst and groundmass phases combined with wholerock, glass and glass 

inclusion major element chemistry give unequivocal evidence of mixing of 

two or more distinct parental magmas. The major, trace and isotopic (Sr, 

Nd) geochemistry of the lavas can be explained by partial melting of 

refractory mantle peridotite (depleted after extraction of primary MORB 

picrite) at shallow depths (<10kb or higher pressures if water is present), 

which has been previously 'enriched' in silicate incompatible elements by 

two distinct components. 
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PART I 

ANHYDROUS PARTIAL MELTING OF MORS PYROLITE AND OTHER PERIDOTITE 

COMPOSITIONS AT 10KBAR: IMPLICATIONS FOR THE ORIGIN 

OF PRIMITIVE MORB GLASSES. 

1.1 INTRODUCTION 

The nature, composition and depth of origin of primary magmas 

parental to Mid Ocean Ridge basalts (MORB) is at the present time a subject 

of controversy (Presnall & Hoover, 1984, 1986; Fujii & Scarfe, 1985; 

Elthon, 1986). Two differing models of MORB petrogenesis are currently 

proposed in the literature. The first model termed here the 10kb'ar 1 primary 

melt model states that the most primitive, in the sense of high 

Mg/(Mg+Fe 2+ ) ratio (Mg#), MORB glasses are close to or are in fact primary 

melts from the melting of upper mantle peridotite composition at relatively 

shallow depths, 30kms or 10kbar pressure being the most commonly proposed 

depth of origin (Bender et al., 1978; Fujii & Bougault, 1983; Fujii and 

Scarfe, 1985; Presnall et al., 1979; Presnall & Hoover, 1984; Green & 

Ringwood, 1967). The second model, termed here the picrite primary melt 

model, states that these more primitive MORB glasses are not primary but 

are fractionated compositions, derived by olivine extraction from more 

picritic parents. The latter are interpreted as primary melts of mantle 

peridotite at pressures ranging from 15-20 kbars (Green et al., 1979; 

Elthon & Scarfe, 1980, 1984; Stolper, 1980) or higher (30kbar) pressures 

(O'Hara, 1968). 

The two models place differing emphasis on the type of primary 

magmas which are involved in MORB genesis. In the 10kbar primary melt 

model, picritic primary melts are considered to be of minor importance, 

primary melts being dominated by olivine tholeiite compositions similar to 

1 In this paper the term '10kbar' is used in a general sense to mean 

approximately 10kbar, as some of the experiments discussed in this paper 

were conducted at pressures of 8, 9 and 10.5kbar. 
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the most primitive of MORB glasses. Similarly in the picrite primary melt 

model, picritic melts are the dominant primary melts, while the presence of 

primary olivine and quartz tholeiite melts is considered to be of minor 

importance. 

Experimental petrologists have tested these two models by a 

combination of two methods, (1) near-liquidus studies of natural MORB glass 

compositions (Bender et al., 1978; Green et al., 1979; Fujii & Bougault, 

1983; Fujii et al.,  1978; Kushiro & Thompson, 1972) and (2) by the direct 

melting studies of peridotite compositions (Jaques & Green, 1980; Takahashi 

& Kushiro, 1983; Fujii & Scarfe, 1985; Presnall et al., 1979; Sen, 1982; 

Green et al.,  1987). However despite these efforts disagreement exists, 

mainly due to differing interpretations of the results from the 

experimental studies. In this study the second approach has been adopted 

and melting experiments have been carried out on a MORB pyrolite 2  

composition at 10kbar pressure using a basalt-peridotite sandwich 

technique. For comparison with MORB pyrolite, 10kbar experiments on 

Tinaquillo lherzolite, Hawaiian pyrolite (Jaques & Green, 1980) and spinel 

lherzolite KLB-1 (Takahashi, 1986) were also performed. The basalt in the 

'sandwich' is one of the most primitive MORB glasses recovered from the Mid 

Atlantic ridge, DSDP3-18-7-1 (Frey et al., 1974). The liquidus phase 

relationships of this composition were studied by Green et al. (1979). By 

using the sandwich technique it is possible to obtain information 

, regarding the nature of equilibrium partial melts from a suitable source 

composition for MORB at 10kbar. In this way we produce a direct testing of 

a 10kbar primary melt model for MORB petrogenesis. The results of the 

10kbar melting experiments on the MORB pyrolite composition demonstrate 

that the majority of primitive MORB glasses are not primary melts at 

10kbar, thus making the picrite primary melt our preferred model for MORE 

petrogenesis. Preliminary results of this study have been presented in 

Green et al.  (1987) (Appendix 4). Before presenting the results of the 

10kbar melting study, it is worthwhile briefly reviewing the results and 

implications of high pressure near-liquidus experiments on MORB 

compositions. 

2 "MORB pyrolite" is the name applied to a model source peridotite 

composition based on combining liquid (mid ocean ridge basalt) with 

residual peridotite (Green et al.,  1979). 



1.2 APPROACH 1: HIGH PRESSURE NEAR-LIQUIDUS EXPERIMENTS ON MORE 

Although the rationale behind this approach is relatively 

straightforward, the interpretation of the experimental results has been 

the cause of controversy (Fujii & Bougault, 1983; Wyllie et al., 1981). The 

rationale is as follows: if primitive MORE glasses are primary magmas then 

we expect to find at some pressure and temperature multiple saturation at 

or near the liquidus in the phases olivine, clinopyroxene and orthopyroxene 

or olivine and orthopyroxene suggesting equilibrium with an lherzolite or 

harzburgite residue respectively. In evaluating the importance of multiple 

saturation at or near liquidus temperatures, the glass in equilibrium with 

olivine, orthopyroxene ± clinopyroxene must be very close to the original 

bulk composition of the glass. 

MORE populations are geochemically diverse and show clear evidence of 

the compositional effects of low pressure crystal fractionation (Bryan & 

Dick, 1982; Bryan et al., 1976; Walker et al., 1979; Thompson, 1987). In 

this study primitive MORB glasses are defined solely on the basis of the 

Mg/(Mg + Fe2+ ) ratio(Mg#), where Fe 2+ is calculated using a Fe 2+/(Fe 3++ 

Fe2+ ) ratio which has been set equal to 0.9. This value is appropriate for 

the reduced oxygen fugacity present in MORB source regions (Christie et 

al., 1986; Green et al., 1987). MORE glasses with Mg#>0.68 are defined as 

primitive, as they are consistent with equilibrium with a mantle olivine of 

Mg#>0.87 and are thus potential primary magmas from upper mantle 

peridotite. For the purposes of this study a data set of over 80 primitive 

MORB glasses were collected from the literature (Appendix 2). The maximum 

and minimum values for major element oxides, molecular normative mineralogy 

and selected major oxide ratios are presented in Table 1. All the worlds 

oceans are represented in the data set, however the glasses are dominated 

by those from the FAMOUS area of the Mid-Atlantic Ridge. Data sources for 

the glasses are given in the caption to Fig.l. Glass compositions have been 

chosen instead of whole rock data as glass compositions represent liquid 

compositions, and do not suffer from the effects of crystal accumulation 

(Bryan, 1983; Staudigel & Bryan, 1981) and alteration (Melson et al., 

1977; Morrisxl& Thompson, 1983). In Fig.1 the primitive MORB glasses are 

projected on to the face olivine(01)-diopside(Di)-quartz(Qz) of the 'Basalt 

tetrahedron' from plagioclase(An+Ab). This projection shows that the 

primitive MORB glasses have a significant range of silica-saturation from 

slightly nepheline normative to quartz normative compositions. This is an 

important observation which must be explained by any model on MORB 

petrogenesis (Thompson, 1987). 
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Table 1 

Compositions of MORB Glasses for which the high 

pressure phase relationships have been experimentally determined 

and the range in composition of primitive MORB Glasses  

1 2 3 4 5 6 

SiO
2 48.20 49.47 49.70 50.00 49.68 48.20 	- 51.64 

TiO
2 0.73 0.82 0.72 1.64 1.55 0.50 . - 	1.30 

Al 203 16.30 15.23 16.40 15.00 15.49 15.50 - 17.62 

Fe0
t  8.92 8.15 7.90 11.20 9.08 7.30 - 	9.40 

MgO 10.70 10.66 10.10 8.40 9.17 8.10 	- 10.70 

CaO 12.00 12.21 13.10 10.60 10.61 11.23 - 13.57 

Na 2 0 1.95 1.94 2.00 2.70 2.88 1.42 - 	2.71 
K20 0.09 0.16 0.01 - 	0.32 

P 2 0 5 0.10 0.03 - 	0.14 

MnO 0.25 0.14 0.12 0.22 0.18 0.09 	- 	0.25 

Cr203 0.05 0.07 0.01 - 	0.13 

Total 99.19 98.88 100.12 99.89 98.75 

Mg# 0.70 0.72 0.72 0.60 0.66 0.68 	- 	0.73 

CIPW norm 

(molecular) 

Qz <8.39 

Ne <1.00 

Ab 14.51 14.76 15.04 20.47 21.77 10.53 - 20.79 

An 29.39 27.44 29.95 24.02 24.44 24.92 - 34.04 

Di 19.95 23.34 24.50 20.41 19.90 18.76 - 29.45 

Hy 9.32 15.97 11.63 15.54 10.78 <24.96 

01 22.78 13.93 15.34 12.27 16.53 <28.33 

CaO/A1 203 0.78 0.80 0.79 0.71 0.68 0.67 	- 	0.88 

CaO/Na 20 6.15 6.29 6.55 3.92 3.68 4.58 	- 	9.49 

CaO/Ti0 2 
16.44 14.90 18.19 6.50 6.84 9.32 	- 25.60 

Al
2
0
3
/T10

2 
22.33 18.57 22.77 9.14 9.99 12.00 - 33.80 

(1)primitive MORB glass ALV527-1-1 from the FAMOUS area of the Mid-

Atlantic Ridge (Bender et al., 1978). 

(2)primitive MORB glass ARP74-10-16 from the FAMOUS area of the Mid-

Atlantic Ridge (Fujii & Bougault, 1983). ' 

(3)primitive MORE glass DSDP3-18-7-1 from the South Atlantic (Frey et al., 

1974; Green et al.,  1979). 
(4)aphyric glassy olivine tholeiite, sample Leg45-395A-8-1-9 from the Mid-

Atlantic Ridge (Fujii & Kushiro, 1977). 

(5)olivine tholeiite, sample T-87 from the Mid-Atlantic Ridge (Kushiro & 

Thompson, 1972; Kushiro, 1973). 

(6)Minimum and maximum values for over 80 primitive MORE glasses (data 

sources, see caption to Fig.1). 
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Figure 1. 

The compositions of primitive (Mg#>0.68) MORB glasses plotted in the CIPW 

molecular normative projection from plagioclase(Ab+An) onto the face 

olivine(01)-diopside(Di)-quartz(Qz) of the 'basalt tetrahedron', 

(0) primitive MORB glass DSDP3-18-7-1 (Frey et al., 1974; Green et al., 

1979), 

(0) primitive MORB glass ALV527-1-1 (Bender et al., 1978), 

( 	) primitive MORB glass ARP74-10-16 (Fujii & Bougault, 1983; Fujii & 

Scarfe, 1985), 

(<1>) olivine tholeiite T-87 (Kushiro & Thompson, 1972; Kushiro, 1973). 

(()) aphyric glassy olivine tholeiite, sample Leg45-395A-8-1-9 (Fujii & 

Kushiro, 1977; Fujii et al., 1978), 

(II) mix D (DSDP3-18-7-1 + 9 wt% olivine), Green et al. (1979), 

(0) mix E (DSDP3-18-7-1 + 17 wt% olivine), Green et al. (1979), 

( • ) glass in equilibrium with calcic clinopyroxene, run T25, 1300°C, 

12kbar (Green et al., 1979), 

(ZS ) glass in equilibrium with orthopyroxene, run T16, 1360 0C, 12kbar 

(Green et al., 1979)1 

( • ) primitive MORB glasses (Natland et al., 1984; Nelson et al., 1977; 

Melson et al., 1976; Frey et al., 1973; Frey et al., 1974; Green et 

al., 1979; O'Donnell & Presnall, 1980; Melson & O'Hearn ., 1979; Scarfe 

& Smith, 1977; Shipboard.S.P., 1977; Hekinian et al., 1976; Langmuir 

et al., 1977; Bender et al., 1978; Fujii & Bougault, 1983; Basaltic 

Volcanism Study Project, 1981; Shibata et al., 1979; Barker et al., 

1983; Melson, 1973; Stakes et al., 1984; Sigurdsson, 1981; Bryan, 

19790;Bryan & Moore, 1977; Bryan et al., 1981). 

---> olivine or orthopyroxene addition lines, 



Also listed in Table 1 and plotted on Fig.1 are the compositions of 

MORB glasses which have had their high-pressure near liquidus phase 

relationships determined. Three of the MORBs, DSDP3-18-7-1, ALV527-1-1 and 

ARP74-10-16 have high Mg# and conform to our definition of primitive MORB 

glasses. However two of the MORBs, 395A-8-1-9 and T-87 have significantly 

lower CaO, Mg# and higher FeO than the three above mentioned primitive MORB 

glasses and are not considered primitive according to our criteria. In the 

following sections the results of the high-pressure near liquidus 

experiments are evaluated to determine whether or not primitive MORB 

glasses are saturated in orthopyroxene near their liquidii at 10kbars 

pressure. 

1.2.1 High-pressure near-liquidus experiments on ALV527-1-1 

and DSDP3-18-7-1 

Both ALV527-1-1 (studied by Bender et al., 1978) and DSDP3-18-7-1 

(Green et al., 1979) have very similar phase relationships. Both have 

olivine alone on the liquidus until approximately 12kb when clinopyroxene 

replaces olivine as the liquidus phase. Both compositions fail to show 

multiple saturation at any pressure with the assemblage olivine + 

orthopyroxene ± clinopyroxene. An orthopyroxene reported in a run at 15kbar 

on ALV527-1-1 (Bender et al., 1978) is now considered to be an aberrant 

result (Fujii & Bougault, 1983; Elthon & Scarfe, 1984). 

Green et al. (1979) added orthopyroxene to DSDP3-18-7-1 at 12kbar to 

test how close to orthopyroxene saturation DSDP3-18-7-1 was. Green et al. 

(1979) found that between 5 to 9 wt% orthopyroxene had to be added to 

DSDP3-18-7-1, significantly changing the bulk composition, before 

orthopyroxene appeared on the liquidus. This is illustrated in Fig.1 where 

the glass compositions from runs T25 and T16 (Green et al., 1979) are 

plotted. The bulk composition of run T25 is equal to DSDP3-18-7-1 plus 5 

wt% orthopyroxene whereas the bulk composition of T16 contained 9 wt% 

orthopyroxene. At 12kbar, 1300 °C, T25 had calcic clinopyroxene only on the 

liquidus, whereas T16 at 1360 °C had orthopyroxene only on the liquidus. The 

composition of T16 plots well below the field of primitive MORBs in Fig..1 

indicating that primitive MORB glasses are far from orthopyroxene 

saturation and are not primary magmas but have suffered a prior history of 

olivine fractionation. On the basis of this result Green et al. (1979) 

added olivine to DSDP3-18-7-1 to evaluate whether at a higher pressure and 

temperature an olivine-enriched magma could be saturated in olivine and 

orthopyroxene ± clinopyroxene and parental to DSDP3-18-7-1 by extraction of 
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olivine alone at lower pressures. Two compositions were prepared, which are 

also plotted in Fig.1, mix D consisted of DSDP3-18-7-1 + 9 wt% olivine and 

mix E consisted of DSDP3-18-7-1 + 17 wt% olivine. Mix E was found to be 

multiply saturated in olivine and orthopyroxene at 20kbar, 1430 °C, thus 

this composition is a possible primary MORE magma in equilibrium with a 

harzburgite residue. 

Fujii & Bougault (1983) discussed the validity of the orthopyroxene 

addition experiments of Green et al. (1979); because the topology of the 

orthopyroxene-olivine phase boundary is unknown or uncertain, permissible 

topologies could be constructed in which a large amount of added 

orthopyroxene would be required before orthopyroxene saturation is reached 

even though the composition of DSDP3-18-7-1 is close to the olivine-

orthopyroxene cotectic (see for example Fig.3.3.14, Basaltic Volcanism 

Study Project, 1981). Thus the orthopyroxene addition experiments of Green 

et al. (1979) did not fully evaluate the 'closeness' to multiple saturation 

of DSDP3-18-7-1 nor directly determined the composition of liquids, close 

to DSDP3-18-7-1, which were olivine + orthopyroxene ± clinopyroxene 

saturated at 10kbar. However the sandwich technique used in this 

experimental study by its very nature will 'force' the composition of 

DSDP3-18-7-1 to equilibrate with a peridotite mineralogy. The resulting 

equilibrium glass composition can then be compared with the bulk 

composition of DSDP3-18-7-1. It will be shown that liquids in equilibrium 

with olivine + orthopyroxene ± clinopyroxene at 10kbar, as determined by 

the sandwich technique in this study, are substantially different from 

DSDP3-18-7-1 confirming the conclusion of Green et al. (1979) based on the 

orthopyroxene addition experiments. 

1.2.2 High-pressure near-liquidus experiments on ARP74-10-16 

The experimental results on ARP74-10-16 (Fujii & Bougault, 1983) 

however differ from the previous two studies as multiple saturation.in  

olivine + clinopyroxene + orthopyroxene occurred at 10kbar. The appearance 

of orthopyroxene could be explained by the fact that ARP74-10-16 has a 

higher normative Hy content than DSDP3-18-7-1 or ALV527-1-1 (Table 1), 

plotting further towards the Qz apex in Fig.1 from DSDP3-18-7-1 and ALV527- 

1-1. On the basis of their experiments Fujii & Bougault (1983) claim that 

ARP74-10-16 is a possible primary magma of spinel or plagioclase lherzolite 

at 10kbar, thus giving support to a 10kbar primary melt model. However the 

run data presented by Fujii & Bougault (1983) (their Table 3) shows that 

the multiple saturation occurred between 25 to 50 °C below the liquidus, at 
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10kbar. If ARP74-10-16 was a primary magma multiple saturation would be 

expected -5-10 °C below the liquidus. Fujii & Bougault (1983) fail to 

provide electron microprobe (EMP) analyses of the glass composition in 

equilibrium with olivine + orthopyroxene + clinopyroxene at 10kbar, making 

it impossible to evaluate whether or not their conclusions concerning 

ARP74-10-16 are valid or not. If the orthopyroxene did in fact crystallize 

- 50°C below the liquidus at 10kbar, then it is likely that the charge was 

highly crystalline making it impossible to obtain unmodified glass 

compositions, hence explaining the lack of this critical data in Fujii & 

Bougault (1983). 

1.2.3 High-pressure near-liquidus experiments on 395A-8-1,50cm and T-87 

The experimental results on the two more Fe-rich MORBs 395A-8-1,50cm 

(Fujii et al.,  1978) and T-87 (Kushiro & Thompson, 1972) showed that they 

were saturated in orthopyroxene approximately 20 °C below the liquidus at 

approximately 8kbar for 395A-8-1,50cm and approximately 10 °C below the 

liquidus at 7.5kbar for T-87. For these two magmas to be considered primary 

magmas then we must envisage a mantle source peridotite with olivine < 

Fo 86' 
The possibility of more Fe-rich mantle peridotite sources for MORBs 

has been suggested by Wilkinson (1982). The liquid in equilibrium with 

orthopyroxene published by Kushiro (1973) has a Mg# of 0.57 and would only 

be in equilibrium with a mantle olivine of Fo 82  which differs considerably 

from previous estimates of mantle peridotite for MORB, which have an 

olivine of Fo90+2 (Green, 1970, 71; Frey et al.,  1985; Nickel & Green, 

1984; Jaques & Green, 1980). Thus if we accept arguments in favour of a 

mantle olivine of Fo90+2 
then the two Fe-rich MORBs must be regarded as 

fractionated compositions, a possibility recognized by Kushiro & Thompson 

(1972). The Ni contents of these two compositions are appreciably lower 

than commonly inferred for primitive magmas (Allegre et al.,  1977; Sato, 

1977), supporting the conclusion that T-87 and 395A-8-1,50cm are 

fractionated compositions, which have reached orthopyroxene saturation at 

some lower pressure from that of their parental compositions. 

In summary the first approach has not been all that successful in 

demonstrating the primary nature of primitive MORB. However when 

interpreted correctly the results from the primitive MORBs ALV527-1-1, 

DSDP3-18-7-1 and ARP74-10-16 suggest that these and MORB of similar 

composition are not multiply saturated at 10kbar, near their liquidii. The 

multiple saturation in ARP74-10-16 occurs well below its liquidus 
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temperature. The three primitive MORB compositions fall within the middle 

of the MORE cluster in Fig.1, compositions which plot towards the nepheline 

and quartz normative sides so far have not been studied. The rest of this 

paper will now address the second approach, that of direct melting studies 

of peridotite compositions. 

1.3 APPROACH 2: DIRECT MELTING EXPERIMENTS ON PERIDOTITE COMPOSITIONS 

The second approach which experimental petrologists have used in the 

investigation of MORB petrogenesis is the direct melting of upper mantle 

peridotite. The rationale of this approach is again straightforward: if 

primitive MORB glasses are primary magmas at 10kbar then it should be 

possible to produce similar compositions as equilibrium partial melts from 

suitable source compositions at 10kbar. Choosing a suitable starting 

composition however is of critical importance as numerous studies have 

shown that liquid compositions are not invariant but are affected by the 

bulk compositions of the starting material (Jaques & Green, 1980; Takahashi 

& Kushiro, 1983; Fujii & Scarfe, 1985). The peridotite starting 

compositions used in this study are listed in Table 2. The main composition 

used is a MORB pyrolite composition calculated by Green et al. (1979) based 

on combining 24 wt% of the picrite composition (mix E, Green et al., 1979) 

which was in equilibrium with olivine and orthopyroxene at 20kb, 1430 °C 

with a harzburgite residue. The choice of 'harzburgite' residue in the 

calculation of 'MORB' pyrolite composition requires some comment as Fujii 

& Scarfe (1985) criticize the Green et al. (1979) calculation of the model 

source on the basis that most ultramafic rocks dredged from the ocean floor 

are not harzburgite but lherzolite. However Dick & Fisher (1984) calculate 

an average composition for dredged ultramafic rocks (lherzolites) from the 

Indian-Antarctic ridge which is remarkably similar to the residual 

'harzburgite' of Green et al. (1979) (see Fig.2). Reconciliation of the 

apparently different interpretations lies in recognizing that the 

orthopyroxene in residual harzburgite at 15-20kbar, 1400-1450 °C contains >5 

wt% Al203 
and >2.5 wt% CaO. Residual harzburgite of this character will 

recrystallize at lower temperatures to spinel lherzolite. 

The other compositions used are Tinaquillo lherzolite minus 40 wt% 

olivine, Hawaiian pyrolite minus 40 wt% olivine and the spinel lherzolite 

KLB-1 (powder kindly supplied by E.Takahashi). The melting relations of 

Tinaquillo and Hawaiian pyrolite have been studied previously by Jaques & 

Green (1980) and that of KLB-1 has been studied by Takahashi (1986). Three 

different MORB pyrolite compositions were used in the experiments 
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TABLE 2 

Compositions of peridotites and basalt compositions used in this study 

1 2 3 4 5- 6 7 8 9 

SiO2 44.32 44.74 47.15 47.50 47.90 44.48 49.70 49.03 49.76 

TiO2 0.16 0.17 0.28 0.13 1.18 0.16 0.72 0.30 3.20 

Al203 4.33 4.37 7.28 5.35 5.91 3.59 16.40 14.35 14.28 

Fe0
t  9.82 7.55 7.27 7.51 8.81 8.10 7.90 9.00 8.96 

•Mn0 0.10 0.11 0.12 0.18 0.13 0.12 0.12 - 

MgO 36.84 38.57 30.57 32.80 28.80 39.22 10.10 13.63 10.48 

CaO 3.34 3.38 5.63 4.97 5.14 3.44 13.10 12.40 9.14 

Na
2
0 0.39 0.40 0.66 0.30 0.95 0.30 2.00 1.15 3.27 

K20 0.00 0.00 0.00 0.03 0.22 0.02 0.00 0.76 

P 205 
0.00 0.00 0.00 0.02 0.06 0.03 0.00 

Cr203 0.44 0.45 0.75 0.75 0.72 0.31 0.07 

NiO 0.25 0.26 0.29 0.43 0.13 0.25 0.03 

Total 99.99 100.00 100.00 99.97 99.95 100.02 100.14 99.86 99.85 

Mg# 0.87 0.90 0.88 0.89 0.85 0.90 0.69 0.73 0.67 

CIPW norm 

(molecular) 

Ab 2.14 2.17 3.97 1.79 5.81 1.62 15.09 8.45 23.34 

An 6.16 6.12 11.33 8.73 7.64 5.10 30.07 27.82 17.53 

Di 3.98 4.01 7.39 7.54 9.47 5.04 24.56 22.53 18.53 

Hy 13.20 12.49 22.22 27.97 25.46 12.18 12.10 20.82 3.56_ 

01 72.52 73.47 52.56 51.69 45.88 74.37 14.69 18.10 23.22 

CaO/A1 203 0.77 0.77 0.77 0.93 0.87 0.96 0.79 0.86 0.64 

CaO/Na 20 8.56 8.45 8.53 16.56 5.41 11.46 6.55 10.78 2.79 

CaO/Ti02 20.87 19.88 20.11 38.23 4.35 21.50 18.19 41.33 2.86 

Al203 /Ti02 27.06 25.70 26.00 41.15 5.01 22.44 22.77 47.83 4.46 

(1)MORB pyrolite composition MPY-87. 

(2)MORB pyrolite composition MPY-90. 

(3)MORB pyrolite MPY-90 minus 40% olivine ( 
'M-91.6Fe8.1Ni0.21411 0.1 ) ' 

MPY-90-40. 

(4)Tinaquillo lherzolite minus 40% olivine (Mg9 
.9
Fe  en0.1 ) ' 

TQ-40. 

(5)Hawaiian pyrolite minus 40% olivine (Mg 91.6Fe8.'Ni 0.214110.1 ) ' 
HW-40. 

(6)Spinel lherzolite KLB-1 (Takahashi, 1986). 

(7)Primitive MORB glass DSDP3-18-7-1 (Green et al., 1979). 

(8)Jaques & Green (1980) calculated melt composition from Tinaquillo at 

10kbar, 1300 °C. Composition given is the mix composition as determined 

by broad beam electron microprobe analysis. 

(9)Jaques & Green (1980) calculated melt composition from Hawaiian 

pyrolite at 10kbar, 1250 °C. Composition given is the mix composition as 

determined by broad beam electron microprobe analysis. 

t=total iron as FeO, Mg#=MG/(Mg + Fe t ), (-) below detection limit. 
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designated MPY-87, MPY-90 and MPY-90-40. MPY-90 is the MORB pyrolite 

originally calculated by Green et al. (1979), MPY-90-40 is MPY-90 minus 40 

wt% olivine and MPY-87 is a result of recalculating MPY-90 to a lower Mg# 

to produce a more Fe-rich pyrolite composition. The more Fe-rich 

composition is biassed towards yielding MORB olivine tholeiites as primary 

melts since most primitive olivine tholeiites have Mg# between 0.68-0.70 

and if they areprimary melts require residual peridotite with olivine 
O 

>F087 (KD )Fe/Mg q=0.32). Olivine contains only Mg, Fe and Ni in solid -  
solution and the effect of extracting 40 wt% olivine from the model source 

composition cannot affect phase relations or phase compositions in any way 

except in Mg, Fe, or Ni concentration, as long as olivine is a residual 

phase. Put another way, the effect of extracting 40 wt% olivine of Fo n  

composition will only be to lessen the buffering role of olivine in Mg# and 

Ni content -thus liquids and residues for pyrolite-40 wt% olivine will 

change a little more rapidly than for pyrolite in Mg# and Ni content with 

increasing degree of melting. The net result of olivine subtraction is to 

increase the modal abundance of pyroxene, spinel and melt at the expense of 

olivine and to slightly underestimate the Mg# of liquids and residues in 

equilibrium with residual olivine of <Fo n  (i.e. low degrees of melting) 

and to slightly over estimate the Mg# of liquids and residues in 

equilibrium with olivine of >Fo n . In the following section the suitability 

of these starting compositions for studies of MORB petrogenesis is 

discussed with reference to natural peridotite suites. 

1.4 NATURAL PERIDOTITE SUITES AS A CONSTRAINT ON SUITABLE SOURCE 

COMPOSITIONS FOR MORB PETROGENESIS 

An important constraint on the choice of a suitable source 

composition is the variability in natural peridotite compositions of upper 

mantle origin. Two peridotite suites which are representative of moderate 

pressure upper mantle peridotite samples have therefore been chosen to 

illustrate their chemical coherence and relevance in defining upper mantle 

source compositions. The peridotite suites are the Ronda high temperature 

peridotite intrusion (Frey et al., 1985) and spinel lherzolite inclusions 

from Lake Bullenmerri, Victoria (Nickel & Green, 1984). Both suites have 

suitable major, trace element characteristics for the production of MORB 

(Frey et al., 1985; Nickel & Green, 1984). 

Both the peridotite suites give well-defined linear major element 

trends when plotted against MgO (Fig.2). These linear oxide trends are 

interpreted as being produced by batch partial melting combined with the 
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Figure 2. 

Major element oxides Si0 2 , CaO, Na20, Fe0t, Al 203  and TiO2  versus MgO for 

peridotite compositions used in 10kbar melting experiments compared with 

natural peridotite suites, 

( • ) peridotite compositions from the Ronda high temperature peridotite 

intrusion (Frey et al., 1985). R717 is the most 'fertile' composition 

from the Ronda suite, 

(o ) peridotite xenolith compositions from Lake Bullenmerri, Victoria, 

(Nickel & Green, 1984). BME-15 is the most 'fertile' peridotite 

composition from Lake Bullenmerri, 

( A) estimated primitive undepleted mantle composition (Maaloe & Aoki, 

1977), 

( 0 ) estimate of mantle composition (Jagoutz et al., 1979), 

(0) average of 50 representative plagiocla.se-free spinel harzburgites and 

lherzolites from the ocean ridges and fracture zones (Dick & Fisher, 

1984), 

( •) residue composition based on the extraction of a 24% partial melt of 

a MORB picrite (DSDP3-18-7-1 + 17 wt% olivine) from MORE pyrolite 

(Green et al., 1979), , 

( • ) )peridotite compositions used in 10kbar melting studies, each 

composition is individually marked as follows: HAW, Hawaiian pyro1ite 

(Jaques & Green, 1980); HW-40, Hawaiian pyrolite minus 40 wt% olivine 

(Jaques & Green, 1980); TQ, Tinaquillo lherzolite (Jaques & Green, 

1980); TQ-40 Tinaquillo lherzolite minus 40 wt% olivine (Jaques & 

Green, 1980); 77PAII-1, plagioclase and spinel lherzolite from Pali 

vent no.2, Oahu (Sen, 1982); HK66, spinel lherzolite from Salt Lake 

Crater, Hawaii (Takahashi & Kushiro, 1983); PMM-1, PMM-2, PMM-4, 

spinel lherzolite compositions studied by Fujii & Scarfe (1985); KLB-

1, spinel lherzolite inclusion from the Kilbourne Hole Crater, New 

Mexico (Takahashi, 1986); MPY-87, MPY-90, MPY-90-40, MORB pyrolite 

starting compositions used in this study, 

(*) olivine (Fo91.6)  composition, 

olivine control lines from olivine (Fo 31.6 ), 

regression line for 83 oceanic spinel lherzolite xenoliths 

(Maaloe & Aoki, 1977), 

regression line for ocean-floor peridotites (Shibata & 

Thompson, 1986). 
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incomplete extraction of a partial melt of picritic composition (Frey et 

al., 1985; Nickel & Green, 1984). These picritic melts, which relate the 

more fertile to the more depleted peridotite compositions are suitable 

parental magmas to MORB (Frey et al., 1985; Nickel & Green, 1984). 

These linear oxide trends include at their residual or refractory 

Mg0-rich end, the average of 50 representative plagioclase-free spinel 

harzburgite and lherzolites dredged from oceanic ridges and fracture zones 

(Dick & Fisher, 1984) and the very similar residue composition calculated 

by Green et al. (1979) for extraction of 24 wt% partial melt of MORB 

picrite (DSDP3-18-7-1 + 17 wt% olivine) from MORE pyrolite composition. The 

trends also include less refractory primitive mantle composition estimates 

based on spinel lherzolite suites by Maaloe & Aoki (1977) and Jagoutz et 

al. (1979). 

For comparison the regression line for 83 oceanic lherzolite 

xenoliths from Maaloe & Aoki (1977) and the regression line for ocean-floor 

peridotites from Shibata & Thompson (1986) are plotted in Fig.2. Both 

regression lines plot within the peridotite array defined by Ronda and 

Bullenmerri for most oxides. However the regression line of Shibata & 

Thompson (1986) plots at significantly higher Si0 2  contents and lower CaO 

contents than the Ronda and Bullenmerri suites. The data set used by 

Shibata & Thompson (1986) is of serpentinized peridotite and the process of 

serpentinization is not always isochemical but may increase the Si0 2 /Mg0 

ratios and leach CaO. 

Based on the above linear oxide trends displayed by the Ronda and 

Bullenmerri suites, suitable starting compositions for melting experiments 

relevant to MORE should lie within or close to the trends defined by the 

two peridotite suites. In Fig.2 a number of peridotite compositions used in 

melting experiments, such as PMM-1 (Fujii & Scarfe, 1985) and HK66 

(Takahashi & Kushiro, 1983) plot well away from the peridotite array. 

However these compositions plot in a similar position to the minus 40 wt% 

olivine compositions of Tinaquillo lherzolite, Hawaiian and MORB pyrolite 

(TQ-40,HW-40,MPY-90-40 respectively Fig.2). Thus the suitability of 

peridotite starting compositions used in melting experiments must be 

evaluated on the basis of whether they plot in or near the peridotite 

array, or whether they would plot in or near the array if olivine was added 

to them until they plot within the natural peridotite array. For the 

purposes of this comparison olivine control lines were drawn from an 

olivine composition of Fo91.6' 
Table 3 summaries the results of this 
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Table 3 

Comparison of peridotite starting compositions with natural 

peridotite suites on the basis of olivine control lines from (Fo
91 ) 

SiO2 	CaO 	Na20 	FeO 	Al203 	TiO2 

TQ (TQ-40) 	OK 	OK 	LO 	OK 	OK 	OK 

HW (HW-40) 	OK 	LO 	HI 	OK 	OK 	HI 

MPY-87 	LO 	OK 	OK 	HI 	OK 	OK 

MPY-90 (MPY-90-40) 	OK 	OK 	OK 	OK 	OK 	OK 

HK66 	HI 	LO 	HI 	HI 	OK 	OK 
KLB-1 	OK 	OK 	OK 	OK 	OK 	OK 
77PAII-1 	OK 	OK 	LO 	OK 	OK 	OK 
PMM-1 	LO 	HI 	OK 	OK 	HI 	OK 
PMM-2 	LO 	HI 	OK 	OK 	HI 	OK 
PMM-4 	LO 	OK 	OK 	HI 	OK 	OK 

The terms OK, LO, HI are used to indicate the relative position of 

the above peridotite compositions to the natural peridotite array 

in Fig.2. OK indicates the composition falls near or close to the 

natural array, HI indicates it falls above and LO indicates it 

plots below the natural array, see text for a more complete 

explanation. 
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analysis for all the peridotite starting compositions used in 10kbar 

melting studies. From Table 3 it can be seen that the compositions KLB-1, 

Tinaquillo and MORB pyrolite are the most suitable starting materials for 

MORB petrogenesis. Compositions such as those used by Fujii & Scarfe (1985) 

(PMM-1,-2 and -4) are not suitable as they have significantly lower Si02  

and slightly higher Al203  and CaO contents than the natural peridotite 

array. Hawaiian pyrolite is clearly unsuitable as a MORB source in TiO 2  and 

Na20 content but not in other major oxides. 

1.5 EXPERIMENTAL APPROACH AND TECHNIQUES 

The experimental determination of equilibrium partial melts of 

peridotite compositions in the past has been fraught with difficulties. The 

direct EMP analyses of glass in the charge does not give correct glass 

compositions due to quench modification of the glasses (Green, 1973). 

However if the glass is sufficiently abundant, as is the case in higher 

degrees of partial melting, then reasonably accurate glass compositions can 

be obtained. Jaques & Green (1979, 1980) avoided the quench problem by 

analysis of all the residual crystalline phases, combined with modal 

analysis of the charge, thus enabling the calculation of the equilibrium 

partial melt by mass balance. This approach suffers from uncertainties in 

the modal analysis and in the composition of the residual phases where Fe-' 

loss has occurred in the experiments. Reversal work on the Jaques & Green • 

(1980) calculated equilibrium liquids has shown many of them to be too . 

olivine rich, the equilibrium liquids lying at more silica-saturated 

compositions (Falloon et al.,  1987). Another successful approach has been 

the 'sandwich' technique where a basalt is placed in between peridotite and 

allowed to equilibrate with the peridotite and its partial melt at a 

desired pressure and temperature. This provides a large area of glass to 

be analysed at the end of the run (Stolper, 1980; Takahashi & Kushiro, 

1983; Fujii & Scarfe, 1985; Thompson, 1984). The character of the resultant 

partial melts however is very much dependent on the character of the basalt 

used in the sandwich and the resulting bulk composition of the mixture. As 

will be discussed later, the resultant liquids from sandwich experiments 

thus far bear little or no relationship to the composition of the 

peridotite used in the sandwich but to some undefined peridotite 

composition. In this study we have used the MORB glass DSDP3-18-7-1 (Green 

et al.,  1979; Frey et al.,  1974) as the basalt in the 'sandwich' between 

layers of MORB pyrolite and because there is a close compositional link 

between DSDP3-18-7-1 and the calculated MORB pyrolite composition of Green 

et al.  (1979) the resultant equilibrium melts are an internally consistent 
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and coherent evaluation of the ability of the MORE pyrolite composition to 

yield MORB basaltic or picritic primary magmas. In the 'sandwich' 

experiments on Hawaiian . pyrolite and Tinaquillo lherzolite, the basaltic 

layers were glasses of the compositions calculated by Jaques & Green (1980) 

for the appropriate P, T conditions. 

All the starting mixes used (Table 2) except KLB-1 were made up from 

sintered oxides, crushed in acetone and fired at 1000 °C. Fayalite was then 

added to the mixes before refiring in a silica evacuated tube at 1000 °C. 

The mixes were then stored in an oven at 110 °C. The DSDP3-18-7-1 mix was 

the same as that used by Green et al. (1979). The KLB-1 mix consists of 

Powdered natural peridotite. The mixes were then loaded into graphite 

capsules and sealed in an outer platinum capsule. Two sizes of graphite 

capsule were used; in the large bore graphite capsule, a layer of DSDP3-18- 

7-1 mix was loaded between layers of MORB pyrolite. In the small bore 

graphite capsules only two layers were used the basalt layer forming the 

bottom layer (DSDSP3-18-7-1 or Jaques & Green, 1980 calculated liquids in 

the case of Tinaquillo lherzolite and Hawaiian pyrolite). The wt% basalt in 

each bulk composition is given in Table 4. 

All experiments were carried out in a high pressure piston cylinder 

apparatus at the University of Tasmania, a piston-in technique with a 

pressure correction of minus 10% nominal piston pressure was used. A 0.5 

inch diameter, talc-pyrex assembly was used with a graphite heater. A pure 

alumina thermocouple sheath was used, with sintered alumina components 

surrounding the capsule. The thermocouple sheath enters the assembly 

through a mullite sleeve. The bottom spacer is fired pyrophyllite (mullite 

and silica). 

Both Pt/Pt90Rh10 and  W75Re25/W97Re3 thermocouples were used in the 

course of the experimental study. Significant thermocouple drift was 

experienced on long runs when using the Pt/Pt 90Rh 10  thermocouple. 

Calculated drift rates at constant power input were approximately -2 °C/hour 

at 1300 °C increasing approximately to -5 °C/hour at temperatures greater 

than 1500°C. Thermocouple drift using Pt/Pt 90 Rh 10  thermocouples have been 

reported by other workers (Boyd et al., 1964; Mao & Bell, 1971; Mao et al., 

1971; Presnall et al., 1973). As the composition of olivine above the 

solidus is sensitive to temperature (Jaques & Green, 1980; Roedder & 

Emslie, 1970), in those runs which had experienced thermocouple drift, the 

temperature of the run was determined by comparing the equilibrium olivine 

composition with olivine compositions produced in experiments using 
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W75Re25 /W97Re 3  thermocouples. The W 75Re25 /W97Re 3  thermocouples were 

controlled by a Kent P96M controller, temperatures being accurate to + 1 °C. 

Temperatures listed in Table 4 are in agreement with the experiments of 

Takahashi (1986) on KLB-1 which is similar in composition to the MORE 

pyrolite composition studied. 

At the end of the run the sample was removed from the graphite 

capsule and sectioned longitudinally for microprobe analysis. All analyses 

were done on a JEOL JX 50A electron microprobe-scanning electron 

microscope, at the University of Tasmania, fitted with an energy dispersive 
-1 EDAX analytical system (operating conditions 15kv,7x10 °A), calibration 

was on pure Cu. Back scattered electron photographs were taken of all run 

products to check on the compositional uniformity of all the phases 

(Phillips 505 SEM, operating conditions 20kv, spot size 100 1m). 

1.6 EXPERIMENTAL RESULTS 

Details of the experimental runs are given in Table 4. The 

compositions of equilibrium partial melts produced in the experiments are 

given in Tables 5 and 6. The compositions of the partial melts are compared 

with primitive MORB glasses in Figs.7, 8, 9 and 10. Representative residual 

phase compositions are given in Appendix 1. 

1.6.1 Attainment of Equilibrium 

In most runs the liquid layer was quenched as a coherent glass layer 

(100-300gm) between or on top of the peridotite layer(s) which consist of 

crystals and glass (Fig.3a). In some runs close to the solidus (T-1511 and 

T-2078) abundant clinopyroxene crystallization occurred within the glass 

layer and the glass composition was obtained by analysing large pools of 

glass (50-70gm) within the charge (Fig.3b). 

Due to the nature of the sandwich technique modal homogeneity is not 

produced during the experiment, and although the melt phase is distributed 

throughout the charge, being in contact with all grain boundaries, the melt 

is concentrated in one layer. Due to the presence of this glass layer 

crystal growth is enhanced resulting in much larger and more abundant 

clinopyroxene and orthopyroxene crystals near the glass/peridotite (now 

• crystals + glass) contact. All phases near or in the glass layer were found 

to be compositionally uniform from core to rim even for short run times. 

Clinopyroxene is commonly attached to orthopyroxene (Fig.3c) or forms large 
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Table 4 

10kbar peridotite-basalt sandwich experiments  

Run no. T( °C) 	Time(hrs) Capsule 	Peridotite 	Basalt 

type 	Composition 	wtt 

Phases present 

T-1511 1310 	24.0 A 	MPY-87 	5.5 01 + Opx + Cpx + Sp + m + L 

T-1472 1350 	3.0 A 	MPY-87 	9.5 01 + Opx + Cpx + Sp + L 

T-2123 1350 	30.0 B 	MPY-87 	18.0 01 + Opx + Cpx + Sp + L 

T-1493 1350 	3.0 A 	MPY-87 	10.4 01 + Opx + Cpx + m + L 

T-1478 1400 	3.5 A 	MPY-87 	10.3 01 + Opx + Cpx + m + L 

T-2140 1400 	32.0 B 	MPY-87 	23.0 01 + Opx + Cpx + Sp + L 

T-1464 1420 	1.5 A 	MPY-87 	12.0 01 + Opx + m + 

T-1480 1420 	2.0 A 	MPY-87 	10.2 01 + Opx + m + L 

T-1461 1420 	' 	24.0 A 	MPY-87 	14.0 01 + Opx + m + L 

T-2113 1375 	18.0 B 	TQ-40 	23.5 01 + Opx + Cpx + Sp + L 

T-2117 1325 	25.0 B 	HW-40 	24.0 01 + Opx + Cpx + L 

T-2133 1350 	25.0 B 	KLB-1 	23.0 01 + Opx + Cpx + Sp + L 

T-2121 1230 	24.0 B 	MPY-90-40 	30.0 01 + Opx + Cpx + PI + Sp + L 

T-2078 1300 	25.0 B 	MPY-90-40 	17.6 01 + Opx + Cpx + Sp + L 

T-2138 1350 	24.0 B 	MPY-90-40 	27.0 01 + Opx + Cpx + Sp + L 

T-2136 1350 	24.0 B 	MPY-90 	24.0 01 + Opx + Cpx + Sp + L 

01 olivine, Opx orthopyroxene, Cpx clinopyroxene, Sp aluminous spinal, m metallic 

globule (Fe,Ni), P1 plagioclase, L liquid (Glass), 0 quench crystals. 

A and B stand for large and small bore graphite capsules respectively 
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Table 5 

Compositions of equilibrium partial melts at 10kbar 

from MORB Pyrolite (MPY-87)  

1 2 3 4 5 6 7 8 9 10 

SiO2 50.90 50.20 50.36 50.37 50.54 50.78 50.07 50.04 '50.38 0.17 
TiO2 0.81 0.65 0.77 0.65 0.60 0.67 0.53 0.57 0.55 0.05 
Al 203 19.16 17.21 17.05 17.11 15.94 15.42 14.87 14.61 14.25 0.12 
FeO 6.82 7.68 7.51 7.54 7.61 7.79 8.15 8.40 8.15 0.13 
MgO 8.52 10.50 10.37 10.41 11.34 11.12 13.46 13.57 13.58 0.17 
CaO 10.48 11.60 11.53 11.74 11.96 12.10 11.26 11.11 11.74 0.09 
Na 20 3.31 2.18 2.18 2.17 1.89 1.83 1.55 1.53 1.57 0.06 
Cr203  0.24 0.26 0.27 0.24 0.26 . 	0.36 0.0.4 

Total 100.00 100.02 100.01 99.99 100.14 99.98 100.09 100.09 99.86 

Mgt 0.69 0.71 0.71 0.71 0.73 0.72 0.75 0.74 0.75 

CIPW norm 

(molecular) 

Ab 25.22 16.52 16.63 16.52 14.31 13.98 11.48 11.32 11.67 
An 31.77 31.40 31.22 31.32 29.54 28.83 27.73 27.21 26.37 
Di 12.37 17.20 17.39 18.05 20.52 22.27 18.53 18.24 19.32 
Hy 9.01 17.79 20.14 18.42 22.12 24.74 25.22 26.28 27.60 
01 18.10 13.92 10.75 12.56 10.11 6.49 14.04 13.58 11.59 

CaO/A1 203 0.55 0.67 0.67 0.68 0.75 0.78 0.76 0.76 0.78 
CaO/Na 20 3.16 5.32 5.28 5.41 6.33 6.61 7.26 7.26 7.08 
CaO/Ti02 12.94 17.85 14.97 18.06 19.93 18.06 21.24 19.49 20.22 
Al 203 /Ti0 2 23.65 26.47 22.14 26.32 26.56 23.01 28.06 25.63 25.91 

(1) run no.T-1511, (2) run no.T-1472, (3) run no.T-2123, (4) run no.T-1493, 

(5) run no.T-1478, (6) run no.T-2140, (7) run no.T-1464, (8) run no.T-1480, 
(9) run no.T-I461. 

(10) average a values for the glass analyses. 

Mgl-Mg/(Mg + Fat),  t- total iron as FeO, (-) below detection limit, MnO values all below 

detection limit, for run details please refer to Table 4. 
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Table 6 

Compositions of equilibrium partial melts at 10kbar 

from various peridotite compositions 

1 2 3 4 5 6 7 8 9 

SiO2 50.47 50.78 50.27 50.55 49.88 50.73 50.69 51.32 50.48 

TiO2 0.42 3.34 0.68 0.96 0.81 0.73 0.70 0.61 0.87 

Al 2 03 15.29 15.45 17.31 17.71 18.99 17.68 16.81 16.11 15.33 

FeO 7.41 7.78 6.94 7.77 6.92 6.67 6.53 4.89 8.36 

MgO 12.05 8.57 10.75 9.31 9.40 10.19 11.14 12.42 10.72 

CaO 12.83 9.56 11.95 11.06 11.11 11.71 12.04 12.66 11.84 

Na 20 1.15 3.47 2.03 2.63 2.84 2.19 1.97 1.58 1.88 

K2 0 - 0.71 - - - - - - 0.17 

Cr 203  0.32 0.22 - - - - 0.34 nd 

MnO - - - - - - - 0.15 

P 2 0 5 - - - - - - 0.09 

Total 99.94 100.08 99.93 99.99 99.95 99.90 99.88 99.93 99.80 

Mg8 0.74 0.66 0.73 0.68 0.71 0.73 0.75 0.82 0.69 

CIPW norm 

(molecular) 

Ab 8.84 25.55 15.45 20.11 21.39 16.83 14.99 12.10 14.39 

An 31.30 20.09 32.32 31.11 32.79 32.90 31.39 31.45 28:05 

Di 23.19 18.82 17.94 15.63 13.47 16.85 21.85 28.04 21.21 

Hy 30.87 7.09 19.29 16.53 8.25 21.28 21.85 28.04 23.52 

01 2.80 13.89 11.86 8.27 20.61 8.57 9.00 3.14 8.01 

CaO/A1 20 3 0.84 0.62 0.69 0.62 0.58 0.66 0.72 0.78 0.77 

CaO/Na
2
0 11.16 2.75 5.89 4.20 3.91 5.35 6.11 8.01 6.29 

CaO/Ti0 2 30.55 2.86 17.57 11.52 3.91 16.04 17.20 20.75 13.61 

Al
203 /Ti02 36.40 4.62 25.45 18.45 23.44 . 24.22 24.00 26.41 17.62 

(1) TQ-40, run no.T-2113, (2) NW-40, run no.T-2117, (3) KLB-1, run no.T-2133, 

(4) MPY-90-40, run no.T-2121, (5) MPY-90-40, run no.T-2078, (6) MPY-90-40, run no.T-2138, 

(7) MPY-90, run no.T-2136, (8) MPY-90-40, run no.T-2098 (this run has suffered Fe loss), 

most primitive olivine basalt from FAMOUS (Le Roex et al., 1981), 

t-total iron as FeO, Mgl-Mg/(Mg + Fe t ), for run details please refer to Table 4, 

(-) below detection limit, nd not determined. 
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Figure 3a. 

Back scattered electron image photograph of run no.T-2140. Lightest gray is 

glass, light grey is clinopyroxene and dark grey is olivine and 

orthopyroxene. Scale bar is 100um. 

Figure 3b. 

Back scattered electron image photograph of run no.T-2078. Lightest gray is 

glass, light grey is clinopyroxene, dark grey is olivine and 

orthopyroxnene. Scale bar is 100um. 

Figure 3c. 

Back scattered electron image photograph of run no.T-2140., lightest grey is 

glass, light grey is clinopyroxene and dark grey is olivine and 

orthopyroxene, euhedral bright crystal is spinel. Scale bar is 100um. 





poikilitic grains enclosing smaller olivine crystals. In run T-2121 

plagioclase occurred as large crystals projecting into the glass layer, as 

well as smaller interstZtiat grains throughout the MORB pyrolite end of the 

charge. The plagioclase was compositionally uniform from core to rim as 

well as compositionally uniform throughout the charge (An67-69).  However 

phases away from the glass layer were not compositionally uniform from core 

to rim. Rim compositions were identical to the cores and rims of phases 

close to the glass layer, while cores were of a different composition. In 

general the cores of olivines were less magnesian than the rims, the rim 

composition being in equilibrium with glass on the basis of a (Kd)
01/Liq 
Fe/Mg 

equal to 0.32 (Takahashi & Kushiro, 1983). Cores of pyroxenes away from the 

glass layer have lower CaO, Al 203  and slightly lower Mg# than the 

equilibrium rim compositions. As a result of this zoning in crystals 

removed from the glass layer, bulk equilibrium was not achieved during the 

length of even the longest runs (30hrs), however local equilibrium was 

achieved between the glass composition and residual crystals near the glass 

layer and rims of crystals away from the glass layer. Equilibrium is also 

confirmed by comparing the glass compositions in short runs (3hrs) to 

compositions in long run times (>20hrs), differences are all within 

analytical uncertainj-  .. Using the sintered oxide mix as a starting 

material as opposed to a powdered natural peridotite enables equilibrium to 

be obtained relatively rapidly. The single experiment performed on KLB-1 

(T-2133) resulted in large unreacted cores in the pyroxenes, although 

compositionally uniform crystals of pyroxene occurred near the glass layer. 

Previous workers have shown that longer run times (>72 hrs, Fujii & Scarfe, 

1985) still do not eliminate these relict cores. Excessively long run times 

also run the risk of Fe-loss, as will be discussed later. 

1.6.2 Evaluation of the Sandwich Technique in Peridotite melting studies 

The results from this study and the studies of Takahashi & Kushiro 

(1983) and Fujii & Scarfe (1985) allow us to evaluate the use of the 

sandwich technique in obtaining equilibrium partial melts. One of the 

important unknown factors in using the sandwich technique for determining 

equilibrium liquid compositions is the effect of changing the bulk 

composition of the peridotite by adding a basaltic component. The results 

of this study and those of Takahashi & Kushiro (1983) and Fujii & Scarfe 

(1985) allow us to make the following observations. 

(1) Changing the modal proportion of basalt to a peridotite composition 

does not affect the liquid compositions along a olivine + orthopyroxene + 
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clinopyroxene + liquid cotectic so long as the amount of added basalt mix 

does not exceed -40wt% and provided none of the residual phases are 

elimina(a . For example experiments T-1472 and T-2123 produced similar 

equilibrium liquid compositions despite having different modal proportions 

of DSDP3-18-7-1 (9.5 and 18 wt% respectively). Experiments by Fujii & 

Scarfe (1985) showed slight compositional differences in liquid composition 

with differing proportions of basalt added. These differences (mainly in 

Mg#, CaO, Na20 and K20 content of the glasses) can be readily explained by 

Fe-loss, as will discussed in another part of this paper. 

(2) In general using different basalt compositions with the same peridotite 

host or vice-versa produces differences in the equilibrium liquid 

composition. For some of the experiments using HK66 and PMM-4 differences 

in the equilibrium liquids were not observed when different basalt 

compositions were used. This can be explained by the very fertile nature of 

11K66 and PMM-4, both being enriched in 'melt' components, they were able to 

'swamp' differences in most basalt compositions which were used in the 

sandwich experiments of Takahashi & Kushiro (1983) and Fujii & Scarfe 

(1985). 

Although varying the modal proportions of the added basalt component 

has little effect on the liquid composition along a olivine + orthopyroxene 

+ clinopyroxene + liquid cotectic, the presence of an added basaltic 

component does affect the stability of pyroxene, especially orthopyroxene. 

This illustrated with reference to the glass compositions from runs T-

1424,1447,1434 and 1437 which were all in equilibrium with olivine only 

(not reported in Table 4). In Fig.4 the glass composition from ,these runs 

are plotted in the CIPW molecular normative projection from 

plagioclase(An+Ab). Bulk compositions for the sandwich experiments, which 

lie on a tie line between DSDP3-18-7-1 and MPY-87, have been plotted in 

Fig.4. Also plotted are the olivine + orthopyroxene + clinopyroxene + 

spinel + liquid and olivine + orthopyroxene + liquid cotectics determined 

for MORB pyrolite in this study. As can be seen from Fig.4 none of the 

liquids in equilibrium with olivine fall on a olivine control line through 

MPY-87, instead they fall on olivine control lines through the respective 

bulk composition for each sandwich experiment. The liquid compositions . 

represent simple mixtures between DSDP3-18-7-1 and a melt in equilibrium 

with olivine lying on a olivine control line through MPY-87. The position 

on the olivine control line through MPY-87 is determined by drawing a line 

from DSDP3-18-7-1 through the respective liquid composition onto the 

olivine control line through MPY-87 (Fig.4). At each of these intersections 
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Figure 4. 

CIPW molecular normative projection from plagioclase(Ab+An) onto the face 

olivine(01)-diopside(Di)-quartz(Qz) of the 'basalt tetrahedron', 

90, 91, 92, 93 represent equilibrium olivine compositions (Fo mole%) along 

an olivine + Liquid cotectic for MPY-87, 

10, 33, 40 represent percent DSDP3-18-7-1 in the bulk composition of the 

sandwich experiments, 

(0) experimental glass compositions in equilibrium with olivine only from 

10kbar sandwich experiments on MORB pyrolite (DSDP3-18-7-1 plus MPY-

87) 

represents the locus of liquid compositions in equilibrium with 

olivine + orthopyroxene + clinopyroxene + spinel from 10kbar 

experiments on MORE pyrolite, 

represents locus of liquid compositions in equilibrium with 

olivine and orthopyroxene from 10kbar experiments on MORE 

pyrolite, 

represents locus of liquids compositions in equilibrium with 

olivine only from 10kbar experiments on MORE pyrolite, 

represents a mixing line between DSDP3-18-7-1 and a liquid 

composition lying on the olivine + liquid cotectic for MPY-87. 

Mixing lines pass through the experimentally determined glass 

compositions. 



the equilibrium olivine composition (Fo mol%) observed in the experiment is 

given indicating temperature is increasing from right to left in Fig.4. The 

effect of increasing the proportion of DSDP3-18-7-1 in the sandwich is to 

rotate the olivine control lines upwards towards DSDP3-18-7-1. The result 

of this is to shrink the above-solidus stability fields of orthopyroxene 

initially, then followed by clinopyroxene, until eventually only olivine is 

left, which is the liquidus phase of DSDP3-18-7-1 at 10kbar (Green et al., 

1979). Therefore the sandwich technique is limited in that it will not 

permit access to liquids formed at high degrees of melting of the 

peridotite composition i.e. compositions in equilibrium with olivine + 

orthopyroxene near the point at which orthopyroxene is eliminated are not 

accessible. The liquids near this composition should be determinable by 

direct melting studies on the peridotite composition alone, provided 

quenching problems can be evaluated and dismissed. 

Another problem with the sandwich technique is related to the 

definition and constancy of the peridotite whose melting behaviour is being 

studied. The equilibrated composition will be determined by the composition 

of the added basalt and an (unknown) component of the enclosing peridotite, 

determined by its grainsize and the extent of reaction with the liquid. 

This is unfortunate as one of the aims of experimental partial melting 

studies is to characterize the range of liquid compositions which can be 

produced from a particular bulk composition at a particular pressure, in 

this case 10kbar. This problem is illustrated by reference to Fig.5b, where 

the Al203 vs CaO contents of equilibrium partial melts in sandwich 

experiments at 10kbar from PMM-1, HK66 and MPY-87 are compared with the 

CaO/A1203 ratios of the peridotite used in the sandwich experiment. Also 

plotted in Fig.5a are the 10kbar experiments from Jaques & Green (1980) and 

Sen (1982). In Fig.5a, 5b the line drawn from the origin through the 

peridotite bulk compositions defines the CaO/Al 20 3  ratio of the bulk 

composition. Liquid compositions in equilibrium with olivine only fall on 

these lines as residual olivine contains negligible CaO and Al 203 . The 

olivine control line bounds the range of CaO/Al 203  ratios of equilibrium 

liquids which can be produced from a particular bulk composition. The 

change in the CaO/Al 203  ratio with partial melting is shown by the liquids 

from Hawaiian pyrolite and Tinaquillo lherzolite. At low degrees of partial 

melting with important residual clinopyroxene the Al 203  content of the melt 

is high relative to CaO, consequently the CaO/Al 203  ratio is low. With 

increasing degree of melting partial melting the Al 203  content of the melt 

falls as the CaO content increases, causing the CaO/Al 203  ratio of the melt 

to increase. At the point of disappearance of clinopyroxene as a residual 
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Figure 5. 

Al203 versus CaO wt% of 10kbar experimental liquid compositions from 

various peridotite compositions, 

Striaght lines through the respective peridotite compositions are olivine 

control lines of constant CaO/A1 203 ratio. Bulk compositions of sandwich 

experiments lie on lines joining 4111.' to 

A. 77PAII-1 (Sen, 1982), MW and TQ (Jaques & Green, 1980) abbreviations as 

for Fig.2, 

( + ) glass compositions from HW (Jaques & Green, 1980; and this study), 

(A ) glass compositions from TQ (Jaques & Green, 1980; and this study), 

( 0 ) glass compositions from 77PAII-1 (Sen, 1982). 

B. Sandwich experiments on MPY-87, HK66 (Takahashi & Kushiro, 1983) and 

PMM-1 (Fujii & Scarfe, 1985), 

(D ) glass compositions from MPY-87 (see Table 5), 

( X ) glass compositions from HK66 (Takahashi & Kushiro, 1983), 

( • ) glass compositions from PMM-1 (Fujii & Scarfe, 1985), 

(*) basalt compositions used in the sandwich experiments. DSDP3-18 

(this study), L45 (Takahashi & Kushiro, 1983) and B-1 (Fujii & 

Scarfe, 1985), 
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phase the CaO/Al 203  ratio of the melt is slightly less or equal to the 

CaO/A1203 of the bulk composition. Orthopyroxene has little affect on the 

CaO/A1 203 ratio of the melt so that with increasing degree of partial 

melting liquids fall close to and then along the olivine control line. 

In Fig.5b the sandwich experiments on MPY-87, HK66 and PMM-1 are 

presented. Bulk compositions lie on a tie line between the peridotite host 

and the basalt composition added. In the case of the MPY-87 and DSDP3-18-7- 

1 experiments all the 10kbar equilibrium liquids fall above the olivine 

control lines drawn through the bulk composition of the experiment and MPY-

87, indicating that these liquids are closely related to the MORB pyrolite 

composition. However in the case of HK66 and PMM-1 equilibrium liquid 

compositions cross over the olivine control lines through their respective 

host peridotite and bulk compositions indicating that the liquid 

compositions from HK66 and PMM-1 are not related to the bulk compositions 

HK66 and PMM-1 respectively. 

The liquids from 77PAII-1 Sen (1982) illustrate a different problem, 

in that the liquids determined by Sen (1982) plot well away from the 

olivine control line through 77PAII-1 in Fig.5a. Sen (1982) determined the 

liquids from 77PAII-1 by direct EMP analysis of glass pools, and it seems 

likely that the liquid compositions have been modified by either quench 

growth or proximity to large residual crystals which have depleted the 

liquids in Al 203 . Other inconsistencies, such as in the erratic behaviour 

of Na2O and CaO contents with increasing partial melting, point to quench 

modification of Sen (1982) liquids. 

1.6.3 Fe-loss 

The problem of Fe-loss to noble metal containers is a major problem 

to be addressed in experimental petrology (Merrill & Wyllie, 1973; Green, 

1976; Stern & Wyllie, 1975; O'Hara & Humphreys, 1977; Jaques & Green, 1979; 

Nehru & Wyllie, 1975; Thompson, 1984). The extent of iron loss is dependent 

on the temperature of the run and run duration. The effect of iron loss is 

to increase the silica saturation of the equilibrium liquid composition, 

due to the expansion of the olivine and orthopyroxene phase fields at the 

expense of clinopyroxene. This expansion also results in more calcic liquid 

compositions and the stabilization of calcic pyroxene in the residue 

(Jaques & Green, 1979). Fe-loss also increases the overall oxygen fugacity 

in the charge, which is reflected in an increase of the mole ratio 

Fe01.5
/Fe0 in the melt with time (Takahashi, 1980). Some of the possible 
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chemical reactions causing an increase in f0 2  in the charge are listed 

below; 

Fe 2 SiO4 olivine ----> SiO2 melt + 2(Fe/Pt) so1id solution + 02 
	(1) 

Pt + 3Fe0melt 
	----> (Fe/Pt) solid solution + Fe 203 melt 	(2) 

etc. 

The effect of increasing f0 2  during a run in which Fe-loss is occurring is 

to stabilize chromian spinel (Cr-spinel) to very high degrees of partial 

melting, as was the case with the experiments performed by Jaques & Green 

(1980) where Cr-spinel was still present even after the elimination of all 

other phases except olivine. The higher f0 2  occurring in Pt capsules due to 

iron-loss, compared to experiments performed in graphite is reflected in 

the trivalent cation ratio 100Fe 3+/(Fe3+  + Al 3+ + Cr3+ ) (FE#). 

In Fig.6 the FE# vs the 100Cr3+/(Cr3++ Al3+) (CR#) of spinels 

crystallizing in graphite from the experiments of Takahashi & Kushiro 

(1983), Takahashi (1986) and this study are compared with spinel 

crystallizing in Pt capsules in the experiments of Jaques & Green (1980). 

Spinels crystallizing in graphite capsules can be distinguished from 

spinels from Pt capsules due to their lower FE # and CR#. The lower CR# 

reflects the reducing conditions of the graphite capsule. At 10kbar the f0 2  

of a graphite container lies in the wustite stability field between the IW 

and MW buffers (Kushiro & Thompson, 1972) and should lie between GC0 and GW 

on the graphite saturation surface (Taylor, 1985; Taylor & Green, 1987). 

These reduced conditions cause the reduction of Cr 3+ to Cr2+, which is 

reflected in detectable Cr2+ contents in olivines at higher temperatures, 

when spinel is no longer present. (Murck & Campbell, 1986; Barnes, 1986). 

During the course of this experimental study Fe-loss occurred in some 

experiments (not reported in Table 4) due to leakage of melt through the 

porous nature of the graphite container. The graphite in this case was of 

inferior density and quality than that used in the experiments presented in 

Table 4. This resulted in melt being able to make contact with the outer Pt 

capsule. The glass composition for one such experiment T-2098 is reported 

in Table 6. The glass composition compared with equilibrium partial melts 

from MORB pyrolite, has higher Si0 2 , CaO and lower Na20 contents and has a 

much higher Mg#. These features are a result of equilibrium being shifted 

by Fe-loss away from an olivine + orthopyroxene + clinopyroxene + spinel + 

liquid assemblage to an orthopyroxene + clinopyroxene + liquid assemblage. 
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Figure 6 7  

100Fe 3+/(Fe 3+ + Al 3+ + Cr 3+) versus the 100Cr/(Cr + Al) ratio of spinels 

crystallizing in high pressure'peridotite experiments in platinum and 

graphite capsules at pressures between 8 to 20kbars, 

(C)) spinels crystallizing in graphite from 8-20kbar (Takahashi & Kushiro, 

1983; Takahashi, 1986; Falloon unpublished data), 

(0) spinels crystallizing in platinum from experiments of Jaques & Green 

(1980) between 10-15kbar (Jaques, 1980), 

(3) spinels crystallizing in graphite, where some iron loss has occurred 

during the run (Falloon, unpublished data), 



The important features of Fe-loss in noble metal containers can be 

summarized below: 

(1)Fe-loss stabilizes a more Fe 3+ and Cr3+ rich spinel, due to an increase 

of f02 . 

(2)Liquid compositions become more silica-saturated, and have higher CaO 

contents, due to the expansio& of the Mg-rich olivine and orthopyroxene 

fields at the expense of calcic pyroxene. 

(3)Mg# of the liquid becomes very high due to loss of Fe to Pt, which is 

also reflected in magnesian residual phase compositions. 

The above features of Fe-loss appear to be present in the experiments 

of Fujii & Scarfe (1985). Fujii & Scarfe (1985) conducted melting 

experiments on peridotite compositions PMM-1 and PMM-2 between the 

temperatures of 1250 °C and 1310°C, within this temperature interval the Mg# 

of the equilibrium glasses changed from 0.69 for PMM-1 and 0.72 for PMM-2 

to 0.78 and 0.80 respectively. Based on the equilibrium (Kd)
ol/liq

Mg  of 0.32 Fe/ 
in graphite determined by Takahashi & Kushiro (1983) at 10kbar the change 

in the Mg# of the glasses represents a change in the olivine composition 

from Fo 87 to Fo 92 in the case of PMM-1 and from Fo88.8 
to  Fo93 in the case 

of PMM-2. This change in olivine composition is too large to be explained 

simply by an increase in temperature of only 60 °C. The large range and 

high Mg# of the glasses from Fujii & Scarfe (1985) can be attributed to 

iron loss occurring over the long run times used, iron loss being more 

evident in the high temperature runs than the lower temperature runs. The 

presence of Fe-loss in the higher temperature runs of Fujii & Scarfe (1985) 

explains many of the unique features of their experiments. Firstly the very 

high CaO contents of the higher temperature liquids compared to MORB 

pyrolite glass compositions can be explained by the contraction of the 

calcic pyroxene field. Secondly the more chromium rich spinels relative to 

spinels in graphite experiments reported by Fujii & Scarfe (1985) can be 

explained by an increase in f0 2  due to Fe-loss. However complete spinel 

compositions were not reported by Fujii & Scarfe (1985) and it is not 

possible to ascertain if spinel is significantly different from spinels, 

crystallizing in graphite. Thirdly the decrease in iron contents of the 

glasses from 7.77 to 6.52 wt% for PMM-1 and from 7.25 to 6.03 wt% for PMM-2 

is the opposite of that expected with increasing degree of partial melting. 

FeO contents should gradually increase towards the FeO content of the bulk 
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composition during batch partial melting. The falling FeO contents can be 

explained by Fe-loss to the Pt container. 

1.7 EQUILIBRIUM GLASS COMPOSITIONS AT 10KBAR 

In order to portray the chemical relationships between the 

composition of the equilibrium partial melts compositions of MORE pyrolite 

at 10kbar and primitive MORE glasses a graphical projection based on the 

molecular CIPW norm is used in Fig.7 and 8. The normative minerals are 

assigned to the four end members of a tetrahedron (Green, 1970). The 

tetrahedron is based on the 'Basalt tetrahedron' of Yoder & Tilley (1962). 

To illustrate the three-dimensional relationships within the tetrahedron , 

two subprojections onto the face of the tetrahedron will be used. The first 

is a projection from diopside (Di) onto the base of the tetrahedron Jadeite 

plus Ca-tschermak's molecule (Jd+CaTs)-quartz(Qz)-olivine(01) as in Fig.7. 

The second is a projection from plagioclase (An+Ab) onto the the face 

olivine(01)-diopside(Di)-quartz(Qz) as in Fig. 8. The subprojection from 

plagioclase is very similar to the projection used by Walker et al. (1979) 

and Grove et al. (1982). The projection scheme of Elthon (1983) gives a 

result different from Walker et al. (1979) but is very similar to a 

subprojection from Jd+CaTs onto the face olivine(01)-diopside(Di)- 

quartz(Qz) in our projection scheme. 

In the subprojection from diopside (Figs.7,9) equilibrium melt 

compositions from MPY-87, MPY-90, MPY90-40, HW-40, TQ-40 and KLB-1 all plot 

within the primitive MORB glass field, indicating the possibility that 

primitive MORB glasses are indeed primary melts at 10kbar. However when 

viewed from the plagioclase(An+Ab) projection (Fig.8 and 10), except for 

the glasses from HW-40, all the 10kbar equilibrium liquids plot below the 

spectrum of primitive MORB glasses indicating that primitive MORB glasses 

are not primary magmas. In a companion study to that reported here 

(PARTII), it is demonstrated that the MORB glasses are derivative 

compositions lying on olivine control lines from more picritic primary 

magmas segregating from peridotite at pressures greater than 10kbar. Due to 

the importance of this conclusion, the effect of analytical uncertainty in 

the plagioclase(An+Ab) projection must be evaluated. 

1.7.1 The effect of analytical uncertainty 

Presnall et al. (1979) and Presnall & Hoover (1984, 1986) have 

suggested that analytical uncertainty plays a major effect in diagrams such 
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Jd+CaTs 	 Ab+An 	 Qz 

01 

Figure 7. 

Equilibrium glass compositions from MORE pyrolite plotted in the CIPW 

molecular normative projection from diopside(Di) onto the base of the 

'basalt tetrahedron' jadeite plus calcium .tschermak's molecule(Jd + CaTs)- 

quartz(Qz)-olivine(01), letters A, A', B, C, D, D' are referred to in the 

text, 

(0) MORE pyrolite (MPY-87, MPY-90), 

(00) MORE pyrolite minus 40 wt% olivine (MPY-90-40), 

(0) glass compositions from MPY-87 (Table 5), 

(Ea) glass compositions from MPY-90-40 (Table 6), 

(II) glass compositions from MPY-90 (Table 6), 

( *) composition of primitive MORE glass DSDP3-18-7-1 enclosed by the 

field of primitive MORE glasses (references see caption to Fig.1) 

locus of liquids in equilibrium with olivine 

---------- locus of liquids in equilibrium with olivine + orthopykoxene 

	 locus of liquids in equilibrium with olivine + clinopyroxene + 

orthopyroxene + spinel 
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Figure 8. 

Equlibrium glass compositions from MORB pyrolite plotted in the CIPW 

molecular normative projection from plagioclase(Ab + An) onto the face 

olivine(01)-diopside(Di)-quartz(Qz) of the 'basalt tetrahedron'. Symbols 

•and cotectics as for Fig.7. 
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Figure 9. 

Equilibrium glass compositions from Hawaiian pyrolite, Tinaquillo 

lherzolite and spinel lherzolite KLB-1 plotted in the CIPW molecular 

normative projection from diopside(Di) onto the base of the 'basalt 

tetrahedron' jadeite plus calcium tschermak's molecule(Jd + CaTs)- 

quartz(Qz)-olivine(01), cotectics as for Fig.7, 

(C)) calculated Jaques & Green (1980) 10kbar liquid composition from 

Hawaiian pyrolite (Table 2), 

(0) calculated Jaques & Green (1980) 10kbar liquid composition from 

Tinaquillo lherzolite (Table 2), 

(C)) equilibrium glass composition from KLB-1 (Table 6), 

(0) equilibrium glass composition from Tinaquillo lherzolite (Table 6), 

((13) equilibrium glass composition from Hawaiian pyrolite (Table 6), 

(*) primitive MORB glass DSDP3-18-7-1 enclosed by the field of primitive 

MORB glasses (references see caption to Fig.1). 
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Figure 10. 

Equilibrium liquid compositions from Hawaiian pyrolite, Tinaquillo 

lherzolite and spinel lherzolite KLB-1 plotted in the CIPW molecular 

normative projection from plagioclase(Ab + An) onto the face olivine(01)- 

diopside(Di)-quartz(Qz) of the 'basalt tetrahedron', symbols as for Fig.9 

and cotectics as for Fig.7. 



as in Fig.1, 8 and 10. It is therefore necessary to investigate the effect 

of analytical uncertainty , as the conclusions of this study depend partly on 

the observation that the 10kbar partial melts from MORB pyrolite plot below 

the primitive MORB glasses in Fig.8. 

In Fig.11a we plot all the glass EMP broad area scans for run T-

1478. The composition given in Table 5 is the average of these 10 area 

scans. The area scans show a restricted range in the projection but none of 

the scans fall within the MORB field. The spread of points is also 

significantly less than the 'ellipse of uncertainty' calculated by Presnall 

& Hoover (1984). The spread of points is elongate towards and away from the 

quartz apex as small uncertainties in Si0 2 , Na 20, Al203 , CaO, MgO and FeO 

all contribute to uncertainties in normative Hy. To demonstrate the effect 

of these uncertainties for each individual oxide in Fig.11b we have shown 

the effect of a 20 +ve and -ve error respectively for each major oxide. The 

2cr values are taken from Table 5 and are based on over 100 microprobe 

analyses on the University of Tasmania's probe. The 2cr values compare well 

with similar values for the microprobe at the Smithonsian Institution and 

the Massachusetts Institute of Technology reported in Presnall & Hoover 

(1984).. The resultant spread of points is again much less than the 'ellipse 

of uncertainty' of Presnall & Hoover (1984) both for +ve and -ve errors and 

all the points fall below the MORB glass field. However it is possible to 

calculate a worst possible case of analytical error based on the 20 values. 

This worst possible case is plotted as a star in Fig.11a, b and c, and is 

the result of -ve errors on SiO2' TiO2 and Al203 and +ve errors on MgO, CaO 

and Na 2O. The probability of such an analysis is very small and such an 

analysis is highly unlikely to appear in any reasonable or practical number 

of broad beam area scan analyses. Even in the worst possible case the glass 

analysis still plots below the MORB glasses. The composition of the glass 

is also unlike any MORB glass with too much Si0 2  and MgO and low Al 203  and 

TiO2 compared to MORB glasses plotting with low normative Di. These low 

normative Di glasses (when seen in the An+Ab projection) could be moved to 

lower normative Di contents overlapping with the 10kbar cotectic defined by 

the equilibrium partial melts, yet the probability of this occurring is 

very small and the composition of these MORBs would be unlike the 

equilibrium 10kbar liquids. In summary therefore, the positions of the 10kb 

cotectics relative to the MORE glasses in Fig.8 and 10 can be used to draw 

petrogenetic conclusions about the primary nature of MORE glasses in full 

cognizance of analytical uncertainty. Similar conclusions regarding the 

value of diagrams such as the CIPW molecular norm projection to give 

petrogenetic information have been reached by Grove & Bryan (1983), Stolper 
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Figure 11. 

CIPW molecular normative projection from plagioclase(Ab + An) onto the face 

olivine(01)-diopside(Di)-quartz(Qz) of the 'basalt tetrahedron' 

illustrating the effect of analytical uncertainity. Thick dark line 

encloses the field of primitive MORB glasses .(see Fig.1) in A, B and C. 

Thin lined ellipse is the 'ellipse of uncertainity' from Presnall & Hoover 

(1984). (0) 'worst possible case' of analytical error (see text for 

explanation), 

A. (C)) inidividual broad beam glass analyses from run T-1478, 

B. (0) average glass analysis for run T-1478, 

(•) numbered 1 to 8 represent the effect of a 2a -ve error due to 

analytical uncertainity based on the o values given in Table 5 on 

the average glass scan for T-1478, 1=Si0 2 , 2=Ti02 , 3= Al203 , 

4=Fe0, 5= MgO, 6= CaO, 7=Na 20 and 8= 2a -ve error on all major 

oxides, 

C. (41) numbered 1 to 8 represent the effect of a 20 +ve error due to 

analytical uncertainity. Numbers and symbols same as for Fig.11b. 
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(1980), Christie & Sinton (1986), Grove & Kinzler (1986), Elthon (1986) and 

Thompson (1987). 

1.7.2 Glass compositions from MORE pyrolite (MPY-87, MPY-90, MPY-90-40) 

The equilibrium liquid compositions from MORB pyrolite are presented 

in Table 5 and are compared to primitive MORB glasses in Figs.7 and 8. The 

liquid compositions define the following equilibrium phase boundaries; 

(1)A six phase point (olivine + orthopyroxene + clinopyroxene + spinel + 

plagioclase + liquid) defined by run no. T-2121. 

(2)A olivine + orthopyroxene + clinopyroxene + spinel + liquid cotectic, 

defined by run nos. T-1511, 1472, 2123, 1493, 1478, 2140, 2078, 2138 and 

2136. 

(3)A olivine + orthopyroxene + liquid cotectic defined by runs T-1464, 

1480 and 1461. 

The course of melting of MORB pyrolite is described with reference to 

letters A, A', B, C, D and D' in Figs.7,8. Melting begins at A which 

represents a six-phase cotectic. The liquid composition represented by T-

2121 is high in Al203 , TiO2  and Na20 but low in CaO compared to primitive 

MORB glasses. The plagioclase composition at the six-phase cotectic is 

An 68-69' The six-phase cotectic is not invariant but moves towards A', 

where plagioclase is eliminated from the residue. The movement is a 

consequence of plagioclase melting, which enriches the liquid in Al 203  and 

Na2O. Na 20 depolymerizes the melt structure expanding the olivine phase 

volume (Kushiro, 1975). This expansion of the olivine phase volume can be 

seen best in the projection from Di (Fig.7). After plagioclase is 

eliminated continual melting moves liquid compositions from A' to B, along 

an olivine + orthopyroxene + clinopyroxene + spinel + liquid cotectic. A 

large variation in liquid composition is possible along this cotectic due 

to the solid solution behaviour of olivine, pyroxenes and spinel. At B 

clinopyroxene is eliminated from the residue. Spinel also is eliminated as 

a consequence of the low f0 2  within the graphite capsules. Between B and C 

liquid compositions move along an olivine + orthopyroxene + liquid 

cotectic. At some point between B and C, depending on bulk composition, 

orthopyroxene is eliminated from the residue, and the liquids thereafter 

lie on an olivine control line through the bulk composition. At C 

orthopyroxene is eliminated from bulk compositions consisting of MORB 
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pyrolite without any added DSDP3-18-7-1. Important observations from Fig.7 

and 8 are; 

(1)The 10kbar equilibrium liquids from MORB pyrolite plot below primitive 

MORB glasses and plot well below the composition of DSDP3-18-7-1. 

(2)The 10kbar equilibrium liquids from MORE pyrolite only span the middle 

range of the primitive MORB glass spectrum in terms of silica saturation. 

The range in silica saturation of the 10kbar liquids is limited due to the 

plagioclase phase volume which stops liquids from crossing over to the Ne-

normative side of the tetrahedron, and the elimination of clinopyroxene 

stops liquids crossing to the quartz normative side of the diagram. 

The equilibrium liquids at low degrees of partial melting (<9wt%, 

determined from least-squares mass balance calculations) in equilibrium 

with olivine + clinopyroxene + orthopyroxene + spinel ± plagioclase are 

distinct from primitive MORE glasses in their high Na 20 and Al203  contents 

and low FeO, MgO and CaO contents. Equilibrium liquids at higher degrees of 

partial melting differ significantly from primitive MORE glasses in having 

lower TiO2'*  Al 203' CaO and Na 20 contents and have higher MgO contents. 

Important characteristics of the primitive MORE glasses are their 

high CaO and Al 203  contents and relatively high CaO/Al 203  ratios compared 

with most other basalt series. This characteristic conflicts with the 

equilibrium partial melts from MORB pyrolite at 10kbar, as high Al 203  

contents do not correlate with high CaO contents. At low degrees of partial 

melting Al 203  contents are high but CaO contents are low, consequently 

CaO/A1 203 ratios are low (<0.55). As the percent partial melting increases, 

CaO contents increase as Al 203  contents decrease raising the CaO/Al 203  

ratio. A maximum CaO content is reached at the point at which clinopyroxene 

is eliminated as a residual phase and the CaO/Al 203  ratio now approaches 

that of the source. So although high CaO and Al 203  contents can be produced 

by partial melting it is the combination of both high CaO and Al 203  

contents in MORB that is distinctive and difficult to achieve by partial 

melting alone at 10kbar. 

In terms of CIPW molecular normative mineralogy, the equilibrium 

liquids have significantly higher normative Hy than most primitive MORB 

glasses, which is one of the main causes for the glasses plotting below the 

primitive MORB in Fig.7. The high Hy contents of the equilibrium liquids is 

partly a result of the high SiO 2  contents compared to most primitive MORB 
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glasses. In Fig.12 the frequency distribution of Si0 2  contents of primitive 

MORB glasses is presented. Primitive MORB glasses appear to have a bimodal 

distribution with a maximum between 49.3 to 50.2 and another mailer 

maximum between 51 and 51.3 wt% SiO2' Primitive MORB glasses with higher 

SiO2 contents than the 10kbar liquids from MORB pyrolite have low olivine 

normative contents or are quartz normative and they plot to the right of 

the 10kbar cotectic in Fig.7. These distinctive MORB glasses are therefore 

possible primary melts at pressures of less than 10kbar. This possibility 

will be discussed later. Although primitive MORB glasses plot above the 

10kbar cotectic in Fig.8, there are some primitive MORB compositions that 

do fall on the 10kbar cotectic, an example is given in Table 6 (no. 9) 

which is the average primitive olivine basalt composition P 2  from the 

FAMOUS area of the Mid-Atlantic ridge (Le Roex et al., 1981). The 

composition of P 2  is identical to the liquid composition T-1478 (Table 5)" 

except for a slight difference in FeO and MgO contents. Although P 2  is not 

a glass composition but an average of three sparsely phyric to aphyric 

olivine basalt compositions it should still be close to a liquid 

composition. This result suggests that some MORB parental magmas are 10kbar 

primary melts in equilibrium with a lherzolite residue. However the 

overwhelming majority of primitive MORB compositions represented by the 

glass compositions in Figs. 1, 7 and 8 are not primary melts at 10kbar. Le 

Roex et al. (1981) demonstrated that the composition of P 2  was not a 

suitable parental composition to the majority of olivine basalts from 

FAMOUS. In a companion paper (PARTII) primitive olivine basalts from FAMOUS 

are shown to be near or close (<10 wt% olivine fractionation) to primary 

melts segregating from pressures of between 10 to 18 kbars leaving a 

lherzolitic residue. 

1.7.3 Glass compositions from Tinaquillo lherzolite (TQ-40) and Hawaiian 

pyrolite (HW-40) 

The results of the two 10kbar experiments on TQ-40 and HW-40 are part 

of a more comprehensive study from 0-30kb on these two compositions 

reported in Falloon et al. (1987). Due to the uncertainties involved in the 

modal analyses of experimental charges in order to calculate equilibrium 

liquids at 10kbar, the calculated liquids of Jaques & Green (1980) were 

reversed by use of the sandwich technique. The results of the sandwich 

experiments demonstrate a significant shift in the olivine + orthopyroxene 

+ clinopyroxene + liquid cotectics for Tinaquillo lherzolite and Hawaiian 

pyrolite to more silica saturated compositions (Falloon et al., 1987). This 

shift is seen more clearly in the projection from Di (Fig.9). Compared with 
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calculated 10kbar liquids from Tinaquillo, the glass composition of T-2113 

(Table 6) has higher Si02 , Al203  and CaO. Compared with primitive MORB 

glasses the composition of run T-2113 plots below the primitive MORB 

glasses spectrum in Fig.12 and plots to the right of 10kbar liquids from 

MORB pyrolite, which is expected for a more depleted source composition. T-

2113 has higher CaO/A1203 and CaO/Na 20 ratios than most primitive MORB 

glasses as a result of lower Al203 and Na 20 contents. T-2113 also has 

significantly lower TiO2  and higher MgO contents than primitive MORB 

glasses. 

Compared to calculated liquids from HW-40 the 10kbar reversal run T-

2117 (Table 6) has significantly higher Si0 2  and Al 203  contents and lower 

FeO and MgO contents. It is significant that the composition of run T-2117 

plots within the primitive MORE glass spectrum in Fig.10 indicating it is 

possible to have peridotite sources which produce melts which define 

olivine + orthopyroxene + clinopyroxene + spinel + liquid cotectics at high 

normative Di contents in the projection from plagioclase (An+Ab). However 

such peridotite compositions differ in Na 20, Ti02 , K20 contents from 

typical oceanic upper mantle represented by the Ronda and Bullenmerri 

peridotite suites (Fig.2) and the melt compositions are unlike primitive 

MORE glasses. In the case of HW-40, melt compositions at 10kbar are lower 

in Al203 and CaO than primitive MORE glasses and are enriched in Na 20, K20 

and TiO2' 

1.7.4 Glass compositions from KLB - 1 

The one experiment performed using KLB-1 as the peridotite in the sandwich 

with DSDP3-18-7-1 produced a liquid composition very similar to the liquid 

compositions from MORB pyrolite. The composition of run T-2133 (Table 6) 

plots in a similar position to liquid compositions from MORB pyrolite, 

below primitive MORB glasses in Fig.10. This result is not unexpected due 

to the very close similarities between MORB pyrolite and KLB-1. 

1.7.5 Summary 

The results of the 10kbar melting study on MORB pyrolite, Hawaiian .  

pyrolite, Tinaquillo lherzolite and the spinel peridotite KLB-1 demonstrate 

that equilibrium liquids are sufficiently different from primitive MORB 

glasses to warrant the conclusion that primitive MORB glasses are not 

primary magmas at 10kbar. All the 10kbar liquids except those from Hawaiian 

pyrolite define olivine + orthopyroxene + clinopyroxene + spinel + liquid 
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Figure 12. 

Frequency histogram of SiO2 contents of primitive MORB glasses (references 

see caption to Fig.1). Dashed lines delineate the range of Si0 2  contents 

for equilibrium liquid compositions from this study. 
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cotectics which plot below primitive MORB glasses in Figs.8 and 10. The 

following section will attempt to integrate these new results with previous 

10kbar melting studies relevant to MORB petrogenesis. 

1.8 COMPARISON WITH OTHER MBAR MELTING STUDIES 

Equilibrium liquid compositions from previous 10kbar melting studies 

are plotted in the basalt tetrahedron (Figs.13 and 14) where they are 

compared with the spectrum of primitive MORB glasses and equilibrium 

partial melt compositions from MORB pyrolite at 10kbar. In the projection 

from Di (Fig 13) not all the liquid compositions at 10kbar define the same 

olivine + orthopyroxene + clinopyroxene + liquid or olivine + orthopyroxene 

+ liquid cotectics. This could be due to differences in bulk compositions 

used or to differences in pressure calibration between different 

laboratories using the piston-cylinder apparatus. With regards to 

differences in pressure calibration PARTII and Falloon et al. (1987) 

demonstrate that for three different peridotite compositions MORB pyrolite, 

Hawaiian pyrolite and Tinaquillo lherzolite equilibrium partial melt 

compositions overlie each other in the projection from Di, and define the 

same olivine + clinopyroxene + orthopyroxene + liquid and olivine + 

orthopyroxene + liquid cotectics at 5, 10, 15, 20 and 30kbars. Cotectics 

moving systematically with pressure towards the olivine apex parallel to 

the 01-Jd + CaTs join. The position of these cotectics is also consistent 

with 30, 20, 15 and 5 kbar cotectics from HK66 (Takahashi & Kushiro, 1983) 

and 10 and 30kbar cotectics from KLB-1 (Takahashi, 1986; this study). These 

results provide an internally consistent set of data, upon which other 

melting studies can be compared and evaluated. The position of cotectics at 

pressures higher and lower than 10kbar demonstrate that the position of the • 

10kbar cotectics from MORB pyrolite are correctly located. Because 

different peridotite compositions (Hawaiian pyrolite, MORE pyrolite, 

Tinaquillo lherzolite, HK66 spinel lherzolite, KLB-1 spinel lherzolite) 

define similar cotectics at 30, 20, 15 and 5 kbars, differences in bulk 

composition are not considered likely in explaining differences in the 

position of cotectics at 10kbar in the projection from Di. The most 

likely explanation is differences in pressure calibration of the piston 

c-inder apparatus between pressures of 8 to 12 kbars. Previous 

experimental studies are discussed on an individual basis below. 



Figure 13. 

Glass compositions from various 10kbar melting studies plotted. in the C1PW 

molecular normative projection from diopside(Di) onto the base of the 

'basalt tetrahedron' jadeite plus calcium tschermak's molecule(Jd + CaTs)- 

quartz(Qz)-olivine(01). The field of primitive MORE glasses from pi9.1 is 

outlined, 

( 0) 	1197), compositions from HK66 at 10kbar (Takahashi Kushiro, 

co 
c(l) 	glass compositions from 9K66 at 8kbar (Takahashi 4 Kushiro, 

1983), 

0 	 (00) 	MORE composition T-87 (Table 1), 

(o) 	MORE composition Leg45-395A-8-1-9 (Table 1), 

"11 	
(*) 	MOPE composition ARF74-10-16 (Table 1), 

glass compositions from REM-1 and PMM-2 respectively (Fujii 

Scarfe, 1935), 

(0) 	glass compositions from 77P811-1 (Sen, 1982), 

(A ) 	glass compositions from Stolper (1980), 

(0 P) 	six phase invariant point in the system CaO-Mg0-81 203-Si02  

(Presnall et al., 1979), 

(() E) 	six phase pseudoinvaiiant point in the complex system from Elthon 

6 Scaife (1984), 

solid line represents the . 10kbar cotectic from 

MORE pyrolite, 

	 dotted line represents a possible cotectic for 

liquids in equilibrium with olivine + orthoriroxene + 
clinopyroxene at 9kbar from 77PA11-1, arrows show the effect of 

quench modification on equilibrium liquid compositions. 
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Figure 14. 

Glass compositions from various 10kbar melting studies plotted in the CIPW 

. molecular normative projection from plagioclase(Ab + An) onto the face 

diopside(Di)-olivine(01)-quartz(Qz) of the 'basalt tetrahedron', symbols as 

for Fig.13, cotectics as for Fig.7, 

milimp. arrow shows expected trend of liquid compositions with 

progressive Fe-loss at higher temperatures. 



1.8.1 Stolper (1980) 

In the experiments of Stolper (1980) a primitive MORB glass ALV519-4- 

1 was equilibrated with olivine and orthopyroxene in a sandwich type 

experiment. The aim of the study was to establish the nature of liquids in 

equilibrium with orthopyroxene at 10kbar. The liquids in equilibrium with 

olivine + orthopyroxene at 10kbar from Stolper (1980) are plotted in 

Figs.13 and 14. The liquid compositions define an olivine + orthopyroxene + 

liquid cotectic almost identical to that from MORE pyrolite, the liquid 

compositions of Stolper (1980) being very similar to the glass compositions 

of runs T-1464, 1461 and 1480. However the cotectic defined by 10kbar 

liquids from Stolper (1980) plots slightly away from the MORB pyrolite 

olivine + orthopyroxene + liquid cotectic towards the olivine apex in Figs. 

13 and 14. The liquid compositions from Stolper (1980) being more 

consistent with a 12kbar olivine + orthopyroxene + liquid cotectic. , The 

results of this experimental study are however still in agreement with the 

conclusion of Stolper (1980), that primitive MORB glasses do not lie close 

to orthopyroxene saturation at 10kbar and therefore are not primary melts. 

The only differences between the study of Stolper (1980) and this study 

are; 

(1)Stolper (1980) bulk compositions are undefined. 

(2)The olivine + orthopyroxene + clinopyroxene + liquid cotectic is 

projected as a point in the phase diagram presented by Stolper (1980) 

whereas in reality it projects as a line. 

(3)Stolper (1980) 10kbar liquids are more consistent with a 12kbar olivine 

+ orthopyroxene + liquid cotectic. 

1.8.2 Elthon and Scarfe (1984) 

Elthon & Scarfe (1984) studied the high pressure phase relationships 

of a high-Mg° picrite NT-23 from the Tortuga ophiolite complex, in southern 

Chile. As a result of this study Elthon & Scarfe (1984) established the 

composition of a liquid in equilibrium with olivine + orthopyroxene + 

clinopyroxene + plagioclase + spinel at 10kbar (run 333, Table 3, Elthon 

& Scarfe, 1984). This liquid composition plots very close to run T-2121 

from MORB pyrolite and is similar in major element chemistry, having 

similar high Al 203  relative to CaO contents. However the composition has a 

low Mg# of 0.63, in equilibrium with Fo 83  olivine. The liquid composition 
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therefore can not be regarded as equivalent to a mantle melt from 

peridotite of Fo 90+2 . The liquid composition is substantially different 

from primitive MORB glasses at 10kbar. The results of this study are in 

agreement with the conclusion of Elthon & Scarfe (1984) that MORB glasses 

with >9.5 wt% MgO are not primary magmas, but are derived from more 

picritic parents. 

1.8.3 Presnall et al. (1979) and Presnall and Hoover (1984) 

Presnall et al. (1979) based on the results of their experimental 

study in the simple system CaO-Mg0-Al 203 -Si02  (CMAS) presented a model for 

the generation of Mid-Ocean ridge tholeiites. In the system CMAS the 

solidus curve for a simplified plagioclase and spinel lherzolite was found 

to have a cusp at 9kbar, where the transition from plagioclase to spinel 

lherzolite intersects the solidus forming an invariant point. In the model 

of Presnall et al. (1979) magma generation is caused by the intersection of 

a mantle geotherm at the 9kb cusp, and the composition of the near-solidus 

liquid produced at the 9kb cusp models the composition of primitive MORB 

glasses. The composition of the 9kb invariant point in the system CMAS is 

plotted in Figs.13 and 14. The 9kbar liquid composition plots close to but 

outside the field of primitive MORB glasses in Figs.13 and 14. Presnall et 

al. (1979) predicted that in the complex system, the 9kbar point would move 

towards the primitive MORE glass spectrum due to the addition of components 

such as Na2O, TiO2 etc. The results of this experimental study have 

confirmed the predicted shift except for two important points; 

(1)The six-phase point in the complex system represented by T-2121 does 

Indeed fall in the middle of the primitive MORE glass spectrum in the 

projection from Di in Fig.7, but in the projection from plagioclase(An+Ab) 

(Fig.8) falls below the primitive MORB glasses. 

(2)In the model of Presnall et al. (1979) the composition of the liquids 

at the cusp are broadly similar to primitive MORB glasses although Figs. 13 

and 14 illustrate important differences. However in the complex system the ' 

composition in equilibrium with olivine + orthopyroxene + clinopyroxene + 

spinel + plagioclase is substantially different from primitive MORB 

glasses, as are liquids lying along a olivine + orthopyroxene + 

clinopyroxene + spinel + liquid cotectic. The results of this study do not 

support the model of Presnall et al. (1979). 
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More recently Presnall & Hoover (1984) recognizing the fact that 

there is indeed a range of oilica saturation amongst primitive MORE 

glasses, and as a single pressure of origin is inadequate to explain this 

feature, proposed that primary MORBs are generated from pressures of 

between 7 and llkbar, based on the results from simple systems (CMAS and 

SCAMN, N= Na 20). However in the complex system based on the equilibrium 

liquids from MORB pyrolite at 8kbar (PARTII), Tinaquillo lherzolite and 

Hawaiian pyrolite at 5kbar (Falloon et al., 1987; Jaques & Green, 1980), 

peridotite partial melts have Si0 2  contents of between 50 to 55 wt%. These 

compositions are substantially more Si0 2 -rich than most primitive MORE 

glasses. 

1.8.4 Takahashi and Kushiro (1983) 

In Figs.13 and 14 the 10kbar and 8kbar partial melt compositions from 

HK66 are plotted. The partial melts define olivine + orthopyroxene + 

clinopyroxene + liquid and an olivine + orthopyroxene + liquid cotectics. 

The 10kbar and 8kbar liquids from HK66 have much higher Fe0t, Na 2O and TiO2  

contents and lower CaO contents when compared to liquids from MORB pyrolite 

and are unlike any primitive MORE glass. In the projection from Di 

(Fig.13), the 10kbar cotectic from HK66 is displaced towards the olivine 

apex and its position is more consistent with a cotectic lying somewhere 

between 12 and 15kbars. The 10kbar liquids from HK66 in Figs. 13 and 14 

plot in a similar position to 12-15kbar partial melts from Hawaiian 

pyrolite, Tinaquillo lherzolite, and MORB pyrolite. The 10kbar partial 

melts from HK66 also plot very close to 15kbar partial melts from HK66 in 

the projection from Di and overlie 15kbar partial melts in the projection 

from plagioclase(Ab+An). The 8kbar partial melts from HK66 plot close to 

the 10kbar cotectic from MORB pyrolite in the projection from Di and 

overlie 10kbar partial melts from MORB pyrolite in the projection from 

plagioclase(An+Ab) (Fig.14) and are therefore more likely to represent ' 

10kbar partial melts than the reported 10kbar compositions from Takahashi 

& Kushiro (1983). 

The partial melts from HK66 at 8 and 10kbar, although unlike 

primitive MORE glasses, are very similar in composition to the more Fe-rich 

MORB T-87 and 395A-8-1-9 which were studied by Kushiro & Thompson (1972) 

and Fujii et al.  (1978) respectively. These two MORE compositions are also 

plotted in Fig.14. Some of the partial melt compositions from HK66 are 

identical to the composition T-87 studied by Kushiro & Thompson (1972), 

leading to the possible conclusion that T-87 and similar Fe-rich MORBs are 
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primary magmas from a Fe-rich mantle having an olivine of less than Fo 86 . 

In this study only MORB glasses with Mg#>0.68 are considered as candidates 

for primary magmas. Because of this, only mantle source compositions with 

olivine compositions of > Fo 87  are suitable for the production of primitive 

MORB glasses. The range of mantle compositions applicable to the generation 

of such magnesian MORE are represented by the Ronda and Bullenmerri 

peridotite suites. However if more Fe-rich mantle is involved in MORE 

petrogenesis then MORB glasses with Mg#<0.68 must be considered as 

potential candidates for primary magmas. Although ocean islands such as 

Hawaii may require more Fe-rich mantle than MORE (Langmuir & Hanson, 1980; 

Wilkinson, 1985) evidence for such Fe-rich mantle sources, such as HK66 is 

lacking in the MORB setting. The investigation of whether more Fe-rich 

MORBs could be primary magmas is beyond the scope of this paper. However a 

recent study by Takahashi et al. (1987), using olivine-liquid relationships 

for MnO, NiO, CoO, MgO and FeO suggests mantle sources as Fe-rich as 

Fo 85-87 
are involved in MORB petrogenesis. If we accept that MORE source 

mantle has a composition similar to the MORB pyrolite composition studied, 

then the Fe-rich MORBs such as T-87 and 395A-8-1-9 can not be regarded as 

primary magmas, but are fractionation products from a more picritic parent. 

1.8.5 Sen (1982) 

Sen (1982) studied the melting relationships of a depleted 

plagioclase and spinel lherzolite 77PAII-1. Unfortunately Sen (1982) 

determined liquid compositions by direct EMP analysis of glass pools. The 

erratic behaviour of Na 20 and CaO, as well as the anomalous CaO/A1 203 
ratios of the liquid compositions compared to the CaO/Al 203  ratio of 

77PAII-1 (see Fig.5b) indicate that the liquids presented by Sen (1982) 

have suffered some degree of quench modification. Further evidence for the 

effects of quench modification of Sen's (1982) liquid compositions is seen 

in the projection from Di (Fig.13). Partial melt compositions define a 

olivine + orthopyroxene + clinopyroxene + liquid cotectic which is 

displaced towards the quartz apex, when compared with the 10kbar cotectic 

from MORE pyrolite. The displacement is larger for the lower temperature 

compositions, where the effects of quench modification will be most 

evident. Arrows in Fig. 13 indicate the displacement of equilibrium liquids 

from a predicted 9kbar cotectic by quench modification to the actual 

published compositions of Sen (1982). 

The liquids from 77PAII-1 have value in establishing the character of 

melt compositions from depleted compositions at shallow depths. The nature 
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of such melts from depleted peridotite sources has implications for 

assessing the role of that second-stage melting processes play in MORB 

petrogenesis (Duncan & Green, 1987). The glass compositions relative to 

primitive MORB glasses have high Si0 2  and CaO contents and low TiO2  and 

Na 20 contents. The melt compositions are similar in character to those from 

Tinaquillo lherzolite, which is also a depleted peridotite composition 

relative to MORB pyrolite. 

1.8.6 Fujii and Scarfe (1985) 

In Figs. 13 and 14 the glass compositions from equilibrium melting of PMM-1 

and PMM-2 are presented (Table 6, Fujii & Scarfe 1985). The liquid 

compositions define a olivine + orthopyroxene + clinopyroxene + spinel + 

liquid cotectic at higher normative Di and higher normative 01 in Fig.14 

and 13 respectively, than MORB pyrolite. As previously discussed the 

higher temperature liquid compositions from Fujii & Scarfe (1985) show 

evidence of Fe-loss, the arrow in Fig. 13 indicates the direction liquid 

compositions will lie at even higher temperatures than those run by Fujii 

& Scarfe (1985). As Fe-loss progresses, equilibrium moves away from the 

olivine apex towards more quartz normative, diopside rich liquids, 

eventually olivine disappears leaving the liquid in equilibrium with Mg-

rich calcic pyroxene ± Mg-rich orthopyroxene. The position of lower 

temperature liquid compositions, which show no evidence of Fe-loss, define 

a olivine + orthopyroxene + clinopyroxene + spinel + liquid cotectic 

plotting in a similar position to the 10kbar cotectic from HK66. As with 

the 11K66 cotectic, the cotectic defined by PMM-1 and PMM-2 is more 

consistent with a 12-15kbar cotectic. The low temperature liquid 

compositions from PMM-1 and PMM-2 are unlike primitive MORB glasses, due to 

their high Al203' Na 20 and low CaO contents, and low CaO/Na 20 and CaO/A1203 
ratios. Higher temperature liquids have suffered Fe-loss resulting in more 

Ca0-rich liquid compositions, with very high Mg# and low FeO contents. 

These liquids therefore are not suitable compositions to debate the primary 

versus evolved character of primitive MORB glasses. 

1.9 ARE PRIMITIVE MORB GLASSES PRIMARY MAGMAS AT 10KBAR? 

Based on the results of the 10kbar melting study on MORB pyrolite, 

Tinaquillo lherzolite, Hawaiian pyrolite and KLB-1, primitive MORB glasses 

with Mg#>0.68 are not primary magmas at 10kbar, nor do most of them lie on 

olivine control lines from 10kbar olivine + orthopyroxene + clinopyroxene + 

spinel + liquid cotectics. However primitive MORB glasses with 
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SiO2 contents greater than 50 wt% can either be derived from picritic 

parents or alternatively are primary magmas at depths less than 10kbar. The 

SiO2 rich primitive MORB glasses, which are characterized by low olivine 

normative contents or are quartz normative, have several compositional 

characteristics that distinguish them from most other primitive MORB 

glasses. Compared to most other primitive MORB glasses, these Si0 2  rich 

glasses have higher CaO contents, lower Na 20 and TiO2  contents and have 

higher CaO/Al 203  and CaO/Na 20 ratios. They show geochemical affinities to 

proposed second-stage melts in the oceanic setting (Duncan & Green, 1987; 

PARTIV). 

Second-stage melts result from the remelting of a depleted peridotite 

diapir at shallow depths (<30km) the diapir having lost a first stage melt 

fraction at some greater depth. Proposed second stage melt compositions 

include the upper pillow lavas of the Troodos ophiolite, Cyprus (Cameron, 

1985; Duncan & Green, 1987), basalt glass compositions from the Lau back 

arc basin (Hawkins & Melchior, 1985) and glass inclusions in magnesian 

olivine (Fo 94
) phenocrysts from the North Tonga forearc (PARTIV). Although 

such compositions have so far not been identified ambngst MORB suites, they 

are necessary to explain the existence of calcic plagioclase megacrysts 

found within MORB (Fisk, 1984; Donaldson & Brown, 1977; Autio & Rhodes, 

1984; Stakes et al., 1984; Price et al., 1986). The failure to locate magma 

batches retaining such refractory compositions may be due to processes such 

as magma mixing of small volume second-stage melts with dominant and 

subjacent stage-one picrites (Duncan & Green, 1980). 

The 10kbar melts from Tinaquillo lherzolite and 77PAII-1 are similar 

to those expected of second-stage melts. However in Fig.10 and 14 the 

primitive MORE glasses with low normative olivine or with normative quartz, 

plot at higher normative Di contents than liquid compositions from 

Tinaquillo lherzolite and 77PAII-1. This suggests that these distinctive 

primitive MORB glass compositions have undergone some degree of olivine 

fractionation. These glass compositions do not appear to be primary melts 

but the characteristics of these distinctive primitive MORB glasses demands 

a source composition more depleted than MORB pyrolite. 

1.10 CONCLUSIONS 

(1) Primitive MORE glasses with Mg00.68 encompass a large range of silica 

saturation in CIPW molecular normative projections ( Ne to Qz normative ) 

in the 'basalt tetrahedron'. 
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(2)Previous high pressure liquidus studies on some of these primitive MORB 

glasses have failed to conclusively demonstrate multiple saturation in 

olivine + orthopyroxene ± clinopyroxene at any pressure. 

(3)Equilibrium partial melts at 10kbar from MORB pyrolite, Hawaiian 

pyrolite, Tinaquillo lherzolite and the spinel lherzolite KLB-1 form a 

relatively self consistent data set. The liquid compositions from these 

four peridotite compositions are all distinctly different from primitive 

MORB glasses and except for liquid compositions from Hawaiian pyrolite plot 

below primitive MORB glasses in the projection.from plagioclase(An+Ab) in 

the molecular CIPW normative 'basalt tetrahedron'. This leads to the 

preferred interpretation that primitive MORB glasses are not primary melts 

but are fractionated compositions lying on olivine control lines from more 

picritic parents. 

(4)Many bulk compositions used previously in melting studies relevant to 

MORB petrogenesis, when compared with natural peridotite suites 

representative of oceanic upper mantle, such as the Ronda peridotite and 

Lake Bullenmerri lherzolite nodules, are found to have distinct 

compositional differences from the natural suites and are inappropriate for 

use in 10kbar melting studies. 

(5)Silica contents of primitive MORE glasses show a slight bimodal 

distribution with most primitive MORB glasses having Si0 2  contents <50 wt%, 

and a small, but significant number, having Si0 2  contents greater than 51 

wt%. These more silica rich glasses have characteristics similar to those 

expected of second-stage melting of depleted mantle peridotite. 

(6)Some previous 10kbar melting studies are shown to have used 

inappropriate bulk compositions, and have suffered from problems such as 

quench modification of glasses and Fe-loss. 

(7)The experiments of Takahashi & Kushiro (1983) produced liquid 

compositions unlike primitive MORB glasses but very similar to more Fe-rich 

MORB. If Fe-rich mantle is involved in the petrogenesis of MORE then such 

magmas are possible primary melts at low pressures. 

(8)The composition of a liquid in equilibrium with olivine + orthopyroxene 

+ clinopyroxene + spinel + plagioclase is unlike primitive MORE glasses at 

10kbar. The model of Presnall et al. (1979) involving melting at a 9kbar 

'cusp' can not explain the range in composition of primitive MORB glasses. 
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(9) At pressures between 7-11 kbars liquid compositions from peridotite in 

the complex system, as opposed to the simple systems (Presnall & Hoover, 

1984, 1986), will be too silica rich compared to most primitive MORB 

glasses. Higher pressures and consequently more Mg0-rich parents are 

required. 
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PART II 

ANHYDROUS PARTIAL MELTING OF PERIDOTITE FROM 8 TO 35KBARS AND THE 

PETROGENESIS OF MORB 

2.1 INTRODUCTION 

The nature, composition and depth of origin of primary magmas 

parental to mid ocean ridge basalts (MORB) is at the present time a subject 

of controversy (Presnall & Hoover, 1984, 1986; Fujii & Scarfe, 1985; Elthon 

& Scarfe, 1984; Elthon 1986; Fujii & Bougault, 1983; PART I; Green et al., 

1987; Wilkinson, 1982; Thompson, 1987; Basaltic Volcanism Study Project, 

1981). A commonly held model is that the more primitive
1 MORB glasses 

recovered from the ocean floors are close to are or are primary magmas, 

generated by partial melting of upper mantle peridotite at depths of 

approximately 30kms (10kbar). This is attributed to a cusp in the 

peridotite solidus at -30kms. A second competing model states that the more 

primitive MORB glasses are not primary magmas but 	fractionated 

compositions lying on olivine control lines from more picritic parents 

which are themselves primary magmas at pressures of 15-25kbars or 30kbars. 

The former model has been tested by numerous experimental studies via a 

two-pronged approach of high pressure near liquidus studies of primitive 

MORB glasses combined with direct partial melting studies of peridotite 

compositions. The results and interpretations of these experimental studies 

are the cause of the controversy regarding the primary or nonprimary nature 

of primitive MORB glasses. High-pressure near liquidus studies of primitive 

MORB glasses (Bender et al., 1978; Green et al., 1979; Fujii & Scarfe, 

1985) have not been successful in demonstrating multiple saturation in 

olivine + orthopyroxene ± clinopyroxene near the liquidus at any pressure, 

as expected for possible equilibrium with lherzolite or harzburgite 

'as measured by higher values of Mg# (Mg/(Mg + Fe
2+ ) ), calculated assuming 

Fe2+ /(Fe2++ Fe
3+ ) = 0.9. 
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residues (see PART I for a more complete discussion). Green et al. (1979) 

considered the failure of the primitive MORB glass DSDP3-18-7-1 to 

crystallize orthopyroxene near the liquidus at any pressure, to be evidence 

for the non-primary nature of primitive MORB glasses. They demonstrated 

that a more olivine enriched parental composition (DSDP3-18-7-1 + 17wt% 

olivine) is a possible primary magma at 20kbar in equilibrium with a 

harzburgite residue. 

In the second approach of direct melting studies of peridotite 

compositions the majority of studies have demonstrated that liquid 

compositions produced from suitable source compositions are unlike 

primitive MORB glasses at 10kbar (Stolper, 1980; Elthon & Scarfe, 1984; 

Fujii & Scarfe, 1985; Takahashi & Kushiro, 1983; Takahashi, 1986; Sen, 

1982; PART I; Jaques & Green, 1980). Specifically PART I demonstrated that 

10kbar partial melts from four peridotite compositions, Hawaiian and MORB 

pyrolite, Tinaquillo lherzolite and spinel lherzolite KLB-1, were unlike 

primitive (Mg00.68) MORB glasses. PART I also discussuprevious melting 

studies highlighting the problems of Fe-loss to noble metal containers, 

quench modification of primary equilibrium glass compositions and the use 

of inappropriate bulk compositions as a cause of differences in 

interpretation over the nature of primary MORB magmas. 

The results of PART I leaves a picrite primary magma as the only 

alternative. However a picrite primary magma is considered unacceptable by 

many workers for the following reasons; 

(1)If a picrite melt model requires extensive olivine fractionation to 

produce primitive MORB glasses, then based on Ni partitioning data (Hart & 

Davis, 1978; Sato, 1977), Ni should be depleted to much lower levels than 

observed in primitive MORB glasses. 

(2)Absence of primitive MORB glasses of picritic compositions. 

(3)Absence of abundant cumulate rocks of dunitic composition from dredge 

hauls of oceanic ridges and fracture zones. Most commonly, ultramafic rocks 

consist of lherzolite and gabbroic material. 

(4)The failure to date of any experimentally produced picrite composition 

to yield MORB like compositions when subjected to olivine fractionation 

calculations. 
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(5) For many workers, the consistent observation of olivine tholeiites and 

quartz tholeiites over the sampled areas of the entire 66,000 km ridge 

system is compelling evidence that these and not the rare or absent picrite 

lavas, must be primary magmas. 

In this PART we present the results of a partial melting study on a 

MORB pyrolite composition, suitable for the production of primary MORE 

magmas, from pressures of 8 to 35kbars and from a slightly more depleted 

composition, Tinaquillo lherzolite, at pressures of 15 and 20kbars. The 

partial melts were determined using a peridotite-basalt 'sandwich' 

technique. In experiments using MORB pyrolite the primitive MORB glass 

DSDP3-18-7-1 (Table 7, no.4) was used as the basalt in the sandwich, in the 

case of Tinaquillo lherzolite a calculated liquid from Jaques & Green 

(1980) was used (Table 7, no.5). 

The results of the melting study are used to determine the range in 

composition, and depth of origin of possible picritic primary magmas 

parental to primitive MORE glasses and eventually more typical MORB 

compositions. The results of this study demonstrate that highly Mg0-rich 

(>17 wt%) picrites are only one end member of a spectrum of primary magmas 

which range to more basaltic primary magmas of 10-11 wt% MgO. 

2.2 EXPERIMENTAL APPROACH AND TECHNIQUE 

The MORE pyrolite composition chosen for study is that calculated by 

Green et al. (1979), based on combining 24 wt% of the picrite composition 

(DSDP3-18-7-1 + 17wt% olivine, mix E, Green et al., 1979) which was 

experimentally demonstrated to be in equilibrium with olivine and 

orthopyroxene at 20kbar, 1430 oC, indicating possible equilibrium with a 

harzburgite residue. Two pyrolite compositions were used (Table 7, no.1 and 

2 respectively) designated MPY-87 and MPY-90-40. MPY-90-40 is the MORB 

pyrolite composition of Green et al. (1979) minus 40 wt% olivine (Fo 91.6 ) 

and MPY-87 is a result of recalculating the MORB pyrolite composition from 

a Mg# of 90 to 87 to produce a more Fe-rich pyrolite composition (cf. 

Wilkinson, 1982). The Tinaquillo lherzolite composition studied (TQ-40, 

Table 7, no.3) has also been modified by subtraction of 40 wt% olivine. All 

three compositions were studied at 10kbars in PART I. The subtraction of 

olivine from the lherzolite compositions will not affect phase relations or 

phase compositions except in Mg, Fe and Ni concentration so long as olivine 

is a residual phase. The purpose of subtracting olivine is to increase the 

modal abundance of pyroxene, spinel and melt present in the experimental 

runs. 
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Table 7 

Starting compositions used in partial melting experiments  

1 2 3 4 5 

SiO2 44.32 47.15 47.50 49.70 49.16 

TiO2 0.16 0.28 0.13 0.72 0.52 

Al
2
0
3 

4.33 7.28 5.35 16.40 14.32 

FeO 9.82 7.27 7.51 7.90 11.06 

MnO 0.10 0.12 0.18 0.12 - 

MgO 36.84 30.57 32.80 10.10 14.49 

CaO 3.34 5.63 4.97 13.10 10.80 

Na 20 0.39 0.66 0.30 2.00 1.37 

K20 0.00 0.00 0.03 0.00 

P
205 

0.00 0.00 0.02 0.00 

Cr
2
0
3 

0.44 0.75 0.75 0.07 

NiO 0.25 0.29 0.43 0.03 

Total 99.99 100.00 99.97 100.14 99.72 

Mgt 0.87 0.88 0.89 0.69 0.70 

CIPW norm 

(molecular) 

Ab 2.14 3.97 1.79 15.09 9.70 

An 6.16 11.33 8.73 30.07 25.97 

Di 3.98 7.39 7.54 24.56 16.29 

Hy 13.20 22.22 27.97 12.10 13.66 

01 72.52 52.56 51.69 14.69 31.26 

CaO/A1 203 0.77 0.77 0.93 0.79 0.75 

CaO/Na 20 8.56 8.53 16.56 6.55 7.88 

CaO/Ti02 20.87 20.11 38.23 18.19 20.77 

Al 203 /Ti02 27.06 26.00 41.15 22.77 27.54 

(1)MORB pyrolite composition MPY-87. 

(2)MORB pyrolite composition MPY-90-40 (MPY-90 minus 40 wt%. 

olivine Mg 91.6Fe8i . .Ni 0.2 11110.* 
(3)TQ-40 (Tinaquillo lherzolite minus 40 wt% olivine 

Mg91.9Fe 8.0M11 0.1 ) * 	 • 
4) Primitive MORE glass DSDP3-18-7-1 (Green et al., 1979). 

5) Jaques 6 Green (1980) calculated melt composition from . 

Tinaquillo lherzolite, 15kbar, 1350°C. Composition given is 

the mix composition as determined by broad beam electron 

microprobe analysis. 

Mgt calculated on basis of total iron as FeO. CIPW norm 

calculated on basis of Fe2+/(Fe2++ Fe3+)=0.9, (-) below detection 

limit. 
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Both Tinaquillo lherzolite and MORB pyrolite compositions are 

suitable source compositions for generating primary MORB magmas by partial 

melting based on a comparison with natural peridotite suites (Frey et al., 

1985; Nickel & Green, 1984; PART I). The aim of this study is to test the 

ability of these two compositions to produce primary picritic or basaltic 

MORB magmas i.e. a detailed matching of observed equilibrium melts with 

natural MORB. 

The basalt-peridotite 'sandwich' technique has been used 

successfully in a number of previous studies to determine equilibrium 

partial melt compositions (Stolper, 1980; Takahashi & Kushiro, 1983; Fujii 

& Scarfe, 1985; PART I). Potential problems associated with the 'sandwich' 

technique have been discussed and evaluated in PART I. In the 'sandwich' 

technique a layer of basalt is placed in between layers of peridotite and 

allowed to equilibrate with the peridotite and its partial melt at a 

desired pressure and temperature. This provides a large area of glass to be 

analysed at the end of the run and avoids the problem of quench 

modification of primary liquids. 

All the starting mixes used (Table 7) were made up by sintering high 

purity oxides, crushed in acetone and fired at 1000 °C. Fayalite was then 

added to the mixes before refiring in a silica evacuated tube at 1000 0C. 

The mixes were stored in an oven at 110 °C. The mixes were loaded into 

graphite capsules and sealed in an outer platinum capsule. In some 

experiments an outer platinum capsule was not used; no differences were 

observed between liquid compositions run in unsealed or sealed capsules. 

Two sizes of graphite capsules were used; in the large bore graphite 

capsule, a layer of DSDP3-18-7-1 mix was loaded between layers of MORB 

pyrolite. In the small bore graphite capsules only two layers were used:the 

basalt layer forming the bottom layer (DSDP3-18-7-1 or Jaques & Green, 1980 

calculated liquid in the case of Tinaquillo lherzolite). 

All experiments were carried out in a high pressure piston cylinder 

apparatus at the University of Tasmania, using a piston-in technique with a 

pressure correction of minus 10% nominal piston pressure. A 0.5 inch 

diameter, talc-pyrex assembly was used with a graphite heater. A pure 

alumina thermocouple sheath was used, with sintered alumina components 

surrounding the capsule. The thermocouple sheath enters the assembly 

through a mullite sleeve. The bottom spacer is fired pyrophyllite (mullite 

and silica). 
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Both Pt/Pt90Rh10 and  W75Re25/W97Re3 thermocouples were used in the 

course of the experimental study. Thermocouple drift was experienced on 

long runs when using the Pt/Pt 90R11 10  thermocouple (see also PART I). The 

W75Re25 /W97 Re 3 
thermocouples were controlled by a Kent P96M controller, 

temperatures being accurate to + 1 °C. 

At the end of the run the sample was removed from the graphite 

capsule and sectioned longitudinally for microprobe analysis. All analyses 

were done at the University of Tasmania on a JEOL JX 50A electron 

microprobe-scanning electron microscope, fitted with an energy dispersive 
-1 EDAX analytical system (operating conditions 15kv, 7x10 °A), calibration 

was on pure Cu. Back scattered electron photographs were taken of all run 

products to check on the compositional uniformity of all the phases 

(Phillips 505 SEM, operating conditions 20kv, spot size 100 nm). 

2.3 EXPERIMENTAL RESULTS 

Details of the experimental runs are given in Table 8. The 

compositions of equilibrium partial melts produced in the experiments are 

given in Tables 9 and 10. The compositions of the partial melts are plotted 

in the CIPW molecular normative basalt tetrahedron in Fig.17 and 18 and 

compared with primitive MORB glasses. Representative residual phase 

compositions are given in Appendix 1. 

2.3.1 Attainment of equilibrium 

In runs at 8, 12, 15 and 18kbar the basalt layer was quenched as a 

coherent glass layer (100-300pm) between or on top of the peridotite 

layer(s) which consist of crystals and glass. In runs close to the solidus 

abundant clinopyroxene crystallization occurred within the glass layer, in 

these cases the glass composition was obtained by analysing large pools of 

glass (50-70gm). 

In runs at higher pressure (20, 25, 30 and 35kbar) the basalt layer 

quenched to clinopyroxene and glass (Fig.15), the quench clinopyroxene 

becoming coarser with pressure. In these cases equilibrium partial melt 

compositions were determined by large broad beam area scans of the quench 

pyroxene and glass. In cases where the resulting broad beam area scan 

analyses were all uniform in composition, the liquid compositions were 

determined by averaging the area scans. In cases where a range in 

composition of the area scans was obtained, the area scans were observed to 
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Table 8 

Run no. 

Experimental run details of 'sandwich' experiments on MORB pyrolite and 

present P 	T 

(Kbars) 	( °C) 

. 

Time 

(hrs) 

Tinaquillo lherzolite compositions 

Phases Capsule 

type 

Capsule Pezidotite wt % basalt 

T-1516 8 	1350 24 B Pt/C MPY-87 4.7 01 + Cpx + Opx + L 

T-1512 8 	1400 24 B Pt/C MPY-87 6.25 01 + Opx + L 

T-1479 12 	1450 12 B Pt/C MPY-87 9.5 01 + Opx + L 

T-1994 12 	1375 6.5 B c MPY-90-40 9.9 01 + Opx + Cpx + L 

T-2189 12 	1400 21 A Pt/C MPY-90-40 20 01 + Opx + L 

T-1989 15 	1360 6.5 B c MPY-90-40 11.1 01 + Opx + Cpx + Sp + L 

T-1999 15 	1420 3 B c MPY-90-40 14.1 01 + Opx + Cpx + L 

T-2192 15 	1450 20 A Pt/C MPY-90-40 24 01 + Opx + L 

T-2056 15 	1450 24 A Pt/C TQ-40 23 01 + Opx + L - 

T-2029 18 	1370 26 A c MPY-90-40 6.25 01 + Opx + Cpx + Sp + L 

T-2031 18 	1450 42.5 A MPY-90-40 10.39 01 + Opx + Cpx + Sp + L 

T-2069 20 	1500 24 A Pt/C TO-40 26 01 + Opx 4:i. 

T-1515 20 	1420 - 	24 B Pt/C MPY-87 5 01 + Opx + Cpx + Sp + L 

T-1501 20 	1430 24 B Pt/C MPY-87 10 01 + Opx + Cpx + Sp + L 

T-1513 20 	1450 1.2 B Pt/C MPY-87 10 01 + Opx + Cpx + Sp + L 

T-1499 20 	1475 1.0 B Pt/C MPY-87 	- 9.4 01 + Opx + L 

T-2207 20 	1500 16 A Pt/C MPY-87 12 01 + Opx + L 

T-2086 25 	1550 24 A Pt/C MPY-90-40 21 01 + Opx + Cpx + L 

T-2065 30 	1600 23 A Pt/C MPY-90-40 16 01 + Opx + Cpx + L 

T-2075 30 	1620 6 A Pt/C MPY-90-40 23 01 + Opx + L 

T-2087 35 	1600 24.5 A Pt/C M2Y-90-40 9 01 + Opx + Cpx + Ca + L 

A and B refer to small and large bore graphite capsules respectively. 	. 
Pt 	platinum, C 	graphite, 01 - olivine, Opx 	orthopyroxene, 	clinopyroxene, Sp -..spinel, 
Ca 	garnet, L 	liquid (glass). 

61 



Table 9 

Equilibrium partial melt compositions from MORB pyrolite (MPY-87) and 

Tinaquillo lherzolite  

MPY-87 	 Tinaquillo 

Pressure 

(kbars) 

1 

8 

2 

8 

3 

12 

4 

20 

5 

20 

6 

20 

7 

20 

8 

20 

9 

' 	15 

10 

20 .  

SiO 2 51.09 52.63 49.64 47.03 46.94 47.52 47.39 48.75 48.97 47.52 

TiO
2 0.65 0.58 0.59 1.00 0.70 0.73 0.60 0.53 0.42 0.52 

Al 203 16.26 14.50 14.34 16.62 15.44 14.39 14.26 11.97 13.77 12.96 

FeO 7.32 7.39 8.58 9.67 9.83 9.62 9.44 9.71 6.87 8.29 

MgO 10.25 11.68 13.83 12.99 14.24 14.51 15.46 17.67 15.52 17.17 

CaO 12.16 11.14 11.10 9.93 10.53 10.98 10.94 9.56 12.98 12.09 

Na 2 0 1.91 1.66 1.65 2.63 2.30 1.84 1.60 1.36 1.07 1.03 

1(20 - - - 0.12 - - - - - - 

Cr 203  0.35 0.41 0.59 - 0.20 0.38 0.28 0.53 0.36 0.39 

Total 99.99 99.99 100.32 99.99 100.18 99.97 99.97 100.08 99.96 99.97 

Mg8 0.71 0.74 0.74 0.71 0.72 0.73 0.74 0.78 0.80 0.79 

CIPW norm 

(molecular) 

Oz 0.00 7.65 0.00 0.00 0.00 0.00 0.00 0.00 0.00.  0.00 

Ne 0.00 0.00 0.00 1.81 1.06 0.00 0.00 0.00 0.00 0.00 

Ab 14.84 12.08 12.04 16.37 14.66 12.84 11.10 9.47 7.66 7.09 

An 31.00 26.05 25.79 25.56 24.23 24.11 24.53 20.60 26.13 23.58 

Di 21.24 18.78 18.19 12.37 15.56 18.24 17.43 16.18 25.21 22.43 

Hy 26.63 32.04 21.45 0.00 0.00 6.97 8.86 22.20 16.85 11.74 

01 2.55 0.00 18.29 39.23 40.90 33.88 34.66 28.66 21.40 31.99 

CaO/A1 2 03 0.75 0.76 0.77 0.60 0.68 0.76 0.77 0.79 0.94 0.93 

CaO/Na 20 6.36 6.71 6.73 3.77 4.58 5.97 6.84 7.03 12.13 11.74 

CaO/Ti0 2 18.71 19.21 18.81 9.93 15.04 15.04 18.23 18.04 30.90 23.25 
Al

203 /Ti02 25.01 25.00 24.30 16.62 22.06 19.71 23.77 22.58 32.78 24.92 

PM % 27.0 30.0 28.0 12.0 17.0 24.0 28.0 36.0 17.0 17.0 

Residue L H H L L L 
Temp ( °C) 1350 1400 1450 1420 1430 1450 1475 1500 1450 1500 

L - lherzolite residue, H ..harzburgite residue. 

Mg# calculated on the basis of total iron as FeO, CIPW norm calculated on the 
basis of Fe 2+ /(Fe 2++ Fe

3+
)..0.9, (-) below detection limit, MnO contents all below 

detection limit. 
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Table 10 

Pressure 

(kbars) 

Equilibrium partial melt compositions from MORB pyrolite (M2Y-90-40) 

10 

30 

' 	11 .  

35 

1 

12 

2 

12 

3 

15 

4 

15 

5 

15 

6 

18 

7 

18 

8 

25 

9 

30 

SiO2 49.86 50.09 50.50 49.11 49.19 47.78 47.88 46.86 46.72 46.99 45.83 

TiO2 0.69 0.59 0.82 0.69 0.59 1.52 0.66 0.66 0.55 0.50 1.08 

Al 203 17.18 15.00 18.00 15.88 14.58 17.31 15.16 13.73 12.71 12.21 11.70 

FeO 6.74 7.13 7.00 7.38 7.36 9.03 8.12 8.06 8.40 8.09 9.04 

MgO 11.13 13.04 10.00 12.97 14.42 10.89 14.58 17.75 19.31 20.23 19.99 

CaO 11.96 12.14 9.60 11.69 11.79 9.45 11.64 10.92 10.60 10.12 10.66 

Na 20 2.06 1.63 3.50 1.87 1.67 3.66 1.56 1.60 1.19 1.31 1.36 

K2 0 - - - - - 0.14 - - - - - 

Cr 203  0.34 0.35 0.82 0.37 0.38 - 0.36 0.38 0.51 0.52 0.42 

Total 99.96 99.97 100.24 99.96 99.98 99.78 99.96 99.96 99.99 99.97 100.08 

Mg8 0.75 0.77 0.72 0.76 0.78 0.68 0.77 0.79 0.80 0.82 0.80 

CIPW norm 

(molecular) 

Ne 0.00 0.00 0.00 0.00 0.00 5.86 0.00 0.00 0.00 0.00 0.00 

Ab 15.50 12.09 26.02 13.63 11.99 19.58 11.04 10.71 7.90 8.61 8.78 

An 31.55 27.78 27.67 28.38 25.82 23.54 27.11 22.57 21.71 20.09 18.57 

Di 18.19 21.99 11.78 18.73 20.95 12.77 18.44 17.81 17.20 16.67 19.46 

Hy 16.40 21.06 5.64 13.96 14.71 0.00 10.78 3.32 8.64 8.40 0.97 

01 14.70 13.71 25.40 21.63 23.19 32.17 29.05 42.20 41.23 43.12 48.25 

CaO/A1 203 0.69 0.81 0.53 0.74 0.81 0.54 0.77 0.79 0.83 0.83 0.91 

CaO/Na 20 5.80 7.45 2.74 6.25 7.06 2.58 7.46 6.82 8.90 7.70 7.84 

CaO/TiO 2 17.73 20.57 11.71 16.94 19.98 6.22 17.64 16.54 19.27 20.24 9.87 

Al 203 /Ti02  24.90 25.42 21.95 23.01 24.71 11.39 22.97 20.80 23.19 24.42 10.83 

PM % 23.0 30.0 5.0 25.0 28.0 10.0 22.0 27.0 33.0 37.0 15.0 

Residue L H L L H L L L I. H GL 

Temp ( °C) 1375 1400 1360 1420 1450 1370 1450 1550 1600 1620 1600 

L -lherzolite residue, H -harzburgite residue, GL .-garnet lherzolite residue. 

MO calculated on the basis of total iron as FeO, CIPW norm calculated on basis 

of Fe2+ /(Fe 21. 4- Fe 3+ )-0.9, (-) below detection limit, MnO contents all below detection limit. 
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Figure 15. 

Back scattered electron image photograph for run no. T-1513. Light grey is 

quench clinopyroxene plus quenched modified glass, dark grey is primary 

clinopyroxene. Scale bar is 100um. 



• 

• I "-I.' 	• • 	• 	
I 

• ' 

• 

1

• 	

t"  
1 	• 

• 
. /   

' 	';,,f 	• • 

-- 	...11•12/ 

• 
V • 	 • 

, 
- Y- 	L, 

• 
. 

, 	• • A 0, 	• 
i••• •■•• 

• 
▪ e- .4AS • 4.  

, 

•• • 	 •-•- 

- 	 - 

ft 

; 

• 

• 1 	-  . e •.. 4. .7,  -  .1.11 

I... 	 •,..  
• • -AI. 	' 	:./ 	j...:.. -....,....- ^ 	• ' - 

\ 	'.:•- 	. --4*—,  .: 	 . . 	
. 	.- . . 

. • .-.:  . — 	• ,‘  :  .‘ IN 	• , 	0  ., . i...,.... 	4 ,e. ...0  .  - :- "WI 

% i 	• 	• 	.....4 r 	• 

N2,.- __-„,___N-.-..-,__ -,.,. -.",„_,,...: •••• '  A 
 7,1r ,a 

• • N• 4  .44, 

r  
,• 	, 	• ,„„ 

'e 	 • 	e 
\'‘

; 	 ...■•• • 

• - • 	I  •  _ 	 • k  

.. • 
• 

• •■J''' 	
s• 4 	•••

• 

•• 

4, 

" •• 	• 
•N. 	 )  I 	

• 
• • 

1 141 	• 	.. 3S 
: • 

4, 
• 

• 

• " 	• :. , • *I,* 

• .1 

4 
- 

. 	 • . 	 $ 

- 	 - • , 	 4-111 ' 
•

../\• 

• 11, 11.  
'I 



display good linear relationships when major oxides were plotted against 

Mg# (Fig.16). This linear relationship is due to different proportions of 

pyroxene and quench modified glass in the area scans. The liquid 

compositions were determined by first calculating the equilibrium Mg# of 

the liquid in equilibrium with the olivine composition in the run based on 

the (Kd) ol/liq  determined by Takahashi & Kushiro (1983) for graphite 
Fe/Mg 

capsules and secondly reading off the major element composition of the 

liquid from the major oxide versus Mg# plots. An example is given for run 

T-1501 in Fig.16. 

Due to the nature of the sandwich technique modal homogeneity is not 

produced during the experiment, and although the melt phase is distributed 

throughout the charge, being in contact with all grain boundaries, the melt 

is concentrated in one layer. Due to the presence of this glass layer 

crystal growth is enhanced resulting in much larger and more abundant 

clinopyroxene and orthopyroxene crystals near the glass/peridotite (now 

crystals + glass) contact. All phases near or in the glass layer were found 

to be compositionally uniform from core to rim even for short run times. 

However phases away from the glass layer were not compositionally uniform 

from core to rim. Rim compositions were identical to the cores and rims of 

phases close to the glass layer, while cores were of a different 

composition. As a result of this zoning in crystals removed from the glass 

layer, bulk equilibrium was not achieved during the length of even the 

longest runs, however local equilibrium was achieved between the glass 

composition and residual crystals near the glass layer and rims of crystals 

away from the glass layer. Equilibrium is also confirmed by comparing the 

glass compositions in short runs to compositions in long runs, differences 

are all within analytical uncertainity (see also PART I). 

2.4 EQUILIBRIUM GLASS COMPOSITIONS 

2.4.1 MORB pyrolite 

In the projection from Di (Fig.17) onto the base of the basalt 

tetrahedron, liquid compositions from MORE pyrolite define olivine + 

orthopyroxene + clinopyroxene + liquid and olivine + orthopyroxene + liquid 

cotectics from 8 to 35kbars. The cotectics moving systematically with 

pressure towards the olivine apex. The movement of the cotectics with 

pressure is a consequence of the contraction of the olivine phase volume as 

predicted by O'Hara (1965). As pressure increases, for a given degree of 

partial melting, Si0 2  contents fall and melts become more FeO and MgO rich. 
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Figure 16. 

Major element oxides Si02 , Al 203 , CaO, Na20, Ti02 , FeOt  and MgO versus 

100Mg/(Mg + Fe t ) for broad beam area scan analyses of the 'basalt' layer in 

run no. T-1501, 

thin line indicates the equilibrium 100Mg/(Mg + Fe t ) ratio of a liquid 

composition in equilibrium with the olivine composition of the charge, 

based on the relationship of Takahashi & Kushiro (1983), 

(4, ) individual broad beam area scans, 

(+ ) calculated equilibrium partial melt composition. 
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Figure 17. 

Equilibrium partial melt compositions from MORB pyrolite and Tinquillo 

lherzolite plotted in the CIPW molecular normative basalt tetrahedron, 

projected from diopside (Di) onto the base jadeite plus calcium tschermak's 

molecular (Jd + CaTs)-quartz (Qz)- olivine (01), 10kbar cotectic from 

PART I. MORB encloses field of primitive MORB glasses, references see 

caption to Fig.22. 

( C)) MORB pyrolite (MPY-87), 

(0) MORB pyrolite minus 40 wt% olivine (MPY-90-40), 

The following symbols represent partial melt compositions at the indicated 

pressures (kbars): 

(C)) 8, (CJ) 12, (0) 15, (g, Tinaquillo) 15, ( LS) 18, (0, 

,Tinaquillo) 20, (0) 20, (011) 25, (0) 30, (II) 35, 

locus of liquids in equilibrium with olivine. 

----- locus of liquids in equilibrium with olivine + orthopyroxene. 

	 locus of liquids in equilibrium with olivine + orthopyroxene + 

clinopyroxene ± spinel. 



Al 203 
contents of equilibrium liquids, for a given degree of partial 

melting, decrease due to the increasing Al 203  contents of residual 

pyroxenes with pressure. This results in CaO/Al 203  ratios greater than the 

bulk CaO/A1203 
ratio of MORB pyrolite. Residual clinopyroxene becomes less 

calcic with increasing temperature at higher pressure, due to the 

narrrowing of the pyroxene solvus, such that the CaO contents of liquids at 

the point of elimination of clinopyroxene become less calcic with 

increasing pressure. 

The systematic movement of olivine + orthopyroxene + clinopyroxene + 

liquid and olivine + orthopyroxene + liquid cotectics towards the olivine 

apex with pressure is less obvious in the projection from plagioclase 

(Ab+An) (Fig.18) as the cotectics tend to be projected one on top of each 

other as a consequence of the three-dimensional relationships within the 

basalt tetrahedron. As the cotectics all form a slight angle to the join Jd 

+ CaTs-Qz of the basalt tetrahedron (Fig.17), when a projection from 

plagioclase (Ab + An) is taken, the cotectics plot one on top of the 

other. This emphasizes the importance of looking at least two different 

projections to establish the three-dimensional relationships between 

different compositions. In the projection from Di, primitive MORE glasses 

overly -5 to -16 kbar cotectics, however in the projection from plagioclase 

(Ab+An) primitive MORB glasses plot above these cotectics. Although this 

indicates that primitive MORB glasses are not primary magmas, some of the 

glasses characterized by low normative Di in the projection from 

plagioclase (Ab+An) plot close to the cotectics indicating that possibly 

only small to moderate amounts of olivine fractionation is required to move 

equilibrium partial melt compositions into the field of primitive MORE 

glasses. This possibility will be discussed in another section of this 

PART. 

2.4.2 Tinaquillo lherzolite 

Equilibrium partial melts from sandwich experiments on Tinaquillo 

lherzolite at 15 and 20kbar are also plotted in Figs.17 and 18. The 15 and 

20kbar liquids are consistent with the 15 and 20kbar cotectics determined 

for MORB pyrolite. Although the 15 and 20kbar coteCtics for Tinaquillo 

lherzolite and MORB pyrolite , overlie each other in Fig.17, liquid 

compositions are distinctly different. The liquid compositions from 

Tinaquillo lherzolite compared to MORB pyrolite have higher CaO contents, 

lower Al 203 , Na 2O and TiO2  contents, and have higher CaO/Al 203  and 

CaO/Na 20 ratios. 
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Figure 18. 

Equilibrium partial melt compositions from MORB pyrolite and Tinaquillo 

lherzolite plotted in the CIPW molecular normative basalt tetrahedron, 
projected from plagioclase (Ab ,+ An) onto the face diopside (Di)-olivine 

(01)-quartz (Qz). Symbols and cotectic lines as for Fig.17. 



2.5 COMPARISON WITH PREVIOUS EXPERIMENTAL STUDIES 

In this section equilibrium partial melt compositions from MORB 

pyrolite are compared with liquid compositions produced in previous high 

pressure experimental studies of peridotite melting and other relevant 

experimental studies on MORB petrogenesis. For this comparison, the 

projection from Di in the basalt tetrahedron is used as the movement of 

olivine + orthopyroxene ± clinopyroxene + liquid cotectics with pressure is 

well defined. The aim of this section is to emphasize the consistency in 

projected position of olivine + orthopyroxene ± clinopyroxene + liquid 

cotectics and the movement of these cotectics with pressure despite 

differences in peridotite bulk compositions in the projection from Di. 

Although equilibrium partial melts reflect the respective bulk 

compositions, cotectics at a particular pressure will overly or plot close 

to one another in the basalt tetrahedron when projected from Di (Fig.19) 

for a range of different peridotite bulk compositions. A detailed 

comparison of equilibrium partial melt compositions at 10kbar is reported 

in PART I. 

2.5.1 Jaques & Green (1980) 

Jaques & Green (1980) calculated equilibrium partial melts from 

Tinaquillo lherzolite and Hawaiian pyrolite at 2, 5, 10 and 15kbars. 

Equilibrium partial melt compositions were determined by chemical analysis 

of all residual phases combined with complete modal analysis of the charge, 

taking into account the effect of Fe-loss. Liquid compositions were 

calculated by mass balance. Falloon et al. (1987) have extended the study 

of Jaques & Green (1980) to 20 and 30kbars, using the approach of Jaques & 

Green (1980) combined with 'sandwich' reversal experiments using a 

calculated liquid composition as the basalt in the 'sandwich'. The results 

of the reversal experiments demonstrate that most calculated liquid 

compositions of Jaques & Green (1980) are too olivine normative, the 

equilibrium liquids being more silica saturated than calculated by Jaques & 

Green (1980) (Falloon et al., 1987). 

In Fig.19 equilibrium liquid cotectics from MORB pyrolite, Hawaiian 

pyrolite and Tinaquillo lherzolite are plotted. Despite three different 

peridotite compositions and correspondingly different equilibrium liquid 

compositions, liquid compositions can be used to define a single 'average' 

cotectic in the projection from Di (Fig.19) for pressures from 5 to 

30kbars. In the projection from plagioclase (Ab + An) however equilibrium 
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01 

Figure 19. 

Cotectics defined by partial melt compositions from MORB pyrolite (this 

study and PART I), Hawaiian pyrolite and Tinaquillo lherzolite (Jaques & 

Green, 1980; Falloon et al., 1987) at 5, 10, 15, 20 and 30kbars under . 

anhydrous conditions as seen in the projection from diopside (Di) onto the 

base of the CIPW molecular normative basalt tetrahedron jadeite plus 

calcium tschermak's molecule (Jd + CaTs)-quartz (Qz)-olivine (01). MORB 

field as for Fig.17. 

(C)) MORB pyrolite. 

(0) Hawaiian pyrolite. 

(C)) Tinaquillo lherzolite. 

- ---locus of liquids in equilibrium with olivine only. 

	 locus of liquids in equilibrium with olivine + orthopyroxene ± 

clinopyroxene ± spinel for MORB pyrolite. 

	 locus of liquids in equilibrium with olivine + orthopyroxene ± 

clinopyroxene ± spinel for Hawaiian pyrolite. 

------ locus of liquids in equilibrium with olivine + orthopyroxene ± 

clinopyroxene ± spinel for Tinaquillo lherzolite. 



liquids do not define a unique 'average' cotectic , as Hawaiian pyrolite 

liquids define a olivine + orthopyroxene + clinopyroxene + liquid cotectic 

at significantly higher normative Di contents than MORB pyrolite and 

Tinaquillo lherzolite. The results of this study and that of Falloon et al. 

(1987) and PART I provide an internally consistent data set for peridotite 

melting from 5 to 35kbars. The cotectics from MORB pyrolite will be used as 

a point of reference when discussing the following experimental studies. 

2.5.2 Takahashi & Kushiro (1983) 

Takahashi & Kushiro (1983) determined equilibrium partial melts in 

equilibrium with olivine + orthopyroxene ± clinopyroxene + liquid by the 

'sandwich' technique using the fertile, Fe-rich spinel lherzolite HK66 and 

a diverse range of basalt compositions (MORB tholeiite, alkali basalt, 

boninite, picrite). Equilibrium liquid compositions from HK66 are plotted 

in Fig.20. Equilibrium liquids define olivine + orthopyroxene + 

clinopyroxene + liquid and olivine + orthopyroxene + liquid cotectics at 5, 

8, 10, 15, 20, 25, 30 and 35kbars. There is a problem with 25kbar liquid 

compositions from HK66 which plot with the 20kbar liquids in the projection 

from Di. The cotectics from HK66 overlie liquid compositions for MORB 

pyrolite, Hawaiian pyrolite and Tinaquillo lherzolite at 5, 15, 20, 30 and 

35kbars. This result strongly suggests these cotectics at these pressures 

are correctly located in the projection from Di. The only inconsistencies 

are the 8 and 10kbar cotectics from HK66 which, particularly at the lower 

temperature ends, overlie 10 and 12kbar cotectics respectively from the 

other three peridotite compositions. In view of the internal consistency of 

liquid compositions between MORB, Hawaiian pyrolite, and Tinaquillo 

lherzolite and the liquid cotectics at 5, 15, 20, 30 and 35kbars from HK66, 

the regular spacing and movement of cotectics with pressure towards the 01- 

Jd + CaTs join in the Di projection, all suggest that the 8 and 10kbar 

cotectics from HK66 are possibly incorrectly located in the Di projection. 

This could be due to possible small differences in pressure calibration 

with the piston-cylinder apparatus. 

2.5.3 Takahashi (1986) 

Takahashi (1986) published partial melt compositions from spinel 

lherzolite KLB-1 from 10 to 140kbars. Most liquid compositions reported by 

Takahashi (1986) are in equilibrium with olivine only, except for liquids 

at 10 and 30kbar. The 30kbar liquid from KLB-1 published by Takahashi 

(1986) and the 10kbar liquid from KLB-1 determined in PART I overle and are 
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Jd+CaTs 	 Ab+An 	 Qz 

01 

Figure 20 

Equilibrium partial melt compositions from spinel lherzolite HK66 

• (Takahashi & Kushiro, 1983) compared to cotectics defined by partial melt 

• compositions from MORB pyrolite at 8, 10, 15, 20, 30 and 35kbars in the 

projection from Di onto the base of the CIPW molecular normative basalt 

tetrahedron jadeite plus calcium tschermak's molecule (Jd + CaTs)- 

quartz(Qz)-olivine (01). MORB field as for Fig.17. 

The following symbols represent partial melt compositions at different 

pressures (kbars) from HK66. 

( 0) 5, ( C)) 0, (a)) 10, (CD) 15, 0() 20, ( 01) 25, (0) 30, ( II ) 

35. 

( C) ) MORE pyrolite. 

( •) spinel lherzolite HK66. 

	cotectics (olivine + liquid, olivine + orthopyroxene + liquid, 

olivine + orthopyroxene + clinopyroxene ± spinel + liquid) from 

	

MORE pyrolite. 	

locus of liquids in equilibrium with olivine. 
----locus of liquids in equilibrium with olivine + orthopyroxene. 

	locus of liquids in equilibrium with olivine + orthopyroxene + 

clinopyroxene ± spinel. 



therefore consistent with similar cotectics from MORB pyrolite, Hawaiian 

pyrolite, Tinaquillo lherzolite and spinel lherzolite HK66 (at 30kbars 

only) (Fig.21). 

2.5.4 Stolper (1980) 

Stolper (1980) determined liquid compositions in equilibrium with 

olivine + orthopyroxene at 10, 15 and 20kbars by equilibrating a MORE glass 

composition with harzburgite in a 'sandwich' type experiment. The 15 and 

20kbar liquids are compared with cotectics from MORB pyrolite in Fig.21, 

10kbar liquids from Stolper (1980) are discussed in PART I. The 15kbar 

liquids from Stolper (1980) plot closer to the 18kbar cotectic from MORB 

pyrolite rather than the 15kbar cotectic. Similarly the 20kbar liquid plots 

closer to the 25kbar cotectic of MORB pyrolite. These differences are 

unlikely to be due to differences in bulk composition but may be due to 

systematic differences in pressure calibration using the piston-clyinder 

apparatus between the two different laboratories. 

2.5.5 Elthon & Scarfe (1984) 

Elthon and Scarfe (1984) studied the high pressure liquidus phase 

relations of a high-Mg0 picrite dyke composition NT-23 and determined the 

composition of liquids in equilibrium with olivine + orthopyroxene + 

clinopyroxene + garnet + liquid at 25kbar, olivine + orthopyroxene + 

clinopyroxene + liquid at 20 and 15kbar and olivine + orthopyroxene + 

clinopyroxene + plagioclase + spinel + liquid at 10kbar. These liquid 

compositions are plotted in Fig.21. The liquid compositions except for the 

10kbar liquid are not consistent with any of the cotectics from MORB 

pyrolite. The 15, 20 and 25kbar liquid compositions from Elthon & Scarfe 

(1984) plot close to a 12, 15-17 and 18-20 kbar cotectic respectively from 

MORB pyrolite. The bulk composition of NT-23 plots close to a 20kbar 

olivine + orthopyroxene + liquid cotectic from MORB pyrolite in Fig.21 

suggesting that NT-23 is a possible primary magma in equilibrium with a 

harzburgite residue. However Elthon & Scarfe (1984) report that NT-23 is 

multiply saturated at 25kbar with olivine + orthopyroxene + clinopyroxene + 

garnet, a result which is inconsistent with the compositions derived by . 

partial melting of MORB pyrolite. A liquid in equilibrium with garnet at 20 

or 25kbar is expected to lie in the Ne-normative side of the basalt 

tetrahedron. This conflict is attributed to misidentification of primary 

phases by Elthon & Scarfe (1984) in run no.164 (Elthon & Scarfe, 1984). In 

run no.164, primary olivine and orthopyroxene were large enough to be 
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Figure 21. 

Cotectics defined by partial melt compositions from MORE pyrolite (this 

study and PART I) at 10, 15, 20 and 30kbars compared to cotectics defined 

by spinel lherzolite KLB-1 at 10 and 30kbars (Takahashi, 1986; PART I) as 

well as liquid compositions from Stoiper (1980) and Elthon and Scarfe 

(1984) in the projection from diopside (Di) onto the base of the CIPW 

molecular normative basalt tetrahedron jadeite plus calcium tschermak's 

molecule (Jd + CaTs)-quartz (Qz)-olivine (01). Cotectics as for Fig.20. 

MORE field as for Fig.17. 

(0) MORE pyrolite. 

(0) spinel lherzolite KLB-1. 

(0) partial melt compositions from KLB-1 (Takahashi, 1986; PART I). 

(4,0) melt compositions in equilibrium with olivine + orthopyroxene at 

15 and 20kbar respectively from Stolper (1980). 

(40) bulk composition of NT-23 (Elthon & Scarfe, 1984). 

(0) are the pseu.doinvariant points at 10, 15, 20 and 25kbar from Elthon & 

Scarfe (1984). 



easily analyzed (Elthon & Scarfe, 1984). However 'primary' clinopyroxene 

and garnet was apparently so small that glass-overlap was a potential 

problem. The low Mg# of the clinopyroxene (0.85) and garnet (0.76) compared 

to the primary olivine and orthopyroxene (0.90 and 0.89 respectively) 

suggests the clinopyroxene and garnet are quench phases. All phases should 

be large enough to analyse in a charge if primary. The result of run no.164 

suggests multiple saturation in olivine and orthopyroxene only, consistent 

with results from MORB pyrolite, however the reported pressure of 25kbar is 

too high, 20kbars being more consistent. 

2.5.6 Summary 

The results of partial melting experiments on MORB pyrolite, 

Tinaquillo lherzolite, Hawaiian pyrolite (Falloon et al., 1987; PART I; 

Jaques & Green, 1980), spinel lherzolite HK66 (Takahashi & Kushiro, 1983) 

and spinel lherzolite KLB-1 (Takahashi, 1986; PART I) provide an internally 

consistent set of data enabling the establishment of a melting grid in the 

projection from Di. This melting grid can be used to establish for any 

primitive magma composition a possible depth of magma segregation when 

projected from Di in the basalt tetrahedron. The melting grid also provides 

information on the possible residual phases and likely degree of partial 

melting of a primitive magma composition. In the following section the 

melting grid established for MORB pyrolite from 8 to 35kbars is used in 

conjunction with olivine fractionation calculations to establish a possible 

range of primary liquids parental to primitive MORB glasses, as well as the 

depth of magma segregation, degree of partial melting and how much olivine 

fractionation has occurred. 

2.6 OLIVINE FRACTIONATION CALCULATIONS 

2.6.1 Rationale 

The rationale for the these calculations is to test whether a simple 

model of equilibrium batch partial melting of a MORB pyrolite source, 

primary magma segregation, followed by olivine crystal fractionation can 

produce the range in composition of primitive MORB glasses, and to 

determine the range in pressures, temperatures and degree of partial 

melting that is required. The assumption that olivine fractionation only 

has occurred since primary magma segregation is supported by experimental 

studies of primitive MORB glasses, which have only olivine on their 

liquidus at latm (Green et al., 1979; Bender et al., 1978; Fujii & 
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Bougault, 1983). Other workers have suggested that high pressure crystal 

fractionation of clinopyroxene ± orthopyroxene is also an important process 

(Elthon & Scarfe, 1984; Stolper, 1980; Fujii & Bougault, 1983; Elthon et 

al., 1982; Elthon, 1986; Bence et al., 1979). Evidence for this high 

pressure crystal fractionation include; 

(1)diopsidic clinopyroxene megacrysts rich in Cr (>1wt%, Cr 203 ) (Donaldson 

& Brown, 1977; Thompson 1980; Stakes et al., 1984). 

(2)The 'clinopyroxene paradox' (Francis, 1986), where successful crystal-

fractionation models require crystallizing assemblages dominated by 

clinopyroxene to explain the observed variation in major element 

geochemistry despite the absence or rarity of clinopyroxene as a phenocryst 

phase. The 'paradox' is explained by high-pressure clinopyroxene 

fractionation, with subsequent dissolution of high-pressure clinopyroxene 

at lower pressure (O'Donnell & Presnall, 1980; Fujii & Bougault, 1983; 

Bryan, 1983). 

(3)Cumulate rocks exposed in ophiolite sections, which include magnesian 

clinopyroxenes and orthopyroxenes (Elthon et al., 1982; Elthon & Casey, 

1985). 

Concerning the first two points, experimental work by Grove & Bryan 

(1983) can reproduce the range in clinopyroxene composition observed in 

MORB at latm. The presence of more magnesian (#Mg>0.90) clinopyroxene as 

well as calcic plagioclase megacrysts in MORB can be explained by 

contributions from refractory second-stage melts (Duncan & Green, 1980, 

1987) in magma mixing processes in sub-axial magma chambers. They are not 

the result of high pressure crystal fractionation processes. Francis (1986) 

and Bryan et al. (1981) have suggested that the 'clinopyroxene paradox' is 

the result of an array of parental picritic parents, fractionating olivine 

and arriving at different points along the latm olivine + plagioclase + 

clinopyroxene + liquid cotectic between the limiting cases of equilibrium 

and fractional crystallization. Francis (1986) proposes that the existence 

of the 'clinopyroxene paradox' in MORE glasses is evidence of the picritic 

nature of parental magmas for MORE, emphasizing the importance of olivine 

fractionation from picritic parents. 

Concerning the third point, it is now doubtful whether most 

ophiolites represent major ocean basin crust, but rather dismembered pieces 

of island arc, forearc, and back-arc crust (Leitch, 1984). Thus inferences 
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about processes at major mid ocean ridges from ophiolite cumulate sequences 

could be misleading. For example submarine lavas from the North Tonga 

forearc contain abundant magnesian orthopyroxene> clinopyroxene phenocrysts 

(PART III), lavas from the island of Mere Lava, Vanuatu arc contain 

abundant magnesian clinopyroxene (Barsdell,in prep). Both areas, if 

incorporated into an ophiolite terrain would show the presence of magnesian 

clinopyroxene or orthopyroxene in cumulate sequences. Cumulate sequences 

from a major mid ocean ridge basin would be expected to be dominated by 

olivine + plagioclase + clinopyroxene, as is the case for the Macquarie 

Island ophiolite (Griffin & Varne, 1980). 

Before presenting the results of olivine fractionation calculations 

there are several constraints which can be imposed on potential primary 

magma compositions. These constraints are the major element composition of 

MORB glasses, and constraints derived from olivine control lines in the 

CIPW molecular normative basalt tetrahedron. Olivine control lines within 

the basalt terahedron form two important constraints on potential primary 

magma compositions: 

(1)A potential peridotite source composition can only produce equilibrium 

partial melts to the left of an olivine control line passing through the 

bulk composition in the projection from Di (Green et al., 1987) and above 

the olivine control line in the projection from plagioclase (An + Ab) in 

Fig.18. 

(2)potential primary/parental magmas to primitive MORB glasses must lie 

within olivine control lines bounding the range in silica saturation of 

primitive MORB glasses. 

An important criteria for a MORB composition to be considered a 

primary magma is a Mg# (calculated with Fe
2+/Fe2++ Fe

3+ equal to 0.9) 

appropriate to be in equilibrium with a mantle olivine composition of 

Fo 90+3 
(Green, 1971). Using this criteria a data base of over 80 MORB 

glasses with Mg#> 0.68 was obtained from the literature (Appendix 2). Glass 

compositions were chosen as they represent liquid compositions and do not 

suffer from the effects of crystal accumulation and alteration (Melson et 

al., 1977). The primitive MORB glasses display a significant range in major 

element and CIPW normative geochemistry, which is summarized in Table 11. 

This range in chemistry is a complex function of depth of magma 

segregation, source composition, degree of partial melting and extent of 

olivine fractionation. In conjunction with peridotite melting studies 
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Table 11 

Primitive MORS glass compositions 

3 4 5 min 	- 	max 

SiO2 48.20 49.70 49.07 51.36 49.56 48.20 	- 51.64 

TiO2 0.51 0.72 0.74 0.78 0.67 0.50 - 	1.30 

Al
2
0
3 17.00 16.40 16.44 15.03 15.90 15.50 	- 17.62 

FeO•  8.51 7.90 8.86 7.86 8.29 7.30 	- 	9.40 
MnO•  0.16 0.12 0.16 0.10 0.17 0.09 - 	0.25 

MgO 10.10 10.10 10.15 9.01 9.19 8.10 	- 10.70 

CaO 12.70 13.10 11.65 12.38 13.57 11.23 	- 13.57 

Na 20 2.34 2.00 2.13 2.04 2.15 2.40 - 	2.38 

K20 0.04 0.01 0.07 0.10 0.07 0.01 - 	0.32 

P
2
0
5 nd nd rid rid rid 0.03 	- 	0.14 

Cr
2
0
3 

nd 0.07 0.03 0.11 nd 0.01 	- 	0.13 

Total 99.56 100.12 99.30 98.77 99.57 

Mg# 0.70 0.72 0.69 0.69 0.69 0.68 	- 	0.73 

CIPW norm 

(molecular) 

Qz 0.00 0.00 0.00 2.24 0.00 < 	8.39 

Ne 0.51 0.00 0.00 0.00 0.00 < 	1.00 

Ab 16.66 15.04 16.08 15.90 16.27 10.53 - 20.79 

An 29.24 29.95 29.51 27.41 28.27 24.92 	- 34.04 

Di 22.27 24.50 19.09 25.92 28.49 18.76 	- 29.45 

Hy 0.00 11.63 13.24 24.16 6.79 < 24.96 

01 28.33 15.34 18.08 0.00 16.53 < 28.33 

CaO/A1 203 0.74 0.79 0.71 0.82 0.85 0.67 	- 	0.88 

CaO/Na 20 5.42 6.55 5.47 6.07 6.31 4.58 	- 	9.49 

CaO/Ti02 24.90 18.19 15.74 15.87 20.25 9.32 	- 25.60 

Al203 /Ti02 33.33 22.77 22.22 19.27 23.73 12.00 	- 33.80 

(1)ARP74-14-31 (Bryan, 1979a). 

(2)DSDP3-18-7-1 (Green et al.,  1979). 
(3)ALV519-4-1 (Bryan & Moore, 1977). 

(4)ALV526-1-1B (Bryan & Moore, 1977). 

(5) 332B 36-3 (Shipboard S. P., 1977). 

Mg# and CIPW norm calculated on the basis of Fe 2+/(Fe2++ Fe 3+)=0.9, 

nd not determined, Min and Max indicate the range in composition of 

primitive MORB glasses (Mgl>0.68), data sources see caption to Fig.22. 
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several important constraints based on the primitive MORB glass 

compositions have been selected, they are discussed separately below. 

2.6.2 Constraints from the composition of primitive MORB glasses 

2.6.2.1 Silica saturation 

In terms of molecular normative mineralogy (Fig.22) primitive MORB 

glasses range from ne-normative to quartz normative compositions. The 

primitive MORB glasses also display a significant range in normative 

diopside in the projection from plagioclase (Ab+An). Differing degrees of 

silica-saturation can be explained by differing degrees of partial melting, 

primary magmas produced by high degrees of partial melting will upon 

olivine fractionation move derivative compositions towards the qz-normative 

side of the diagram in Fig.22. Primary magmas produced by low degrees of 

partial melting will on olivine fractionation move derivative liquids 

towards the ne-normative •side of the diagram. At 10kbar equilibrium liquid 

compositions from MORB pyrolite (PART I) could not explain the range of 

silica saturation of primitive MORB glasses. At low degrees of partial 

melting the presence of the plagioclase phase volume acts as a barrier to 

low melting fraction liquids crossing over towards the ne-normative side of 

the diagram, while the elimination of clinopyroxene as a residual phase 

acted as a barrier to liquids crossing over to the quartz normative side of 

the diagram (PART I). Qz-normative glasses must either be low-pressure 

primary melts (<10kbar) or derived by olivine fractionation from picritic 

liquids at higher pressures than 10kbar. In this case the picritic parents 

would be produced by relatively high degrees of partial melting, sufficient 

to eliminate clinopyroxene from the residue. Ne-normative glasses must be 

derived from parental magmas which are primary melts greater than 10kbar, 

the primary melts having a alkali picritic character, produced by smaller 

degrees of partial melting than parental magmas to hy-normative or qz-

normative glasses. The degree of silica-saturation in the primitive MORB 

glasses is therefore broadly related to the degree of partial melting, Ne-

normative and low Hy normative glasses are derived by lower degrees of 

partial melting than qz-normative and low ol-normative glasses which are 

derived by higher degrees of partial melting. 

The range in normative Di contents displayed in Fig.22 could be 

explained simply by differing degrees of olivine fractionation, glasses 

with higher normative Di in Fig.22 having undergone more olivine 

fractionation than low olivine normative glasses. However in detail there 
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Figure 22. 

Results of olivine fractionation calculations plotted in the CIPW molecular 

normative basalt tetrahedron projected from Di onto the base jadeite plus 

calcium tschermak's molecule (Jd + CaTs)-quartz (Qz)-olivine (01) in A, and 

onto the face diopside (Di)-quartz (Qz)-olivine (01) from plagioclase (Ab +. 

An) in B. MORB encloses field for primitive MORB glasses (Wetland 

1984; Melson et al., 1977; Melson et al., 1976; Frey et al., 1973; Frey et 

al., 1974; Green et al., 1979; O'Donnell 6 Presnall, 1980; Melson 6 

O'Hearn, 1979; Scarfe .6 Smith, 1977; Shipboard S. P., 1977; Hekinian et 

al., 1976; Langmuir et al., 1977; Bender et al., 1978; Fujii & Bougault, 

1983; Basaltic Volcanism Study Project, .1981; Shibata et al., 1979; Barker 

et al., 1983; Melson, 1973; Stakes et al., 1984; Sigurdsson, 1981; Bryan, 

197901Bryan & Moore, 1977; Bryan et al., 1981). 

( *) equilibrium partial melts from MORB pyrolite which produced 

successful matches with primitive MORB glasses upon olivine 

fractionation. Examples of some successful fractionation paths 
) and wt% olivine removed are also presented, ( 11( ) 

derivative liquid composition. 

(C)) numbered 1 to 5 are primitive MORB glass compositions from Table 11. 

((J) numbered 1 to 4 are primary MORB compositions from Table 12. 

( ()) MORB pyrolite. 

	 olivine control lines. 

	 cotectics from MORB pyrolite at 8, 10, 15, 18, 20 and 25kbars. 
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is no simple relationship between low and high normative diopside glasses. 

This is probably a consequence of the superposition of olivine 

fractionation paths from multiple primary liquids in Fig.22. Olivine 

fractionation paths from a range of primary melts at different pressures 

and degrees of partial melting are superimposed in this diagram. However in 

general high Di-normative glasses such as DSDP3-18-7-1 (Table 7) have 

undergone higher degrees of olivine fractionation than low Di normative 

glasses. 

2.6.2.2 Al203 and CaO contents  

An important characteristic of primitive MORB glasses are their 

combined high CaO and Al203  contents (11.23-13.57 wt% and 15.5-17.62 wt% 

respectively, Table 11) compared to evolved MORB and primitive basalts of 

other tectonic regimes. Partial melting of peridotite at low pressures is 

unable to produce high CaO and Al 203  contents (PART I). At low degrees of 

partial melting liquid compositions are characterized by high Al 203  and low 

CaO contents and vice versa at higher degrees of partial melting. As 

olivine fractionation will increase both CaO and Al203 in derivative 

liquids from picritic parents, the Al 203- and CaO content of primitive MORB 

glasses can act as a constraint on how much olivine fractionation has 

occurred. 

2.6.2.3 SiO2 contents 

The SiO2 contents of primitive MORB glasses range between 48.20 to 

51.64 wt%. As SiO2 content along a olivine + orthopyroxene + clinopyroxene 

+ liquid cotectic is primarily a function of pressure, and assuming the 

SiO2 content of primitive MORB glasses is a primary feature, then a 

pressure range of between 20 to 8kbar is required to explain the Si0 2  

content of primitive MORB glasses. However in reality the Si0 2  content of 

primitive MORB glasses is a function of both depth of primary melt 

segregation, degree of partial melting and olivine fractionation. 

2.6.2.4 FeO and MgO contents  

FeO and MgO contents of primitive MORB glasses are a complex function 

of depth of primary magma segregation, bulk composition and degree of 

partial melting. For a given bulk composition FeO contents in partial melts 

will increase with pressure. At low pressures FeO contents of initial 

partial melts will be low relative to the FeO content of the bulk 

82 



composition and FeO contents will increase with degree of partial melting. 

At high pressures FeO contents of low melt fraction liquids will be higher 

or equal to the FeO content of the bulk composition , thus FeO contents 

will remain relatively constant or decrease with increasing partial 

melting. The FeO contents of primitive MORB glasses vary from 7.3 to 9.4 

wt% and assuming that the glasses are primary melts then the FeO contents 

indicate depths of magma segregation of between 15-20kbar based on a bulk 

composition with 7.5 wt% FeO. The calculation of the CIPW normative 

molecular norm 'masks' FeO and MgO variation, causing compositions of 

differing FeO and MgO contents to plot in the same position within the 

basalt tetrahedron. Because FeO contents are sensitive to the bulk 

composition, the Fe/Mg ratio of equilibrium partial melts from MORB 

pyrolite can be varied to match the FeO contents of primitive MORB glasses. 

2.6.2.5 CaO/A1 203 and CaO/Na 20 ratios  

Partial melting studies including this present work demonstrate that 

CaO/A1 203 and CaO/Na 20 ratios vary systematically with degree of partial 

melting along a olivine + orthopyroxene + clinopyroxene + liquid cotectic. 

CaO/A1203 and CaO/Na 20 ratios both increase with increasing degree of 

partial meltinguntil clinopyroxene is eliminated from the residue, 

CaO/A1203 and CaO/Na 20 ratios remaining relatively constant thereafter. 

CaO/Na20 and CaO/A1203 ratios of primitive MORB glasses can therefore be 

used as a constraint on the degree of partial melting. 

2.6.2.6 TiO 	K 0 and Al 203 /Ti02 and CaO/Ti02  ratios 

Because K20 and TiO2 can be regarded as relatively incompatible 

during partial melting they can also be used as an indicator of the degree 

of partial melting (Thompson et al., 1984). Ratios such as Al 203 /Ti02  and 

CaO/Ti02 vary systematically with partial melting along a olivine + 

orthopyroxene + clinopyroxene + liquid cotectic (Sun & Nesbitt, 1978; Sun 

et al., 1979). Because TiO2' K20 contents ' Al 203 /Ti02 and CaO/TiO2 ratios 

of partial melts are so source dependent they are not considered a 

significant constraint in this study, TiO 2  and K20 contents can be 

increased or decreased in a peridotite bulk composition without affecting 

phase relations significantly. High Al 203 /Ti02  and CaO/Ti0 2  ratios and low 

TiO2 contents could be produced by high degrees of partial melting of a 

relatively fertile source or a low degree of partial melting of a 

relatively depleted source. Broadly speaking high Al 203 /Ti02 , CaO/Ti0 2 , low 

TiO2 and K20 indicate relatively depleted sources. 
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2.6.3 Results 

All the equilibrium partial melt compositions from MORB pyrolite were 

subjected to simple incremental olivine fractionation calculations using 

increments of 0.1 wt% olivine. At each step the equilibrium olivine was 

determined using a (Kd) ol/liq .0.3, with total Fe calculated as FeO. Fe/Mg 
Several equilibrium partial melts from MORB pyrolite produced successful 

matches between calculated daughter liquids and priMitive MORB glasses as 

indicated in Fig.22. Partial melt compositions from pressures above 25kbar 

did not produce successful matches, as calculated derivative liquids become 

too Al203 and CaO rich when compared to primitive MORB glasses of similar 

Mg#. Partial melt compositions at less than 15kbar did not produce good 

matches for most primitive MORE glass compositions as calculated liquid 

compositions become too aluminous compared to primitive MORB glasses at a 

similar Mg#. Partial melts from MPY-87 at 20kbar produced successful 

matches, but FeO contents of calculated derivative liquids were too high 

compared to most primitive MORB glasses at a similar Mg#. Because the CIPW 

molecular norm calculation 'masks', Fe/Mg variation, it is possible to 

recalculate the Fe/Mg ratio of the partial melts, without changing its 

molecular norm. Closer matches were obtained in this way with the primitive 

MORE glasses. 

Olivine subtraction calculations performed on the equilibrium melt 

compositions suggest that the majority of primitive MORB glasses can be 
produced from between 11-25wt% olivine fractionation, from primary magmas 

segregating from a MORB source diapirs at pressures of between 25 to 

15kbars, with between 17-30 wt% partial melting of the MORB pyrolite 

composition, leaving lherzolite and harzburgite residues. The harzburgite 

residues would recrystallize to lherzolite during subsolidus 

recrystallization at lower pressures, because of high CaO and Al 203  in 

residual orthopyroxene. 

Although olivine fractionation is required to explain the composition 

of most MORB glasses, some primitive MORB glasses have major element 

compositions compatible with them being near primary melts. Four examples 

are given in Table 12 and plotted in Fig.22. T3-71D 159-10C1 (Table 12, 

no.4) is from the mid-Atlantic ridge at 29 °  47'N (Keays & Scott, 1976). In 

Fig.8 T3-71D 159-10C1 plots close to the 20kbar olivine + orthopyroxene + 

clinopyroxene + liquid cotectic defined by equilibrium partial melts from 

MPY-87, and is similar in major element chemistry. CH21 D20-29 is a 

primitive MORB glass reported in the Basaltic Volcanism Study Project 
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Table 12 

Primary MORB compositions 

1 2 3 4 

SiO2 51.33 50.48 48.26 47.28 

TiO2 0.61 0.87 0.89 0.97 

Al 203 15.60 15.33 16.80 14.48 

FeO 7.86 8.36 9.32 10.98 

MnO nd 0.15 0.17 0.19 

MgO 8.97 10.72 10.48 12.2 

CaO 13.48 11.84 11.23 10.78 

Na 20 1.42 1.88 2.40 2.38 

K20 0.05 0.17 0.03 0.04 

P205 0.03 0.09 0.06 0.09 

Total 99.35 99.80 99.64 99.71 

Mg# 0.69 0.72 0.69 0.69 

CIPW norm 

(molecular) 

Qz 8.39 0.00 0.00 0.00 

Ab 10.53 14.39 17.65 16.98 

An 29.79 28.05 28.66 22.74 

Di 25.31 21.21 16.66 19.31 

Hy 22.73 23.52 6.16 1.84 

01 0.00 8.01 26.70 34.73 

CaO/A1 203 0.86 0.77 0.67 0.74 

CaO/Na 20 9.49 6.29 4.68 4.53 

CaO/Ti02  22.09 13.61 12.61 11.11 

Al203 /Ti02 25.57 17.62 18.87 14.93 

(1)primitive MORB glass 212 (Melson et al., 1976). 

(2)P2 , most primitive olivine basalt from FAMOUS (Le Roex et 

al., 1981). 

(3)primitive MORB glass CH21-D20-29 (Basaltic Volcanism Study 

Project, 1981). 

(4)primitive MORB glass T3-71D 159-10C1 (Keays & Scott, 1976). 

Mg# and CIPW norm calculated on basis of Fe2+/(Fe2++ Fe3+)=0.9, 

nd not determined. 
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(1981), this composition plots close to the 15kbar olivine + orthopyroxene 

+ clinopyroxene + liquid cotectic of MPY-90-40 and again is similar in 

major element chemistry to the 15kbar partial melts from MPY-90-40. P 2  is 

the average primitive olivine basalt composition of Le Roex et al. (1981) 

for the olivine basalts from the FAMOUS area. This composition plots on a 

olivine + orthopyroxene + clinopyroxene + liquid cotectic at 10kbar and is 

very close in composition to the 10kbar partial melt compositions reported 

in PART I. Primitive MORE glass 212 from Melson et al. (1977) is quartz 

normative and plots very close to a 8kbar olivine + orthopyroxene + 

clinopyroxene + liquid cotectic from MORE pyrolite. MOB glass 212 however 

plots at higher normative Di than the 8kbar cotectic in Fig.22 and has 

significantly higher CaO content and higher CaO/A1
203 and CaO/Na 20 ratios 

than the 8kbar liquids from MORE pyrolite. The glass 212 however is similar 

in composition to 10kbar liquid compositions from the more depleted 

lherzolite composition Tinaquillo lherzolite (PART I). Thus 212 could be a 

near primary liquid composition derived by minor olivine fractionation from 

a 10-8kbar olivine + orthopyroxene + clinopyroxene + liquid cotectic from a 

more depleted peridotite than MORB pyrolite. 

2.6.4 Comparison with MORE picrite compositions 

A common objection to a picrite model for MORB petrogenesis is the 

lack of picrite especially picrite glass compositions amongst MORB dredge 

or borehole collections. However due to the efficiency of olivine 

fractionation, picrite primary compositions will be unlikely to survive 

unmodified. Experimental work by Stolper & Walker (1980) and Sparks et al. 

(1980) demonstrate that picritic melts would necessarily be denser than 

common evolved MORE, and would be trapped at the base of magma chambers 

where they would fractionate olivine and other phases to produce more 

common evolved MORB compositions. Although olivine phenocryst-rich 'MORBs 

have been documented from MORB settings, most workers have not considered 

whole-rock compositions as representative of liquid compositions but as 

olivine accumulates. However by using the most magnesian olivine present in 

a picrite suite and using an appropriate olivine -liquid Kd, the FeO and 

MgO contents of the equilibrium liquid can be obtained (Basaltic Volcanism 

Study Project, 1981; Irvine, 1977; Francis, 1985, 1986). In most cases the 

equilibrium liquid is of picrite composition. So even though picritic 

compositions are rare, the presence of magnesian olivine phenocrysts and 

megacrysts implies the existence of such liquids. In Table 13 are listed 

picrite compositions from the MORB setting, all of which are in equilibrium 

with the most magnesian olivine in the respective rock or suite. Most are 
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Tabls 13 

MORB Diorite compositions 

1 2 3 4 5 6 7 8 9 10 11 

SiO2 
46.87 46.95 47.09 47.70 47.60 48.78 46.90 48.19 47.78 48.33 48.30 

TiO2 
0.79 0.77 0.75 0.63 0.58 0.63 1.13 0.83 0.86 0.74 0.60 

Al 2 02  16.51 16.59 16.84 13.72 13.80 15.77 12.60 14.12 14.50 11.35 13.70 

FeO 10.47 9.65 9.69 9.45 9.37 7.96 10.16 9.22 9.07 10.19 7.90 

MnO 0.17 0.16 0.17 0.16 0.18 0.15 0.18 0.14 0.14 0.17 0.12 

Mg0 12.05 11.60 11.29 15.80 14.80 12.32 16.40 15.32 13.27 17.70 16.90 

Ca0 11.07 11.16 11.29 10.14 10.70 12.61 10.30 10.19 10.64 9.57 10.90 

Na 20 2.13 2.15 2.19 2.07 1.84 1.55 2.00 1.41 2.19 1.34 1.65 

2( 2 0 0.06 0.04 0.02 0.12 0.10 0.09 0.20 0.02 0.06 0.11 0.01 

P2°5 0.04 0.05 0.04 0.04 0.05 0.05 0.00 0.14 0.13 0.06 0.06 

Cr 2 02  nd nd nd 0.13 nd nd nd nd nd 0.25 nd 

NiO nd nd nd nd nd nd nd nd nd 0.09 nd 

LOX nd 0.32 0.45 nd nd nd nd 0.41 0.26 nd nd 

Total 100.16 99.44 99.82 99.96 99.02 99.91 99.87 99.90 98.90 99.90 99.94 

Mgt 0.67 0.68 0.67 0.75 0.74 0.74 0.74 0.75 0.72 0.76 0.79 

CIPW norm 
(molecular) 

Ne 0.00 0.00 0.00 0.00 0.00 0.00 0.38 0.00 0.00 0.00 0.00 

Ab 15.05 14.52 14.25 14.11 12.93 11.40 12.95 9.20 14.78 9.23 11.36 

An 27.81 26.72 26.14 21.11 22.79 29.35 18.43 23.37 22.22 10.89 22.97 

Di 15.23 14.70 14.27 16.90 18.52 21.66 19.52 12.72 16.82 17.22 18.51 

By 0.92 2.69 1.49 3.68 7.47 13.48 0.00 20.13 6.76 19.90 10.10 

01 36.95 31.25 31.22 40.41 34.82 20.61 43.47 21.89 29.56 30.42 34.16 

CaO/A1 2
03 

0.67 0.67 0.67 0.73 0.77 0.79 0.82 0.72 0.73 0.84 0.79 

CaO/Na 20 5.20 5.20 5.15 4.89 5.81 8.13 5.15 7.23 4.86 7.14 6.61 

CaO/Ti0 2 
14.01 14.49 15.05 16.09 18.45 20.01 9.11 12.27 12.37 12.93 18.16 

Al 2 02 /Ti0 2  20.89 21.54 22.45 21.77 23.79 25.03 11.15 17.01 16.86 25.34 22.38 

(1) TR123 40-5 (Schilling et al., 1983). 

(2) TR123 4D-7 (Schilling eta).. 1983). 

(3) TR123 40-9 (Schilling et al., 1983). 

(4) calculated primitive liquid (Irvine, 1977). 
(5) calculated parental magma composition (Ramsay et al., 1984). 

(6) calculated parental magma composition 0 1  (La Roes et al., 1981). 

(7) S012 88-1 (Eissen et al., 1981). 

(8) SD-7A (Schrader et al., 1979). 
(9) SD-711 (Schrader et al.. 197 9). 
(10) calculated parental composition (Beets et al., 1982). 	. 

(11) primary mORB picrite 0S0P3-18-7-1 4 ,  17wt% olivine (Green et al., 1979). 

CIPW norm calculated on the basis of Fe 2+/(Fe4. 1e 34, )-0.9. 

Mg1 calculated on the basis of total iron as FeO, nd not determined. 
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actual whole rock compositions the rest are calculated compositions based 

on olivine addition or subtraction calculations. The picrite compositions 

in Table 13 are plotted in the CIPW molecular normative basalt tetrahedron 

in Fig.23a, b. The picrite compositions in terms of silica saturation fall 

within olivine control lines drawn from the extremities of the MORB glass 

field. Significantly the picrite composition's can explain the entire range 

of silica-saturation displayed by primitive MORB glasses via olivine 

fractionation. One picrite composition lies outside the control lines to 

the MORE field in Fig.23, SD-7A (Table 13, no.8) from the East Pacific Rise 
(Schra der  et al.,  1979). 

Using the melting grid of equilibrium melt compositions from MORB 

pyrolite and assuming the picrite compositions are close to or are primary 

MORB magmas, the picrite compositions in Table 13 represent magma 

segregation at pressures between 15 to 25kbar, in equilibrium with spinel 

lherzolite and harzburgite residues. In no case is garnet a residual phase. 

The range of depth of magma segregation is similar to that inferred from 

analysis of equilibrium liquids from MORE pyrolite. 

Another common objection to picrite primary melts is the Ni content 

of primitive MORB glasses which should be lower than observed if the 

primitive MORE glasses are derived by olivine fractionation from picrite 

primary melts. This objection is based on experimentally determined 

olivine-liquid partition coefficients for Ni in synthetic systems (Sato, 

1977; Hart & Davis, 1978). This objection is overcome if partition 

coefficients from experimental studies on natural basalts are used (Arndt, 

1977; Bickle et al.,  1977; Clarke & O'Hara, 1979; Elton & Ridley, 1979; 

Budahn, 1986) and if a more appropriate crystallization equation is chosen 

e.g. equilibrium crystallization (Budahn, 1986). 

2.6.5 Comparison with compositions determined from trapped glass 

inclusions 

The presence of trapped glass inclusions in early crystallizing 

phases olivine, spinel and plagioclase phenocrysts in MORB, offers an 

opportunity to see through the effects of magma mixing, and crystal 

fractionation, helping to identify parental and primitive magma 

compositions. The only problem with this approach is to see through the 

effects of post-entrapment interaction between the host mineral and the 

glass inclusion. In Table 14 are listed compositions of trapped glass 

inclusions where the effects of post-entrapment processes have been 
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Figure 23. 

MORB picrite compositions compared with equilibrium partial melts from MORE 

pyrolite and primitive MORE glasses in the CIPW molecular normative basalt 

tetrahedron projected from Di onto the base jadeite plus calcium 	, 

tschermak's molecule (Jd + CaTs)-quartz (Qz)-olivine (01) in A, and 

projected from plagioclase (Ab + An) onto the face diopside (Di)-quartz 

(Qz)-olivine (01) in B. Lines and cotectics as for Fig.22. 

( C)) MORE pyrolite. 

(GI)) numbered 1 to 11 are MORE picrite compositions from Table 13. 



Table 14 

Compositions of primitive MORB glass inclusions.  

1 2 3 4 5 6 7 

SiO2 50.57 49.38 50.30 49.61 49.58 50.26 49.41 49.32 
TiO2 0.54 0.64 1.20 0.86 0.65 0.61 0.54 0.24 
Al203 15.39 15.71 14.50 14.28 14.43 14.21 14.37 13.96 
FeO 7.88 7.84 8.80 9.39 8.19 6.82 8.06 7.91 
MnO 0.16 nd 0.16 0.13 nd 0.10 0.18 0.16 
MgO 10.41 12.04 10.10 10.00 11.64 11.89 13.70 14.20 
CaO 12.83 12.68 12.10 11.89 12.89 13.46 10.90 11.03 
Na20 1.44 1.44 2.50 2.21 1.70 1.42 2.55 2.31 
K20 0.03 0.08 0.05 0.07 0.03 0.07 0.03 0.03 
P 205 nd nd nd nd 0.04 nd nd nd 
Cr203 nd nd nd 0.06 nd nd 0.09 nd 

Total 99.25 99.81 99.71 98.50 99.15 98.84 99.83 99.16 

Mgt 0.72 0.75 0.69 0.68 0.74 0.77 0.77 0.78 

CIPW norm 

(molecular) 

Ab 11.31 10.77 18.66 16.85 12.77 10.84 17.96 16.41 
An 31.01 30.14 23.44 24.49 26.50 27.39 21.72 21.87 
Di 24.68 22.28 26.46 25.60 26.81 29.42 20.72 21.43 
Hy 29.18 18.87 10.78 14.75 16.21 21.83 3.72 6.17 

01 0.70 14.43 15.52 13.77 14.34 7.09 32.90 32.10 

CaO/A1 203 0.83 0.81 0.83 0.83 0.89 0.94 0.75 0.79 

CaO/Na 20 8.91 8.80 4.84 5.38 7.58 9.47 4.27 4.77 

CaO/T102 23.76 19.81 10.08 13.82 19.83 22.06 20.18 45.96 

Al203 /T102 28.50 24.55 12.08 16.60 22.20 23.29 26.61 58.16 

(1)Melt inclusion in Cr-spinel phenocryst (Le Roex et al., 1981). 

(2)Melt inclusion in Cr-spinel phenocryst (Le Roex et al., 1981). 

(3)Melt inclusion in olivine phenocryst (Fujii & Fujioka,. 1978). 

(4)Melt inclusion in plagioclase phenocryst (Dungan & Rhodes, 1978). 

(5)Melt inclusion in olivine phenocryst (Dungan & Rhodes, 1978). 

(6)Average melt inclusion in Cr-spinel (Donaldson & Brown, 1978). 

(7)Melt inclusion in plagioclase phenocryst (Price et al., 1986). 

(8)Melt inclusion in plagioclase phenocryst (Price et al., 1986). 

Mg# and CIPW norm calculated on the basis of Fe 2+/(Fe 3++ Fe2+) = 0.9, nd not 

determined. 
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minimal or have been taken into account. The inclusion compositions are•

compared with primitive MORB glasses in the projection from Di and 

plagioclase (An+Ab) in Fig.24a, b. The glass inclusion compositions are all 

primitive, with high Mg# (0.68-0.78). In the projection from Di most of the 

inclusions plot within or close to the primitive MORB glass compositions 

(Fig.24a). However glass inclusions from calcic plagioclase phenocrysts 

from the southwest Indian ridge (Price et al., 1986) plot away from the 

primitive MORE glasses due to their high MgO contents (13.70-14.20 wt%). In 

the projection from plagioclase (An+Ab), glass inclusions can be separated 

into two groups, which are discussed separately below: 

(1)glass inclusions plotting with primitive MORB glasses. Glass inclusions 

reported by Dungan & Rhodes (1978), Donaldson & Brown (1977) and Fujii & 

Fujioka (1978) plot within the primitive MORE glass spectrum. However the 

composition of the inclusions is unlike any primitive MORB glass in low 

Al203  contents (14.21-14.50 wt%) and high CaO/Al 203  ratios (0.83-0.94). The 

difference between the primitive glass compositions and MORB compositions 

is evidence for processes of magma mixing occurring amongst MORB suites 

(Dungan & Rhodes, 1978). The glass inclusions although not primary melt 

compositions are very similar in composition to equilibrium partial melts 

from the relatively depleted Tinaquillo lherzolite composition. The glass 

composition identified by Donaldson & Brown (1977) could be derived from a 

15kbar olivine + orthopyroxene + clinopyroxene + liquid cotectic from 

Tinaquillo with minor olivine fractionation. 

(2)glass inclusions plotting below primitive MORB glasses. These glass 

inclusions are possible primary melt compositions. Glass inclusions in Cr-

spinel phenocrysts from the FAMOUS area (Le Roex et al., 1981) plot in a 

similar position to 8 (no.1 Table 14) and 12kbar (no.2 Table 14) olivine + 

orthopyroxene + clinopyroxene + liquid cotectics from MORB pyrolite in both 

projections from Di and plagioclase (Ab+An) and have similar major element 

contents to the equilibrium partial melts from MORB pyrolite. Similarly the 

two Mg0-rich glass inclusions reported by Price et al. (1986) from the 

western Indian Ocean (Table 14, no.s 7, 8) plot in a similar position to a 

18kbar olivine + orthopyroxene + clinopyroxene + liquid cotectic from MORB 

pyrolite, are similar in major element composition to the equilibrium 

partial melts from MORB pyrolite. 

In summary amongst primitive glass inclusions from MORB are primary 

magmas from 8 to 18kbar based on a MORB pyrolite mantle source. The glass 

inclusions as well as the presence of calcic plagioclase and magnesian 
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Figure 24. 

The compositions of primitive MORB glass inclusions compared to equilibrium 

partial melt compositions from MORB pyrolite and primitive MORB glasses in 

the CIPW molecular normative basalt tetrahedron projected from diopside 

onto the base jadeite plus calcium tschermak's molecule (Jd + CaTs)-quartz 

(Qz)-olivine (01) in A, and from plagioclase (Ab + An) onto the face 

olivine (01)-diopside (Di)-quartz (Qz) in B. Lines and cotectics as for 

Fig.22. 

( 00) numbered 1 to 8 are primitive MORE glass inclusions from Table 14. 

( 	MORE pyrolite. 



diopside megacrysts (Duncan & Green, 1980, 1987) provide evidence of 

primary melt compositions from more depleted mantle sources represented by 

Tinaquillo lherzolite. Such compositions are obscured amongst MORB glass 

compositions due to the processes of magma mixing. (Dungan & Rhodes, 1978; 
Donaldson & Brown, 1978; Thompson & Humphris, 1980). 

2.7 PRIMARY MORB MAGMAS 

The results of the melting study on MORB pyrolite and Tinaquillo 

lherzolite and the comparison of equilibrium melt compositions to the range 

in primitive MORB glasses, primitive trapped glass inclusions and MORE 

picrite compositions suggests that primary magmas parental to common MORB 

segregate from upwelling mantle peridotite at pressures of between 

approximately . 8 to 25kbars, melt compositions ranging from alkali-rich 

slightly ne-normative picrites, to olivine-hypersthene picrites and to 

olivine and quartz normative tholeiite. The overwhelming majority of 

primitive MORB glasses are not primary magmas at 10kbar pressures (PART I) 

but are the result of olivine fractionation (11-25 wt%) from primary magma 

formed between the pressures of 15-25kbars. However amongst the range of 

primitive MORB glass compositions are compositions that are primary or near 

primary magmas at between 8 to 20kbars. The compositions of some primitive 

MORB glasses and glass inclusions requires that more depleted source 

compositions than MORB pyrolite are present. 

2.8 DISCUSSION 

The results of this study are in agreement with previous workers who 

have suggested that there exists a spectrum of primary MORB magma 

compositions (Francis, 1986; Bryan, 	1983; Bryan et al., 	1981; Grove & 
Bryan, 	1983; Thompson, 1987; Klein & Langmuir, 	1987; Christie & Sinton, 

1986; Maaloe & Hansen, 1982) . The results of this study are not in 

agreement with models which suggest that primary magmas are represented by 

the most primitive MORE glasses (Fujii & Scarfe, 1985; Fujii & Bougault, 

1983; Presnall et al., 1979; Green & Ringwood, 1967). Three other studies 

have used larger data bases for the discussion of the petrogenesis of MORB 

and it is therefore important to compare the results of this study with 

these other studies. Klein & Langmuir (1987) have studied MORB major 

element systematics on a global basis, by correcting for crystal 

fractionation and comparing different MORB suites at an MgO content of 

8wt%. Klein & Langmuir (1987) have demonstrated a strong negative 

correlation between FeO, Na 2O contents and CaO/Al203  ratios with axial 
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depth on a global scale. By applying the continuous melting model of 

McKenzie (1984) this global correlation can be explained by 'mean' melting 

intervals of between 5 to 15kbar. In the model of Klein & Langmuir (1987) 

picrite primary melts with >17 wt% MgO are not important in the generation 

of MORB, but primary magmas of between 10-17 wt% MgO are more dominant. 

Klein & Langmuir (1987) suggest that a temperature variation of over 200 °C 

is required within upwelling oceanic mantle to account for the range in 

MORB compositions. This temperature interval agrees with the suggested 

range of temperatures of primary melts generated from a MORB pyrolite 

composition (1350 °C-1550 °C). The composition of primary melts generated 

during a continuous melting process will be substantially different from 

equilibrium batch partial melts present in this paper. It is clear however 

both from the major element composition of primitive MORB glasses and MORB 

compositions on a global scale (Klein & Langmuir, 1987) that they preserve 

a history of magma segregation from depths of a least 25kbars. If a 

continous melting process involving small melt fractions is involved then 

some mechanism is required to preserve picritic primary melt compositions 

from 20 to 25kbars, from being I  mixed into other melt fractions from 

shallower depths in the melting column. (see Thompson, 1987 for further 

discussion of this problem). Even if a continuous melting model is the most 

physically correct model, melt compositions would still be constrained to 

lie on olivine + orthopyroxene ± clinopyroxene + liquid cotectics and 

therefore still plot below primitive MORB glasses in the projection from 

plagioclase (Ab+An) in the basalt tetrahedron. Thus a range of olivine 

fractionation is still required to produce primitive MORB glasses. The 

calculations of such hybrid magma compositions is beyond the scope of this 

paper. However it is possible as the study by Klein & Langmuir (1987) 

suggests, that the equilibrium partial melts from MORB pyrolite approximate 

a 'mean' primary melt compositions, generated from the mixing of small melt 

fractions over a range of pressures. 

Takahashi et al.  (1987) have used a different approach for 

determining primary magma compositions to MORE. Using experimentally 

determined Kd's for CoO, MgO, FeO, NiO and MnO for olivine and liquid, they 

have incremently calculated the compositions of liquids in equilibrium with 

olivine until such stage as the calculated equilibrium olivine composition 

falls within the 'mantle array' for olivine in terms of Ni0 and MnO 

contents. This establishes the composition of the primary magma. Takahashi 

et al.  (1987) suggest that primary magmas to MORE, range in MgO content 

from 11-16 wt%. Representative calculated primary melt compositions from 

'Takahashi et al.  (1987) are plotted in Fig.25a, b and are compared to 
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Figure 25. 

Calculated primary MORB melt composition from Takahashi et al. (1987) 

compared with equilibrium partial melt compositions from MORB pyrolite and 

primitive MORB glasses in the CIPW molecular normative basalt tetrahedron 

projected from Di onto the base jadeite plus calcium tschermak's molecule 

(Jd + CaTs)-quartz (Qz)-olivine (01) in A, and from plagioclase (Ab + An) 

onto the face diopside (Di)-quartz (Qz)-olivine (01) in B. Lines and 

cotectics as for Fig.22. 

(C)) MORB pyrolite. 

(51) calculated primary -MORB melt compositions from Takahashi et a l.  

(1987). 
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primitive MORB glasses and equilibrium partial melts from MORB pyrolite. 

The calculated compositions mostly plot away from the primitive MORB 

glasses, however in the Di projection some plot close to the low Di end of 

the primitive MORB glasses. Compared to equilibrium partial melts from MORB 

pyrolite the calculated primary melts from Takahashi et al. (1987) 

represent magma segregation over pressures of 12 to 22kbars. The 

theoretical analysis of Takahashi et al. (1987) is in agreement with the 

experimental results from MORB pyrolite. 

2.9 CASE STUDY IN MORS PETROGENESIS: FAMOUS -NARROWGATE -AMAR. 

The FAMOUS-NARROWGATE-AMAR (FNA) area at 36 °  47'N of the mid-Atlantic 

ridge is one of the most thoroughly documented areas of the mid-Atlantic 

ridge and has provided a large amount of data on the nature and composition 

of MORB (Bougault & Hekinian, 1974; Arcyana, 1977; Hekinian et al., 1976; 

Bryan & Moore, 1977; Langmuir et al., 1977; Bryan et al., 1979; Bryan, 

1979a; Stakes et al., 1984; Le Roex et al., 1981; Nabelek & Langmuir, 1986; 

White & Bryan, 1977; Flower & Robinson, 1979; Bryan & Thompson, 1977). As 

most of the sampling was done by submersible dives there is good spatial 

and temporal control on the recovered lavas, not possible by dredging. 

Stakes et al. (1984) have demonstrated that the morphology of the rift 

valley area is dominated by either tectonic or volcanic processes, which 

are the result of the growth and solidification of ephemeral ridge-axis 

magma chambers (Stakes et al., 1984). The rift valley in the FAMOUS area is 

presently dominated by axial volcanic highs represented by Mt. Venus and 

Mt. Pluto, whereas the rift valley in the AMAR area is dominated by normal 

faulting. Of importance is the distinction between the younger pillowed 

units forming the central volcanic highs (Mt. Venus and Mt. Pluto), and the 

older sheet and massive lava flow units forming the valley floors and 

exposed in the rift valley walls. The younger pillowed units are of 

dominantly primitive compositions *containing minor amounts of olivine as 

the main phenocryst phase, these basalts are also characterized by having 

relatively high Ni contents in olivine phenocrysts compared to the older 

series lavas (Nabelek & Langmuir, 1986; Le Roex et al., 1981). The older 

sheeted and massive flows, from the valley floors and walls, are 

characterized by more evolved compositions and include picritic basalts,, 

plagioclase-pyroxene-olivine-phyric basalts, plagioclase-phyric basalts and 

aphyric basalts. These basalts belong to a low-Ni series due to low Ni in 

olivine phenocrysts relative to the younger pillowed lavas (Nabelek & 

Langmuir, 1986; Le Roex et al., 1981). Primitive glass compositions from 

these two distinctive series are plotted in the CIPW molecular normative 
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Primitive glass compositions from the FAMOUS-NARROWGATE-AMAR area of the 

Mid-Atlantic ridge compared with equilibrium partial melt compositions from 

MORB pyrolite in the CIPW molecular normative basalt tetrahedron projected 

from Di onto the base jadeite plus calcium tschermak's molecule (Jd + 

CaTs)-quartz (Qz)-olivine (01) in A, and projected from plagioclase (Ab + 

An) onto the face diopside (Di)-quartz (Qz)-olivine (01) in B. In A lines 

are cotectics from MORB pyrolite as for Fig.22. In B cotectics as for 

Fig.18. 

(51) primitive glass compositions from the low-Ni series lavas (see Table 

15 for data sources). 

( Q0) primitive MORB glass compositions from the high-Ni series lavas (see 

Table 15 for data sources). 

(0) numbered 1 to 4 are as follows: 

1 	high-olivine parental composition (Bryan, 1979). 

2 calculated parental magma composition to FAMOUS picrite basalts P 1  (Le 
Roex et al., 1981). 

3 	primitive olivine basalt composition P 2  (Le Roex et al., 1981). 
4 	low-olivine parental composition (Bryan, 1979a). 



basalt tetrahedron in Fig.26. The range in major element composition of the 

two glass groups is summarized in Table 15. Primitive glass compositions 

from the low-Ni series are defined by glasses from picrite basalts, glasses 

from Fracture zone A (Bryan, 1979a), glasses from walls at the south and 

north valleys of the FAMOUS areas (Bryan, 1979a), and primitive glass 

compositions identified from the Narrowgate and AMAR valleys (Stakes et 

al., 1984). Also plotted are the high-olivine and low-olivine parental 

compositions from Bryan (1979a), and the parental magmas to picritic basalts 

and'olivine basalts from Le Roex et al. (1981). Glasses from the high-Ni 

series are all from Bryan & Moore (1977). Primitive glasses from Fracture 

zone A (Bryan, 1979a) are distinctive in being slightly ne-normative. The 

low and high Ni series can be distinguished both in Fig.26a and 26b. The 

low Ni series is characterized by a large range in silica saturation and 

high CaO contents (Table 15). The high Ni series has lower CaO contents and 

a more restricted range in silica saturation. The high-olivine parental 

composition of Bryan (1979a) is a hybrid of glasses from low and high Ni 

series glasses as well as Fracture zone A glasses. The low-olivine parental 

composition of Bryan (1979a) is an average of primitive glasses from the 

low-Ni olivine series lavas. 

Although two magma series have been identified in the FNA area, no 

single magma composition can be parental to an entire series as there is a 

large variation in TiO 2  contents and Na 20/K20 ratios at the high Mg00.68 

end of the glass compositions from both series (Stakes et al., 1984). The 

range in silica saturation displayed by the FAMOUS glasses also argues 

against a single parental magma type but could be consistent with an array 

of primary magmas arriving at the base of sub-axial magma chambers. Amongst 

the glass compositions there is evidence for decoupling of minor elements 

(TiO2,K
2
0, P205)  from major elements suggesting open-system magma chamber 

and magma mixing processes are taking place (O'Hara & Mathews, 1981). 

The low CaO contents of the high-Ni series glasses indicates that 

they have undergone little olivine fractionation from primary olivine 

tholeiite magmas. The range in silica contents in the high-Ni series 

glasses indicates that primary liquids segregated from a MORB pyrolite 

source at between approximately 18-20kbar to 10kbars with little olivine, 

fractionation (<10wt 96). The primitive olivine tholeiite magma of Le Roex et 

al. (1981) is identical to 10kbar equilibrium liquids from MORB pyrolite 

(PART I) and represents a 10kbar primary olivine tholeiite liquid. However 

Le Roex et al. (1981) found that this composition was an unsuitable 
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Table 15 

Famous-Narrowcate-Amar lava series  

Olivine Basalts 	Picrite basalts 	Fracture Zone 

High-Ni series 
	

low-Ni series 

99 

SiO2 
	48.20 - 50.48 
	

48.75 - 51.40 
	

48.20 

TiO2 
	0.65 - 0.85 
	

0.63 - 0.93 
	

0.57 

Al203 
	15.23 - 16.70 
	

14.80 - 16.60 
	

16.95 

FeO 
	

8.04 - 9.18 
	

7.90 - 8.46 
	

8.50 

MgO 
	

9.43 - 10.70 
	

8.82 - 10.50 
	

10.00 

CaO 
	

11.56 - 12.50 
	

12.70 - 13.79 
	

12.75 

Na20 
	

1.94 - 2.41 
	

1.84 - 2.01 
	

2.32 

K20 
	

0.04 - 0.16 
	

0.05 - 0.14 
	

0.04 

Data sources: Bryan (1979), Stakes et al. (1984), Bryan & Moore (1977), 

Hekinian et al. (1976), Langmuir et al. (1977), Fujii & Bougault (1983), 

Bender et al. (1978), Le Roex et al. (1981). 



composition to be parental to other more evolved olivine basalts in their 

study sample. 

The low-Ni series glasses, including Fracture zone A glasses, are 

characterized by a large range of silica saturation indicating a larger 

range of partial melting (15-30 wt%) with both lherzolite and harzburgite 

residues. The high CaO contents indicate relatively high degrees of olivine 

fractionation. Based on the equilibrium liquids from MORB pyrolite depths 

of segregation of 20-25kbars are required to explain the low-Ni series 

glasses with between 20-25wt% olivine fractionation. Table 16 summarizes 

the results of this study concerning the nature of primary magmas in the 

FNA area with the volcanic cycle outlined by Stakes et al. (1984). It 

appears that during episodic periods of faster spreading, primary MORB 

magmas segregate from deeper depths and result from a larger range of 

partial melting and undergo greater amounts of olivine fractionation,than 

during periods of slower spreading. During periods of faster spreading 

primary picrite melts are trapped at the base of steady-state magma 

chambers where they undergo crystal fractionation. 

The depths of magma segregation determined for the two magmas series 

at FNA agrees with the analysis of Klein & Langmuir (1987) and Nabelek & 

Langmuir (1986) concerning Ni-oliyine relationships. Klein & Langmuir 

(1987) suggest that if MORB suites display differences in Ni, the suite 

with the lower Ni contents at a given MgO may be derived from parental 

magmas with higher MgO contents, derived from greater extents of melting at 

greater depth. 

The parental magma for the picritic basalts (P 1) from Le Roex et al. 

(1981), in the projection from Di (Fig.26a) falls on or near an 18kbar 

cotectic from MORB pyrolite. However in the projection from plagioclase 

(Ab+An) •the composition P 1  plots above the 18kbar cotectic suggesting it is 

not a primary magma and has undergone some degree of olivine fractionation, 

possibly from a more picritic parent lying on a 20 or 25kbar cotectic. 
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Table 16 

Summary of the volcano-tectonic cycle of the FAMOUS-Narrowgate-AMAR area mid-Atlantic ridge and the composition of  

primary magmas based on Stakes et al. (1984)  

Stage 	 Description . 	 Primary magma compositions 

0 

1 

3 

4 

Temporary period when no magma chamber exists beneath the 

rift valley. Melts expelled from the mantle rise directly 

to the surface through tensional fractures continually 

created by spreading. 

Growth of a new magma chamber. Melts expelled from the 

mantle .begin to collect in a new, inflating magma reservoir 

beneath the ridge axis. Some melt may bypass the small 

protochamber, leaking directly through to the surface. 

Steady state magma chamber. Replenishment balances 

crystallization and loss of melt to the surface. 

Early stages of magma chamber solidification. Crystallization 

progressively gains ground on replenishment, and the chamber 
volume decreases. 

Advanced stage of magma chamber solidification. Replenishment 

ceases; crystallization plus or minus loss of melt to the 

surface causes chamber volume to rapidly diminish. 

Equals stage 0. 

Primary olivine tholeiite liquids 

from pressures of 10-18kbars, little 

(<10 wt%) or no olivine fractionation. 

Lherzolite residue, 20-25 wt% partial 

melting of a MORD pyrolite source. 

Primary picrite liquids from pressures 

of 20-25kbars, lherzolite to harzburgite 

residue, large range of partial melting 

(17-30 wt%) of a MORD pyrolite source 

followed by, extensive (20-25 wt%) 

olivine fractionation. 



PART III 

DREDGED IGNEOUS ROCKS FROM THE NORTHERN TERMINATION 

OF THE TOFUA MAGMATIC ARC, TONGA AND ADJACENT LAU BASIN 

3.1 INTRODUCTION 

During the cruise of the 'Natsushima' to the North Tonga Ridge and 

Lau Basin in 1984, igneous rocks were recovered from seven dredge stations 

(Falloon, 1985). Six different morpho-tectonic elements of the intra-

oceanic arc were sampled, while at one station backarc basin crust was 

sampled. In this PART, we present petrographic, wholerock major and trace 

element data and discuss the geochemical affinities of the dredged rocks. A 

more detailed treatment of the petrogenetic implications of some of this 

data will be presented in PART V. 

Analysis of the petrogenesis of Tongan arc lavas has so far been 

limited to the study of axial chain volcanoes of the Tofua magmatic arc 

(Cole, 1982; Bryan & Ewart, 1971; Bryan, 1979b; Bryan et al., 1972; Ewart & 

Bryan, 1972; Ewart et al., 1973; Ewart, 1976; Ewart et al., 1977). These 

volcanoes are constructional features of relatively minor scale in terms of 

the volume of the Tongan arc. As passage of magmas from the mantle through 

arc crust to eruption provides ample opportunity for extensive 

fractionation and mixing of parental and evolved magmas, it is likely that 

the compositions of lavas erupted from the volcanoes will not be 

representative of the arc crust as a whole. This possibility emphasises the 

importance of the dredged samples. As they were are all dredged from water 

depths generally >2000 m, they offer an insight into the nature of arc 

magmatism away from axial chain volcanoes, a topic about which little 

information presently exists. 

The igneous rocks recovered from each dredge station are 

geochemically distinct from the rocks of the Tonga Islands as well as from 

each other, indicating considerable geochemical complexity in the Tonga 

arc. Dredge stations on the North Tonga ridge and forearc were from a 

relatively restricted geographical area. Within this area, a range of 

mantle sources and possibly a range of partial melting conditions are 
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required to explain the geochemistry of the dredged rocks. Amongst the 

dredged rocks are highly magnesian lavas with affinities to both boninites 

and low-Ti ophiolitic basalts. The presence of these high-magnesian lavas 

has important implications for the petrogenesis of these distinctive rocks. 

3.2 GEOLOGICAL AND TECTONIC SETTING 

The Tonga ridge, trench and forearc together with the Lau backarc 

basin and remnant arc (the Lau-Colville ridge) form an intra-oceanic island 

arc system (Fig. 27). The Tonga ridge itself is morphologically complex, in 

its southern part consisting of two island chains separated by the 1800 m 

deep Tofua trough. The eastern chain of islands, the Wava itt-Eua' block, is 

covered by limestone and with the exception of Eua lacks exposed volcanic 

rock. The WavaAt-Eua' block represents an older Eocene to mid-Miocene 

forearc, formerly joined to the once active Lau-Colville ridge (Gill, 1976; 

Gill et al., 1984; Hawkins et al., 1984; Hawkins & Falvey, 1985; Duncan et 

al., 1985); it has since been separated by the opening of the Lau Basin. 

The western chain of islands is Plio-Pleistocene in age and comprises the 

presently active island arc, the "rofua magmatic arc' (TM-arc). This active 

chain of volcanic islands extends as far north as the islands of Tafahi and 

Nuiatoputapu; eruptive products range (in Si0 2  content) from basaltic 

andesite to dacite, with basaltic andesite being dominant (Ewart et al., 

1973; Ewart et al., 1977; Bryan, 1979b). The most recent volcanic activity 

was the 1968 Metis Shoal eruption (Melson et al., 1970). The TM-arc north 

of the islands of the Tonga ridge is truncated by a graben subparallel to 

the bend of the Tonga Trench, where there is a transition from subduction 

to transform tectonics (Giardini & Woodhouse, 1986). The North Tonga ridge 

is morphologically distinct from the South Tonga ridge, as the Wavda-Eua' 

block is no longer present; instead the North Tonga ridge has a deeply 

submerged, gently-dipping forearc. 

3.3 DREDGE LOCATIONS 

Dredge stations which recovered igneous material are shown in Fig. 28 

and details are given in Table 17. Station 15, which sampled acoustic 

basement outcropping on the upper trench slope, yielded several kilograms 

of small fragments of volcanic and subvolcanic rocks present as clasts in a 

canyon-fill, debris-flow type deposit of Late Miocene to Early Pliocene age 

(Honza et al., 1985). The main clast type is a clinopyroxene + plagioclase- 

. phyric basaltic andesite; dolerite and gabbro clasts with the same 
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Figure 27. 

Locality map southwest Pacific, showing the relationship of the Tonga ridge 

and trench to other elements of the SW Pacific region. (.0e ) represents 

islands of the young Tofua magmatic arc. Square outline is the area covered 

by Fig.28. Water depth contoured in 1000's of metres. 
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Figure 28. 

Locality map of the north Tonga ridge showing the location of the dredge 

stations which recovered igneous rock. Station 31, not shown on this map, 

is located at the southeastern end of the Peggy Ridge in the adjacent Lau 

Basin. Line marked X to X' is the line of the seismic profile shown in 

Fig.29. 



Table 17 

Summary of dredge locations, which recovered igneous material during the 1984 cruise of the 'Natsushima'  

Dredge Station Latitude S 	Longitude W 	Water Depth (m) 	Area Recovery 

1 15 17 37.7 172 	41.5 4325-4860 Trench wall Small basalt clasts, volcanogenic conglomerates, 

volcaniclastics. 

3 21 14 57.9 173 23.4 1500-2000 Transform-Trench wall Large haul of basaltic rock, volcaniclastics. 

4 22 14 	49.0 173 23.0 4400-4500 Transform-Trench wall Metagabbros, plagiogranite, serpentinite, 

volcaniclastics. 

5 23 15 19.6 173 	23.9 1600-2250 Forearc Blocks of vesicular basalts, volcaniclastics. 

6 24 14 	53.5 173 43.8 3090-3260 North Tonga ridge Two large pieces of vesicular pillow basalt, 

volcaniclastics. 

7 25 14 59.6 173 	45.6 2728-2805 North Tonga ridge Large haul fresh pillow lavas. 

11 31 17 	21.2 176 46.7 2220-2230 SE Peggy Ridge Lau Basin Volcaniclastics, pumice, one small piece of 

pillow rind. 



mineralogy as the basaltic andesite are also present. The igneous rocks 

represent an earlier volcanic episode than the young Tofua magmatic arc. 

Stations 21 and 22 are on a large isolated block (Fig. 29), separated 

from the North Tonga ridge by a major graben. Station 21 provided a large 

amount of fresh porphyritic and aphyric basaltic andesite and andesite, 

while large blocks of fresh and altered plutonic rocks (metagabbro and 

plagiogranite), altered basalt and serpent mite were 'recovered from station 

22. 

Station 23, on the southern scarp of the graben (Fig. 29), yielded 

one large block and several smaller pieces of basaltic andesite and 

andesite, along with small clasts of highly vesicular olivine + 

orthopyroxene + clinopyroxene-phyric lava. 

Stations 24 and 25 are on knolls aligned subparallel to the curved 

northern part of the Tonga Trench. Preliminary acoustic profiles show 

horsts and grabens with normal faults in this area (Honza et al., 1985). 

Large amounts of highly vesicular, fresh pillow basalt fragments with fresh 

glassy rinds were recovered from these stations. 

Station 31, located at the southeastern end of the Peggy Ridge in the 

Lau Basin, in an area extensively sampled by previous dredging (Hawkins, 

1976), gave rise to one small piece of pillow rind. 

Stations 21, 22, 24 and 25 are in an area extensively sampled by the 

Russian vessel 'R/V Kallisto' (Sharaskin et al., 1983), which dredged 

mainly in deep water, recovering proportionately larger quantities of 

altered ultramafic and mafic plutonic material; 'boninite' was reported 

near stations 24 and 25. Stations 24 and 25 were chosen to confirm the 

Russian sampling. 

3.4 ANALYTICAL TECHNIQUES 

Major and trace element geochemistry, including REE, of 

representative samples from each dredge station are presented in Tables 19, 

20 and 21. Major element geochemistry was determined by X-ray fluorescence 

spectrometry (XRF) using the method of Norrish & Hutton (1969). Ba, Rb, 

Sr, Zr, Nb, Y, Sc, Ni, Cr and V were determined on pressed powdered discs 

by XRF. REE's were also determined by XRF using the method of Robinson et 

al. (1986). 
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Figure 29. 

Single channel seismic profile across the north Tonga ridge indicating the 

large graben and isolated block at the termination of the north Tonga 

ridge, and the positions of dredge stations 21, 22 and 23. Seismic profile 

is taken from Kitekei'aho et al. (1985). 



Because each dredge station has its own distinctive petrographic and 

geochemical characteristics, the geochemical affinities of each dredge 

station will be presented separately. Before the dredge stations are 

discussed, it is worthwhile briefly outlining the known geochemistry of the 

TM-arc, because it will serve as a reference point in the discussion of 

the geochemical affinities of the dredged rocks. 

3.5 TOFUA MAGMATIC ARC 

The TM-arc, defined by the exposed Tongan volcanic islands, and 

dominated by basaltic andesites, with minor andesites and dacites (Ewart et 

al., 1973; Ewart et al., 1977; Bryan & Ewart, 1971; Bryan, 1979b), can be 

conveniently subdivided into two parts on geographic and geochemical 

criteria. The first part is defined by the volcanic islands of South Tonga 

which includes the basaltic andesites, andesites and dacites of Fonualei, 

Late, Hunga Ha'apai and Tofua. The basaltic andesites, which represent the 

least evolved compositions from the islands, have Si0 2  contents of between 

53-55 wt% (Ewart et al., 1973) and form a well-defined tholeiitic Fe-

enrichment trend on the Fe0t/Mg0 vs Si0 2  diagram (Fig. 30). The basaltic 

andesites have high abundances of large ion lithophile (LIL) elements 

relative to the heavy Rare Earth elements (HREE); REE abundances are low, 

and chondrite-normalized REE patterns are flat to slightly light Rare Earth 

element (LREE)-depleted; a representative pattern from Late (sample L1) is 

shown in Fig. 31d. The second group is defined by the basaltic andesites 

from the Northern Tongan island of Tafahi and a single andesite from 

Nivatoputapu (Ewart, 1976). The basaltic andesites from Tafahi are 

distinctly different from those of the South Tonga islands, having slightly 

lower SiO2 (51-54 wt%) and TiO 2 (0.36-0.41 wt% compared with 0.49-0.64 wt%) 

contents, and lower incompatible element abundances. The REE patterns are 

similar to basaltic andesites from the South Tonga islands, but REE 

abundances are lower (sample T-116 in Fig. 31d). One distinguishing 

characteristic of the Tafahi basaltic andesites is their low Zr content (8 

ppm; Ewart, 1976), reflected in high Ti/Zr ratios compared with those from 

the South Tonga islands (269-307 compared with 119-144). Such high ratios 

are characteristic of very depleted (depleted in the abundance of silicate 

incompatible elements relative to a chondritic mantle model, Gast, 1968) 

sources (Sun & Nesbitt, 1978). The low REE and other incompatible 

abundances, •and the lower TiO2  contents compared with those of the South 

Tonga islands, are consistent with the basaltic andesites of the North 

Tonga islands having been derived from a mantle source more depleted in 
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Figure 30. 

Fe0 /Mg° versus SiO 2 relationships of basaltic andesites and andesites from 

stations 15, 21 and 23 compared with those of the Tofua magmatic arc. The 

line is the dividing line between tholeiitic and calcalkaline suites of 

Miyashiro (1974). NT and ST are north and south Tonga respectively, the two 

main groups within the Tofua magmatic arc, as discussed in the text. Data 

for north Tonga and south Tonga taken from Ewart et al. (1973) and Ewart 

(1976). 

( • ) are station 21 basaltic andesities and andesites; data taken from 

Table 19 and Falloon unpubl. data. 

( • ) are station 23 basaltic andesites; data from Table 21. 

( A ) are station 15 basaltic andesites; data from Table 19. 
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silicate incompatible elements than the basaltic andesites of the South 

Tonga islands. 

In the following sections the petrography, geochemistry and 

geochemical affinities of the dredged samples is presented. Important 

petrographic features of the dredged lavas are summarized in Table 18. 

3.6 STATION 15 

3.6.1 Petrography 

Lava clasts from station 15 are microphyric basaltic andesites 

containing plagioclase (-5%) and clinopyroxene (-1-2%) as single euhedral 

microphenocrysts as well as microglomerocrysts. The clasts display a range 

of groundmass textures reflecting a range of cooling rates. Some clasts 

come from the glassy selvages of pillows, where the groundmass consists 

mainly of brown devitrified glass with sparse plagioclase microlites. 

Others display more coarse-grained subophitic textures. Alteration in 

coarser-grained samples is confined to interstices where chlorite and 

yellow-green smectite replace original glass. 

A single clast of metagabbro, too small for analysis, also from 

station 15, consists of approximately equal proportions of coarse-grained 

plagioclase and amphibole. The amphibole (actinolite + hornblende) replaces 

original clinopyroxene. Plagioclase shows signs of saussuritization. Minor 

anhedral titanomagnetite occurs between plagioclase and amphibole. 

3.6.2 Geochemistry 

Analysed clasts from station 15 (Table 19) are all basaltic andesites of 

relatively uniform compositions. Si0 2  contents vary from 52-55 wt%, while 

Mgfq(Mg/(Mg+Fet), Fet total iron as FeO) varies from 0.59-0.45. In terms of 

the Fe0t/Mg0 vs Si02  relationships, station 15 basaltic andesites show a 

tholeiitic trend, overlapping with and extending the TM-arc compositional 

trend (Fig. 30). However they differ from the TM-arc basaltic andesites 

being characterized by relatively high TiO 2  (>1.0 wt%) and Na 20 contents 

(>2.6 wt%), resulting in lower CaO/Ti0 2 , Al203 /Ti02  and CaO/Na20 ratios, 

lower Ba (<29 ppm), Sr (130-158 ppm) and REE contents, and higher Zr (57-94 

ppm) and Y (22-45 ppm) contents. REE patterns (Fig. 31a) are LREE-depleted 

with (La/Yb) N  = 0.47-0.81; TM-arc basaltic andesites have flat to slightly 

depleted REE patterns (Ewart et al.,  1973; Ewart et al., 1977). 
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Table 18 

Petrographic summary of dredge lavas from North Tonga 

IStation no. I Grouo I Phenocrysts and micronhenocrysts 

I 	15 	1 	1 Piaci • Cpx 
1 
1 a 	1 

1 
1 	1 

Croundmass 	 Comments  

I Glass (devitrified), plag • cps 1 Strong resorption in plag mph cores, patchy 	1 
I microlites, time;, chlorite and I toning in cpx mph. Some lavas show more coarse- I 
I smectite. Hyalopilitic to hyalo 1 grained subophitic textures. 	 1 
I -ophitic. 	 1 	 1 

1 	 I .  
I 	 I 	 I 

Opx • Oliv + (Cps) + (Cr-3p) 	I fresh glass. plaq + cpx micro- I Six types of glomerocrysts are observed in these I 
I lites, minor timg 	 1 lavas: 	 I 

1 	 I 	(1) opx, 	 1 

Opx • Cpx + Oliv 	 I coarse-grained sub-ophitic, 	I (2) opx + cpx, 	 I 
1 minor chlorite + smectite 	1 (3) cps + oliv, 	 1 

I 	 I (4) opx + cpx + oliv, 	 1 

Opx • Cpx + (Oliv) + (Plag) 	 1 fresh glass, plag + cpx micro- 1 (5) cpx + opx + pie;, 	 1 

I lites, minor timg 	 I (6) plag, 	 1 

1 	 I oliv, opx and plag have euhedral to strongly 	1 

Opx • Flag • Cpx • (Oliv) 	 1 as above 	 I resorbed grain boundaries, lavas range from 	1 

1 	 I strongly vesicular to non-vesicular. 	 1 

Opx + Plag • Cpx + Oliv + (Cr-sp) + 	I fresh glass acicular pyx micro- I 	 1 

(Tim;) 	 1 Mos 	 1 	 I 

1 	 I 	 1 

Plag + Opx • Cpx 	 I fresh glass plag • cpx micro- I 	 I 
I liten, minor timg 	 I 	 I 

I 	 I 	 1 

aphyric 	 I as above 	 1 	 I 

I 	 I 	 I 

1 	 1 	I 	 1 	 I 

I 	23 	1 	lik 	I Plag + Opx • Cpx • (Oily) 	 I fresh glass plag • cpx micro- 	1 
1 	1 	1 	 I Mos, minor timg 	. 	I 

1 	1 	1 	 1 	 1 

1 	 I 	A 	I Opx + Oliv + (Cr-sp) 	 1 fresh glass, quench pyx, minor I 

I 	 I 	I 	 1 cr-sp euhedra 	 1 

I 	 1 	1 	 1 	 1 

1 	 1 	B 	I Opx • Oliv • (Cr-sp) • (Cps) 	1 as above 	 1 

1 	I 	1 	 1 	 I 

similar to station 21 lavas, oliv strongly 
resorbed. 

opx • oliv subhedral, euhedral to strongly 
resorbed, opx glomerocrysts common. 

1 	1 	 1 	 1 	 1 
I 	24 	I 	I Oliv • Opx • Cr-sp 	 I as above . 	I many oliv mph have skeletal morhologies 	1 
1 	 1 	 1 	 1 
1 	25 	1 	I Oliv • Cr-sp 	 I as above 	 a 	 1 

phenocrysts and microphenocrysts are listed in order of modal abundances, brackets Indicate trace abundances (<1%), Plag 	 Oliv 
Ops ■orthopyrosene, cps +clinopyroxene. Cr-ap ..chromian spinal, Tim; -titanomagnetite, mph ■microphenocryst. BA -basaltic andeslte, pyx .pyroxenes. 



Table 19 

Major, trace and REE geochemistry of basaltic andesites from station 15  

	

1-30 	1-31 	1-33 	1-34 	1-38 	1-39 	1-35 	123 	AT 

103-1 	225-1 

SiO
2 	54.81 	55.35 	54.59 	53.56 	53.43 	51.49 	52.96 	53.62 	54.10 

TiO2 	1.28 	1.32 	1.25 	1.08 	0.96 	1.46 	1.01 	1.77 	1.06 

Al 203 	16.03 	16.07 	16.22 	17.11 	16.90 	15.81 	17.37 	15.59 	14.69 

Fe0 	10.24 	10.10 	10.36 	8.08 	8.47 	11.59 	8.15 	9.60 	11.66 

MnO 	0.19 	0.18 	0.18 	0.16 	0.16 	0.19 	0.15 	0.19 	0.21 

MgO 	4.58 	4.18 	4.64 	5.58 	6.08 	5.65 	7.77 	4.79 	5.32 

CaO 	9.19 	8.79 	9.13 	10.51 	10.84 	8.85 	9.00 	9.49 	10.32 

Na 20 	2.99 	3.02 	2.96 	3.12 	2.58 	3.38 	3.20 	3.39 	2.36 

K20 	0.61 	0.87 	0.58 	0.68 	0.48 	0.49 	0.29 	0.51 	0.11 

P 2
05 	0.09 	0.11 	0.10 	0.12 	0.10 	0.65 	0.11 	0.51 	0.11 

LOI 	1.54 	2.52 	1.85 	2.08 	1.15 	2.60 	2.59 

Mg it 
	

0.44 	0.42 	0.44 	0.55 	0.56 	0.46 	0.63 
	

0.47 	0.45 

Ba 	28 	29 	24 	26 	29 	16 	29 

Rb 	9 	13 	9 	10 	9 	10 	4 

Sr 	130 	131 	133 	158 	132 	156 	136 

Zr 	74 	78 	76 	87 	59 	94 	57 

Nb 	<1 	<1 	1 	1 	1 	<1 	<1 

Y 	30 	31 	30 	32 	29 	45 	22 

Sc 	39 	33 	39 	34 	40 	32 	39 

V 	349 	357 	349 	244 	259 	267 	257 

Ni 	23 	20 	25 	39 	52 	18 	109 

Cr 	. 	46 . 	33 	43 	131 	204 	27 	234 

La 	 2.84 	4.73 	1.98 

Ce 	 9.23 	12.41 	7.22 

Pr 	 1.56 	2.19 	1.44 

Nd 	 8.40 	12.24 	7.34 

Sin 	 2.84 	3.85 	2.57 

Eil 	 1.11 	1.53 	0.96 

Gd 	 4.04 	5.50 	3.37 
py 	 5.03 	6.68 	3.71 
Er 	 3.28 	4.58 	2.25 
Yb 	 3.20 	3.86 	2.06 

Samples 123 103-1 and ANT 225-1 are examples of T-type LBB from Hawkins 6, Melchoir (1985). 

Major element geochemistry summed 'to 100% volatile free, Fe0 t- total iron as FeO, LOP. loss 
on ignition. Major elements are in wt%, trace elements are in p.p.m. 
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3.6.3 Geochemical affinities 

Basaltic andesites from station 15 are of particular significance 

because they come from the basement sequence underlying the TM-arc, as 

recognized on single channel seismic profiles (Honza et al., 1985). 

Sediment adherring to the clasts gives a preliminary age of mid-Miocene to 

Early Pliocene (10-3.5 Ma) based on microfossil content (Honza et al., 

1985), providing a minimum age for the lavas. Using this age as a guide, 

there are four potential sources, of similar or older age, from which the 

basaltic andesites of station 15 could have been derived; these are 

discussed separately below: 

3.6.3.1 'Eua-Vavde block basement sequence 

Volcanic rocks of the 'Eua-Vavau' basement sequence are exposed on 

the island of Eua (Ewart et al., 1977; Ewart & Bryan, 1972; Hawkins & 

Falvey, 1985; Duncan et al., 1985). Radiometric dating has identified three 

periods of volcanism (Duncan et al., 1985), namely Late to mid Eocene(40- 

41 Ma), Late Oligocene (31-33 Ma) and Early Miocene (17-19 Ma). The mid-

Eocene phase of volcanism has been correlated with other Eocene basement 

sequences in the Southwest Pacific, all associated with the ancient 

'Vitiaz' arc (Gill, 1984; Gill, 1976; Gill et al., 1984). The geochemical 

data on Eua are limited and lavas have been altered to varying degrees 

(Ewart & Bryan, 1972), making it difficult to characterize lava 

compositions. Despite these difficulties, there are significant geochemical 

differences between the Eocene phase of volcanism and basaltic andesites 

from station 15. Compared with the Eua lavas, those from station 15 have 

lower Ba, and higher contents of Zr, Y, Ni, Cr and Ti0 2 . The one published 

REE analysis from Eocene volcanics, sample E7 (Ewart & Bryan, 1972), is 

LREE depleted, similar to station 15 REE patterns. The character of Early 

Oligocene volcanics is poorly constrained but is similar to the older 

Eocene volcanics (Hawkins & Falvey, 1985). The Early Miocene phase of 

magmatism is represented by dikes, intruding the older volcanic sequence, 

which range in composition from basaltic andesite to andesite, and are also 

geochemically distinct from station 15 basaltic andesites. 

3.6.3.2 Remnant arc, the Lau-Colville Ridge 

The Lau-Colville ridge was part of the former volcanic arc before the 

opening and spreading of the Lau basin in latest Miocene or Early Pliocene 
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times. The oldest exposed rocks on the Lau-Colville ridge (Gill, 1976), the 

Lau Volcanics (6.4-9.0 Ma), are calc-alkaline, have a lower FeOt and no Fe-

enrichment trend, and higher Ba, Sr, K, Rb and REE than station 15 lavas, 

(Gill, 1976); they are also LREE-enriched and have lower Ti/Zr ratios. It 

is highly unlikely that the station 15 tholeiites were formed during Lau-

Colville Ridge volcanism. 

3.6.3.3 Fiji 

Basement rocks comprising the Wainimala and Savura Groups on Viti 

Levu are potential sources for the basaltic andesites of station 15, as 

Fiji would have been in the vicinity of the present day North Tonga ridge 

prior to the opening of the Lau Basin. The basement rocks of Fiji range in 

age from 33 to 10 Ma and are composed primarily of an island arc tholeiite 

suite ranging from basalt to rhyolite in composition, which has suffered 

metamorphism to zeolite or lower greenschist assemblages (Gill, 1984). 

The Wainimala Group (Gill, 1970) displays a wide range in trace and 

minor element composition compared with the restricted range in composition 

present in the station 15 rocks. Important differences between the two 

suites are the higher abundances of Ba (50-124 ppm, compared with 16-29 ppm 

in station 15 lavas) and the presence of significant LREE enrichment in 

some of the Wainimala lavas [(La/Yb) N  = 0.59-2.33]. All station 15 lavas 

analysed for REE are LREE-depleted. Similarly, the Savura Group differs 

from station 15 lavas in having higher Ba, Sr and lower Zr contents. 

The Namosi Andesites, calc-alkaline lavas 6 Ma old, could be a 

potential source for station 15 clasts on the basis of age. They are 

excluded because of their calc-alkaline character, high Ba, Rb, Sr and K 20 

contents, and low TiO 2  and LREE-enriched REE patterns (Gill, 1970), similar 

to those of the Lau volcanics. 

3.6.3.4 Early Lau Basin Back-arc volcanism  

A fourth possibility for the origin of the station 15 basaltic 

andesites, is that they were erupted during the early stages of development 

of the Lau back arc basin. The oldest fauna (3. -1-3.4.Ma) found in the Lau 

Basin is in the base of DSDP hole 203. However the opening of the Lau 

basin probably began in the latest Miocene or Early Pliocene (Hawkins et 

al., 1984), meaning that the Lau basin began to form before the onset of 

volcanism of the present TM-arc. The TM-arc therefore may have been 
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constructed on early-formed Lau basin backarc crust. Support for this 

hypothesis is found in the similarity in chondrite-normalized element 

abundance patterns between the Lau basin basalt from station 31 and station 

15 basaltic andesites (Fig. 32a). The Lau basin sample 11-3 from station 31 

and the station 15 basaltic andesites have similar abundances of 

incompatible elements and have LREE depleted REE patterns. In particular 

the station 15 basaltic andesites have low Ba/La (1.06-4.62) and Sr/Zr 

ratios (1.66-2.4), atypical of arc-related volcanics but similar to Lau 

basin basalts. 

Despite these similarities in trace element signature, station 15 

lavas are unlike typical Lau basin basalts, such as sample 11-3, because 

they are high in Si0 2  (51-55 wt%), whereas Lau Basin basalts have MORB-like 

major element chemistry with Si0 2  <50 wt%, and high Al 203  and CaO contents 

(up to 14 wt%). The recognition of zonation in crustal composition of the 

Lau Basin by Hawkins & Melchior (1985) is therefore significant. 

Volcanics from the central part of the basin are N-MORE type basalts; these 

are flanked by belts of basalt similar to Mariana Trough basalts, 

designated normal(N)-type Lau Basin Basalt(LBB) and transistional(T)-type 

LBB respectively by Hawkins and Melchior (1985). The zonation is well-

defined on the western side but is obscure in the eastern side because it 

is probably buried by the younger TM-arc. In terms of major element 

chemistry, station 15 basaltic andesites are similar to the T-type LBB from 

the western margin of the Lau Basin, which have similar Si0 2  (51-54 wt%), 

TiO2 
(1.06-1.77) and K 2

0 (0.17-1.02) contents (Table 19). It is suggested 

that the early stages of development of the Lau Basin involved shallower 

depths of melt segregation or higher contents of H 20 at higher pressure, 

producing more silica-saturated parental liquids than magmas parental to 

lavas currently supplied to the spreading zones. The trace element 

signature of the mantle source has remained constant despite variations in 

the conditions of partial melting ( P-T-X H 0 ) during the evolution of the 
2 

Lau Basin. 

Station 15 basaltic andesites were probably erupted on the eastern 

side of the Lau Basin, early in its spreading history, and now form the 

basement to the TM-arc. Compared to conventional models of back-arc basin 

development (Crawford et al., 1981) it is unusual to find early Lau Basin 

crust outcropping on the forearc slope of the north Tonga trench. This 

implies either that a significant volume of pre-Lau Basin volcanic arc 

crust (of which the Lau-Colville Ridge is the remnant arc) has been 

subducted, despite its location on the over-riding plate, or that initial 
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Figure 32. 

Representative chondrite normalised abundance patterns for the dredge 

igneous rocks and othe related rocks. Normalising values are from Thompson 

et al. (1983), normalising value for Sc from Hickey & Frey (1982). The 

ordering of elements is •taken from Hickey & Frey (1982), except the order 

of LIL elements (Rb, K, Ba, Sr) is based on experimental studies of Tatsumi 

et al. (1984). 

A. Stations 15 and 31. 

B. Station 21, ( • ) is Manam Isalnd PNG (sample B2/12; Johnson et al., 

1985). 

C. High-mg lavas (Stations 23, 24 and 25). 

D. Low-Ti ophiolitic basalt (sample 10, from the Troodos Upper Pillow 

Lavas, Cyprus; Cameron et al., 1983) and a boninite (sample 2981, Bonin 

Islands; Hickey & Frey, 1982). 



Lau Basin rifting commenced in the forearc region of the Late Miocene arc. 

In the latter case, the Lau-Colville Ridge must represent the entire width 

of the Miocene arc axial ridge supporting the arc volcanoes. For the former 

case, the presence of in situ arc volcanics close to the Mariana Trench 

axis implies that blocks of Mariana forearc crust have been dragged into 

the subduction zone and subducted (Beccaluva et al., 1980). At this stage a 

forearc rifting model is favoured. 

3.7 STATION 21 

3.7.1 Petrography 

Dredged rocks from station 21 are all fresh, porphyritic to aphyric, 

vesicular to non-vesicular lavas which can be subdivided into five 

petrographic groups based on the types and abundances of phenocryst phases 

(Table 18) and major element geochemistry; MgO contents tend to decrease 

from group I to V. The distinguishing characteristics of these lavas 

compared with TM-arc lavas are the dominance of orthopyroxene as a 

phenocryst phase, and the presence of significant amounts of olivine (up to 

12 modal %) and Cr-spinel as microphenocrysts and inclusions in phenocryst 

phases. In contrast, the lavas of the Tonga islands are characterized by a 

two pyroxene-plagioclase assemblage, with plagioclase being the dominant 

phenocryst phase (Ewart et al., 1973). Olivine has only been reported as 

rare xenocrysts in basaltic andesites from the islands of Tofua and Kao, 

and in the Metis Shoal dacite (Bryan et al., 1972; Melson et al., 1970). 

Olivine, orthopyroxene, clinopyroxene and plagioclase are all present 

as discrete phenocryst and microphenocryst phases and also as glomerophyric 

clusters, but plagioclase and olivine rarely coexist in the latter. Olivine 

and orthopyroxene phenocrysts are generally euhedral and vary from >4 mm in 

size to microphenocrysts. Some larger olivine and orthopyroxene phenocrysts 

have resorbed margins, the olivines being rimmed by orthopyroxene plus 

minor clinopyroxene. This evidence for disequilibrium and reaction between 

olivine and liquid contrasts with the presence of euhedral olivine 

microphenocrysts. Where olivine is present with orthopyroxene and 

clinopyroxene in glomerocrysts, it is present in the core of the 

glomerocryst, suggesting that pyroxene glomerocrysts may be the result of 

the complete reaction of a large olivine phenocryst with melt. 

Plagioclase is most common as large glomeroporphyritic clusters, the 

glomerocrysts displaying either resorbed or euhedral grain boundaries. The 

119 



groundmass consists of generally fresh glass, plagioclase and clinopyroxene 

microlites. Textures range from hyalopilitic to more coarse-grained sub-

ophitic textures. Titanomagnetite is present as minor anhedral to skeletal 

granules in the glass. Many samples have abundant feathery quench pyroxene 

in the groundmass. 

3.7.2 Geochemistry 

Representative analyses of station 21 lavas (Table 20) define a high 

MgO, low K (Gill, 1981), low Ti, tholeiitic suite. Because of their high 

SiO2 content, station 21 compositions fall in the calc-alkaline field of 

Miyashiro (1974) but nevertheless show a distinct Fe-enrichment trend, 

emphasizing the inadequacy of this classification when dealing with high-

Si, high-Mg lava suites. The low initial Fe0t/Mg0 ratios are the result of 

relatively low FeOt contents (8.7-10.2 wt%), while MgO contents in station 

21 lavas range from 15 to 3 wt% (Mg# ranges from 0.41 in evolved aphyric 

lavas to >0.70 for the more mafic compositions). At a given Mg#, station 21 

lavas have lower TiO2  (0.2-0.45 wt%) and higher Si02  contents (52-61 wt%) 

than TM-arc basaltic andesites (Fig. 33). They have relatively high Ni and 

Cr contents compared with most island arc basalts and basaltic andesites 

(Ni up to 265 ppm, Cr up to 1095 ppm), Cr/Ni ratios being high, and >5 in 

MgO rich samples, and when compared with TM-arc basaltic andesites, have 

high abundances of Ba, Rb, Sr and K 20, but have lower abundances of Zr, Y 

and REE's. REE patterns are LREE-enriched (Fig. 31b); (La/Yb) N  varies 

from 1.36-4.97, heavy REE are low, and have relatively flat patterns 

(Gd/YbN  = 0.90-1.18, 1.52 in sample 3-36). Low Zr, Y and HREE abundances 

are similar to basaltic andesites from the island of Tafahi, but Tafahi 

samples differ in having higher REE abundances and LREE-depleted patterns 

(e.g. sample T116 has a (La/Yb) N  ratio of 0.77; Ewart et al., 1977). Tafahi 

basaltic andesites also have lower abundances of Rb, Ba, Sr and K 20, higher 

TiO2 and lower SiO2 for a given MgO content than lavas from station 21. 

3.7.3 Geochemical affinities 

Although station 21 lavas are distinctly different from those of the 

TM-arc suite, they show geochemical affinities with other low-Ti basaltic 

andesite suites, notably the Manam Island suite from Papua New Guinea 

(Johnson et al., 1985). Both the station 21 and the Manam suites have 

similar LREE-enriched REE patterns, low abundances of high field strength 

(HFS) elements (Y, Ti, Zr and P) relative to the REE's on chondrite 

normalized abundance patterns (Fig. 32b), and have high LIL elements (K, 
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Table 20 

Major, trace and REE geochemistry of representative samples from station 21 and 22 

	

3-44 	3-47 	3-53 	. 3-36 	B2/12 	4-11 	4-12 	4-15 	4-14 

P. 

SiO2 	54.35 	55.18 	57.51 	60.17 	52.64 	58.27 	54.59 	53.38 	73.23 

TiO2 	0.20 	0.31 	0.29 	0.42 	0.30 	0.59 	0.44 	0.33 	0.11 

Al 203 	10.67 	10.94 	13.18 	15.21 	14.93 	16.42 	15.04 	14.65 	14.38 

Fe0 	9.41 	10.00 	9.22 	8.90 	8.30 	7.60 	8.42 	10.69 	1.79 

MnO 	0.19 	0.19 	0.18 	0.15 	0.17 	0.16 	0.17 	0.19 	0.03 

MgO 	14.99 	12.14 	8.14 	3.35 	9.12 	5.52 	8.65 	8.42 	0.60 

CaO 	8.66 	9.24 	9.53 	7.68 	11.43 	6.50 	10.67 	10.21 	7.45 

Na 20 	1.14 	1.48 	1.35 	2.96 	2.40 	4.63 	1.85 	1.91 	2.30 

K20 	0.35 	0.48 	0.54 	1.01 	0.61 	0.27 	0.13 	0.18 	0.07 

P2 0 5 	
0.03 	0.05 	0.06 	0.14 	0.10 	0.04 	0.03 	0.03 	0.04 

LOI 	0.05 	0.98 	-0.07 	0.86 	0.65 	6.76 	1.25 	5.15 	0.52 

MgR  0.76 	0.71 	0.64 	0.43 	0.66 	0.56 	0.65 	0.58 	0.37 

Ba 	106 	113 	140 	271 	180 	26 	29 	37 	60 

Rb 	6 	7 	8 	19 	8 	5 	1 	3 	-- 

Sr 	151 	172 	202 	385 	514 	82 	74 	69 	550 

Zr 	12 	20 	17 	44 	22 	51 	45 	57 	48 

Nb 	<1 	<1 	<1 	4 	<1 	1 	2 	2 	16 

Y 	7 	8 	9 	13 	10 	19 	21 	32 	7 

Sc 	50 	51 	50 	34 	42 	34 	51 	61 	24 

V 	247 	259 	275 	309 	275 	203 	229 	191 	41 

Ni 	275 	153 	84 	21 	81 	51 	93 	82 	5 

Cr 	1095 	762 	365 	17 	288 	108 	189 	187 	9 

La 	3.25 	3.94 	9.49 	3.33 	1.73 	13.34 

Ce 	6.53 	7.95 	20.85 	7.92 	5.24 	30.60 

Pr 	0.82 	0.94 	2.57 	nd 	0.86 	2.96 

Nd 	3.70 	4.47 	9.29 	4.51 	4.46 	9.65 

Sm 	1.05 	1.31 	2.29 	1.27 	1.53 	1.57 

Eu 	0.39 	0.49 	0.67 	0.47 	0.57 	<0.24 

Gd 	 1.29 	1.34 	2.38 	nd 	2.54 	1.32 

Dy 	1.60 	1.67 	2.06 	nd 	3.20 	1.07 

Er 	1.01 	1.19 	1.33 	nd 	2.04 	0.52 

Yb 	0.95 	1.19 	1.26 	1.21 	2.31 	0.37 

Letters G and P signify metagabbro and plagiogranite respectively. Sample B2/12 from Manam 

Island, PNG (Johnson et al., 1985). Major element geochemistry summed to 100% volatile 

free, Fe0t - total 	iron as 	FeO, LOI 	loss on ignition. Major elements are in wt%, trace 

elements are in p.p.m, nd not determined, (--) below detection limit. 
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Rb, Ba, Sr) abundances relative to the REE's and HFS elements. Overall, 

rocks from station 21 comprise a more primitive suite than Manam, having 

higher MgO, Ni and Cr abundances and lower incompatible element abundances. 

The Manam and the station 21 suites share many petrogenetic 

similarities with boninite lavas from Western Pacific arcs (Hickey & Frey, 

1982; Cameron et al., 1983; Johnson et al., 1985), such as evidence for a 

'depleted' source peridotite metasomatized by two or more 'enriched' 

components, but their trace element signatures distinguish them from 

boninite sources. The most important distinguishing characteristic is the 

lack of a strong Zr-enrichment. Zircon enrichment in boninite suites is 

reflected by low Ti/Zr ratios (<70), and a Zr 'peak' relative to Sm on 

chondrite-normalized element abundance diagrams (Fig. 32b). The station 21 

and Manam suites lack both of these features and have geochemical 

affinities with low-Ti ophiolitic basalts rather than with boninite. 

3.8 STATION 22 

3.8.1 Petrography 

Metagabbros from station 22 possess primary pyroxene(s) which have 

been totally replaced by amphibole (hornblende and actinolite) and 

chlorite, fresh or slightly saussuritized plagioclase, and accessory 

titanomagnetite and secondary epidote. The plagiogranite is a fresh medium 

to fine grained holocrystalline rock with a microgranitic texture, and 

consists of equal amounts of quartz and plagioclase(An 60 ), plus -5-10 modal

•% hornblende with accessory sphene and apatite. Small pieces of 

serpentinite recovered from station 22 consist of serpentine, except one 

sample which contains relict cores of olivine and orthopyroxene, suggesting 

a harzburgit ic protolith. 

3.8.2 Geochemistry and geochemical affinities 

Metagabbros from station 22, characterized by high Si0 2  and low TiO2  

contents, have similar major element geochemistries 	to station 21 

basaltic andesites. However the metagabbros have significantly lower 

abundances of Ba and Sr, higher abundances of Zr, and Y, and the least 

altered sample(4-12, Table 20)has a LREE-depleted REE pattern (Fig. 31c). 

These trace element abundances are not considered to have been 

significantly affected by alteration because of the consistency of element 

ratios between samples which have suffered varying degrees of alteration 
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(e.g. LOI which ranges from 1.25 to 6.76 wt%). For similar reasons, 

metagabbros from station 22 lack genetic relationships with TM-arc rocks. 

The metagabbros were dredged from depths comparable with those of basaltic 

andesites from station 15 (4500-4440 m compared with 4325-4860 m). They 

contain a trace element signature similar to that of the basaltic 

andesites, having low Ba and high Zr contents, and LREE depleted REE 

patterns. It is possible that the basement sequence exposed at station 15, 

characterized by high-Ti basaltic andesites, is continuous along the North 

Tonga ridge. 

The plagiogranite from station 22 (Table 20) is characterized by high 

SiO2' and low K20 contents, consistent with the absence of K-feldspar. 

Unlike typical MORB-derived or ophiolitic plagiogranites which have flat 

HREE patterns (Coleman & Donato 1979), this specimen has a strongly HREE-

depleted pattern [(La/Yb) N  = 24, with a marked Eu anomaly (Fig.31c)]. The 

plagiogranite is high in Sr, and relatively low Ba and Rb, consistent with 

the absence of K-feldspar and is unusual in having a significance Nb (16 

ppm) content compared with the low Nb contents of other Tongan rocks 

(mostly below detection limit). The HREE-depleted REE pattern suggests 

involvement of garnet as a residual or fractionating phase in the 

petrogenesis of this rock. It is possible that the plagiogranite is derived 

from a slab-derived (eclogitic residue) as opposed to a mantle-derived 

(peridotitic residue) parent magma. 

3.9 STATION 23 

Basaltic andesites and high-Mg lavas were recovered from station 23. 

3.9.1 Basaltic'andesites 

3.9.1.1 Petrography 

Petrographically, the basaltic andesites are similar to those from station 

21, containing 6-14 modal % phenocrysts and microphenocrysts of 

orthopyroxene, clinopyroxene and plagioclase set in a hylopilitic 

groundmass of fresh glass, acicular plagioclase microlites and anhedral 

clinopyroxene grains. Olivine is present as rare resorbed phenocrysts 

surrounded by stubby orthopyroxene microphenocrysts, and contains Cr-spinel 

inclusions. Pyroxene-plagioclase glomerocrysts are common; larger 

orthopyroxene phenocrysts display blocky and patchy zoning and are 

frequently rimmed by clinopyroxene. 
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3.9.1.2 Geochemistry and Geochemical affinities  

The basaltic andesites are relatively uniform in composition (Table 

21) and compared with those of the TM-arc have on average higher Si0 2  

contents (55-56 wt% compared with 53-55 wt% for TM-arc compositions), lower 

Fe0t, higher MgO (reflected in lower Fe0t/Mg0 ratios; Fig. 30) and higher 

Ni and Cr contents. Similarities with TM-arc basaltic andesites include 

TiO2 contents (Fig.33b) and flat to slightly LREE depleted REE patterns 

(Fig. 5d); in these respects they contrast with the petrographically 

similar station 21 lavas. Incompatible element contents are lower than 

those of Tm-arc basaltic andesites, causing significant differences in 

trace element ratios such as Ba/La and Sr/La. The basaltic andesites from 

station 23 were derived from a mantle source different from, yet sharing 

many similar characteristics with, the mantle source of the TM-arc basaltic 

andesites. 

3.9.2 High-Mg lavas 

3.9.2.1 Petrography 

Small highly vesicular, highly phyric pieces of high-Mg lavas, also 

recovered from station 23, can be subdivided into two groups on 

petrographic and geochemical criteria (Table 18). In both groups olivine 

occurs as large subhedral to euhedral phenocrysts, sometimes with resorbed 

margins. Orthopyroxene is present mainly in euhedral glomerophyric 

clusters, but also as discrete phenocrysts and microphenocrysts, sometimes 

showing resorption. Orthopyroxene is mostly unzoned, although some 

phenocrysts show an unusual blocky or patchy zoning and rims of 

clinopyroxene. 	Clinopyroxene in Group B lavas (Table 18) is present 

mainly as small subhedral to euhedral microphenocrysts, and rarely as, 

large resorbed clinopyroxene phenocrysts. The groundmass is hyalopilitic, 

consists of abundant acicular pyroxene microlites and fresh glass, and 

contains small euhedral olivine and Cr-spinel microphenocrysts; plagioclase 

is absent. 

3.9.2.2 Geochemistry 

Representative analyses of the high-Mg lavas are presented in Table 

21. Samples 5-24 and 5-28 are from Group A and sample 5-25 is from Group B. 

Both groups are characterized by high MgO (16-21 wt%) at relatively high 

SiO2 contents (52-53 wt%). Group A lavas are more 'primitive', containing 
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Table 21 

Major, trace and REE geochemistry of basaltic andesites from station 23, 

high-Mg lavas from stations 23, 	24 and 25, and pillow rind from station 31 

5-24 5-28 5-25 	• 5-20 5-21 5-23 	St-27 	St-24 St-25 St-31 

6-3 7-18 11-3 

SiO2 52.95 53.72 53.83 56.30 55.92 56.11 	57.48 	56.04 54.72 50.22 
TiO2 0.15 0.14 0.36 0.62 0.48 0.38 	0.44 	0.31 0.45 0.65 

Al 203 7.92 8.27 9.63 15.20 16.56 16.66 	14.80 	10.60 10.90 15.33 
Fe0 9.70 9.65 9.71 9.77 9.29 8.76 	9.66 	8.46 8.65 9.57 

MnO 0.21 0.20 0.19 0.17 0.17 0.16 	0.17 	0.17 0.17 nd 
MgO 20.89 19.65 16.30 5.33 4.75 5.07 	5.36 	13.61 12.97 8.87 

CaO 7.18 7.54 8.50 10.20 10.80 11.03 	10.11 	9.17 9.65 13.40 

Na 20 0.85 0.69 1.27 2.08 1.80 1.58 	1.67 	1.14 1.52 1.96 

1( 2
0  0.14 0.12 0.16 0.24 0.19 0.19 	0.25 	0.43 0.71 nd 

P 20 5 0.01 0.02 0.04 0.07 0.04 0.04 	0.06 	0.07 0.26 nd 

LOI 0.13 -0.02 0.24 0.71 0.18 0.20 	0.57 	1:87 1.69 nd 

Mgt 0.79 0.80 0.77 0.52 0.48 0.51 	0.50 	0.76 0.75 0.65 

Ba 34 35 41 55 50 42 	57 	105 230 14 

Rb 2 2 3 4 3 3 	4 	8 12 2 

Sr 46 48 68 126 123 118 	108 	159 348 48 

Zr 5 7 20 39 25 15 	25 	32 53 21 
Nb <1 <1 <1 <1 <1 <1 	<1 	8 16 <1 

Y 5 - 	6 . 	10 17 14 11 	13 	8 11 22 

Sc 44 43 44 44 46 44 	49 	43 44 51 

V 191 200 225 298 270 231 	270 	214 223 299 

Ni 501 433 341 37 27 29 	40 	189 199 133 

Cr 2027 1767 .  1294 75 54 94 	124 	927 760 350 

La 1.51 2.82 1.91 	6.53 15.98 3.43 
Ce 3.34 6.44 4.43 	14.74 37.72 nd 

Pr 0.55 1.01 0.76 	1.73 4.48 5.52 
Nd 2.72 5.17 3.56 	6.36 17.29 5.83 
Sm 0.89 1.72 1.24 	1.30 3.23 8.17 

Eu 0.36 0.62 0.59 	0.45 1.02 8.61 

Gd 1.27 2.37 1.90 	1.35 2.68 10.58 

Dy 1.62 3.10 2.46 	1.27 1.84 11.57 

Er 1.10 2.15 1.78 	0.63 0.93 11.74 

Yb 1.14 2.07 1.78 	0.58 0.79 11.39 

For sample St-31 11-3. major element geochemistry determined by electron microprobe; others summed 

to 100% volatile free. Fe0t_ total iron as FeO, LO! .• loss on ignition, nd not determined. 

Major elements are in wt%, trace elements are in p.p.m. 
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Figure 33. 

A. SiO2 versus Mg# (Mg/(Mg + Fe
t )) for dredged rocks from station 21 and 

the basaltic andesites from station 23 compared with rocks from the TM-

arc. Roman numerals I-V refer to the petrographic groups from station 21 

outlined in Table 18. Field for the station 23 basaltic andesites 

constructed from data taken from Table 21. Fields for station 21 lavas 

constructed from data taken from Table 20 and Falloon (unpubl. data). 

Fields for the islands of the TM-arc constructed from data taken from 

Ewart et al. (1973) and Ewart (1976). 

B. TiO2 versus Mg# for dredged rocks from station 21 and basaltic andesites 

from station 23 compared with rocks from the TM-arc. Key same as for 

Fig. 33. 
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higher MgO, Ni and Cr, lower TiO 2  and lower abundances of incompatible 

elements such as Ba, Sr, Zr and Y. Both groups have high Mg# (0.75-0.79) 

appropriate for them to be in equilibrium with mantle olivine (>F0 88 ; 

Green, 1971). Although the high Mg# may also reflect the abundance of mafic 

phenocrysts in these lavas, so that whole rock compositions may not be 

representative of liquid compositions, the presence of euhedral olivine 

phenocrysts as magnesian as Fo 94  strongly supports the claim that the lavas 

have near-primary compositions. 

Group A lavas have low HREE abundances (<3X chondrites), such low 

abundances render the Group A samples unsuitable for the XRF-determined REE 

analytical technique of Robinson et al., (1986). Sample 5-25 from Group B 

has a flat REE abundance pattern (Fig. 31d) with (La/Yb) N  = 0.87 and low 

REE abundances(5x chondrites). The REE pattern of sample 5-25 is similar to 

those of the basaltic andesites of station 23 and the TM-arc, suggesting 

that the high-Mg lavas could be parental to these andesites. This 

possibility is precluded by the high Si0 2  content >52 wt%, the parental 

magma of TM-arc basaltic andesites requiring <50 wt% Si0 2 ; and a low FeOt 

of 9.6-9.7 wt% for Group B lavas which produce low initial Fe0t/Mg0 ratios 

and result in station 23 high-Mg lavas plotting away from the main TM-arc 

trend (Fig. 30). 

The high-Mg lavas from station 23 could be the source of xenocrystal 

olivine (Fo 93 ), orthopyroxene and Cr-spinel in the Metis Shoal dacite 

(Melson et al., 1970), and could therefore be involved in magma mixing 

processes beneath the young TM-arc. The Group B high-Mg lavas are possibly 

co-magmatic with basaltic andesites from station 23, which have similar REE 

patterns. The geochemical affinities of high-Mg lavas from station 23 is 

discussed separately in conjunction with high-Mg lavas from stations 24 and 

25. 

3.10 STATIONS 24 AND 25 

3.10.1 Petrography 

The glass rind of pillow lavas from station 24 consists of abundant 

small euhedral olivine and orthopyroxene microphenocrysts, some with 

skeletal morphologies, minor small Cr-spinel euhedra and complexly 

intergrown quench clinopyroxene laths set in fresh glass. The glass rind of 

pillow lavas from station 25 are similar but contain no orthopyroxene 

microphenocrysts. Pillow interiors are characterized by interconnecting 
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elongate and spherulitic quench clinopyroxene laths, fresh glass, with 

abundant (-10 modal %) euhedral olivine microphenocrysts and phenocrysts. 

Station 24 pillow lava interiors also contain orthopyroxene 

microphenocrysts, however olivine is the more abundant phenocryst phase. 

Apart from the absence of large orthopyroxene phenocrysts, the petrography 

of station 24 and 25 pillow lavas is similar to that of the high-Mg lavas 

from station 23 in that the groundmass of both contain abundant olivine 

microphenocrysts, orthopyroxene and Cr-spinel euhedra. Lavas from stations 

24 and 25 may have erupted at temperatures above the orthopyroxene 

liquidus, whereas those from station 23 quenched below the appearance 

temperature of orthopyroxene. 

3.10.2 Geochemistry 

Samples 6-3 and 7-18 (Table 21) are representative of the high-Mg lavas 

from stations 24 and 25 respectively. Compared with high-Mg lavas from 

station 23 they are higher in Si0 2  and TiO2 (0.3-0.45 wt%), lower in MgO 

and are strongly enriched in incompatible elements Rb, Ba, Sr, Zr, Nb, Y 

and K. The REE patterns (Fig. 31e) are LREE-enriched (La/Yb N  = 7.46-13.4); 

those from station 25 are more enriched in incompatible elements than lavas 

from station 24. The geochemical affinities of the pillow lavas is 

discussed below. 

3.11 STATION 31 

3.11.1 Petrography, Geochemistry and Geochemical affinities 

The pillow rind recovered from station 31 (sample 11-3, Table 21), 

consisting of minor euhedral plagioclase microlites, euhedral olivine 

microphenocrysts and fresh glass, has geochemical affinities with primitive 

MORB glasses (Langmuir et al., 1977; Bryan & Moore, 1977) but differs in 

its relatively higher Fe0t, which produces a Mg# lower than primitive 

MORBs. 

Sample 11-3 is geochemically and petrographically similar to other 

Lau Basin basalts (e.g. site 95, Hawkins, 1976, Hawkins & Melchoir, 1985). 

Although Hawkins & Melchoir (1985) emphasized their geochemical 

similarities with N-type MORB, there are significant differences, as 

illustrated by 11-3, which indicate a distinctive Lau Basin (back-arc 

basin) magma type. These characteristics include: 
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(1)Compared with primitive MORB glasses of similar Mg# or MgO content, 

sample 11-3 has significantly lower TiO 2  contents. The more magnesian 

sample 95-1 has only 0.35 wt% TiO2  (Hawkins, 1976; Gill, 1976) whereas 

primitive MORB glasses have TiO 2  contents > 0.63 and m6stly between 0.7-0.9 

wt%. 

(2)High CaO contents and high CaO/Al 203  and CaO/Na 20 ratios. Combined with 

and other Lau Basin samples (e.g. 14.7 wt% CaO in sample 95-12; Hawkins & 

Melchoir, 1985) sample 11-3 has an exceptionally high CaO content even for 

relatively calcic MORB glasses. 

(3)Lau Basin basalts have low abundances of incompatible elements, 

especially Sr (48 ppm in 11-3; 52-155 ppm in primitive MORB glasses),Zr (21 

ppm in 11-3; 18-51 ppm in primitive MORB glasses) and Ba (14 ppm in 11-3; 

11-50 ppm in primitive MORB glasses). 

(4)Sample 11-3 has a strongly LREE-depleted REE pattern (Fig. 31f), with 

(La/Yb) N  = 0.3; sample 95-1 (Gill, 1976) has a more depleted pattern 

(La/Yb) N  = 0.17. Few primitive MORE glasses have such depleted patterns. 

3.12 GEOCHEMICAL AFFINITIES OF THE HIGH -MG LAVAS 

Samples from the flank area of the 'island arc' are remarkable for 

the consistency and dominance of 'primitive' highly magnesium lavas 

characterized by highly magnesian olivine and orthopyroxene phenocrysts and 

glass which has high Mg#. In contrast, there is a paucity of such rocks 

amongst the emergent volcanoes or indeed in the classical rocks comprising 

the island arc magma series (calc-alkaline, island arc tholeiite and 

shoshonitic volcanics; Gill, 1981). Thus it is significant that these high-

Mg lavas, which contain both magnesian olivine and orthopyroxene, imply 

source compositions of peridotitic rather than eclogitic or pyroxenitic 

character. 

A comparison of the high-Mg lavas from station 23, 24 and 25 with 

other primitive lavas indicates strong affinities with low-Ti ophiolitic 

basalts (Sun & Nesbitt, 1978), such as the Upper Pillow Lavas from the 

Arakapas Fault Belt region, Cyprus (Cameron, 1985). In terms of 'petrography 

alone the Tongan high-Mg lavas can be .considered exact equivalents of 

Arakapas type pillow lavas. Arakapas lavas also contain orthopyroxene-

dominated and olivine-dominated lavas, equivalent to rocks from station 23 

and stations 24 and 25 respectively. Low-Ti ophiolitic basalts have 



similar groundmass textures to boninites, leading to confusion in 

nomenclature (Cameron et al., 1979; Cameron et al., 1983). However the 

Tongan high-Mg lavas, together with low-Ti ophiolitic basalts, are 

distinguished from boninite by the following characteristics: 

(1)Whereas Tongan lavas and low-Ti ophiolitic basalts have olivine as an 

important phenocryst and microphenocryst phase, olivine is rare or absent 

from boninites (Walker & Cameron, 1983; Jenner, 1981). The former rocks 

also lack clinoenstatite as a phenocryst phase. 

(2)SiO2 contents at a given MgO are lower in the Tongan and low-Ti 

ophiolitic lavas (Cameron et al., 1983). 

(3)High CaO contents relative to boninites (Fig. 34) are reflected in high 

CaO/A120 3 ratios. Pillow lavas from stations 23, 24 and 25 with CaO/A1 203 
ratios of between 0.7-0.9, are generally higher than primitive MORB glass 

compositions, and significantly higher than boninites which have 

characteristically low CaO/Al 203  ratios (Cape Vogel boninites have 

CaO/A1 203 ratios of 0.66-0.52) because of low CaO contents. In Fig. 34, the 

CaO content of Tongan high-Mg lavas overlaps with Troodos Upper Pillow Lava 

compositions and plots well away from clinoenstatite-bearing boninite. A 

clear separation appears to exist between boninite and Tongan lavas but two 

examples from the Bonin Islands plot with the Tongan lavas, while 

'boninite' series rocks from site 458 (Meijer, 1980) seem to fall between 

the two fields (Fig. 34). The two examples from the Bonin Islands which 

plot with the Tongan lavas contain magnesian clinopyroxene instead of 

clinoenstatite and are unrelated to other typical boninite rocks on 

Chichijima (Unimo, 1986). These two rocks however are very similar to 

station 25 high-!'g lavas (PART V). Clinoenstatite is also absent from site 

458 lavas. These 'intermediate' site 458 lavas could possibly be the result 

of mixing between a low CaO boninite-type liquid with a more calcic magma, 

such as a Troodos type liquid or even a calcic Lau Basin type liquid. 

(4)Both the Tongan lavas and low-Ti ophiolitic basalts lack the 

characteristic enrichment of Zr over the middle REE element Sm on 

normalized abundance patterns present in boninites (see Fig. 32c for the 

Tongan high-Mg lavas and Fig. 32d where a representative boninite and 

Troodos pattern are compared). The chondrite-normalized element abundance 

patterns for the Tongan high-Mg lavas are variable, and different from the 

boninite and Troodos patterns in Fig. 32d. The differences between the 

Tongan high-Mg lavas and the Troodos Upper Pillow Lavas can be attributed 
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to a difference in the nature of an 'enriched' metasomatizing component, 

which invaded a depleted mantle source. The nature of the proposed 

'enriched' component is presented in PART V. 

3.13 SUMMARY 

Apart from stations 15 and 31, dredging during the cruise of the 

'Natsushima' in 1984 took place within a small area at the northern 

termination of the North Tonga ridge. Each dredge station yielded 

distinctive suites of rocks which are different both from one another and 

from the young volcanics of the Tofua magmatic arc, and which are primitive 

in having high Mg# compatibile with derivation from mantle peridotite 

sources. These characteristics require the existence of a range of mantle 

sources at the northern end of the Tonga ridge, as well as a probable range 

in partial melting conditions (P-T-X H  ,). Possibly the unique tectonic 
2' 

setting of the dredged rocks, next to the intersection of a volcanic arc 

and a transform fault-oblique subduction system has allowed contributions 

from a variety of different sources (slab, mantle wedge, LVZ), through 

processes such as en echelon  rifting, and minor spreading. 

Basaltic andesites from station 23 display the closest affinities to 

those from the TM-arc; the higher Si0 2  contents at similar Mg# of station 

23 lavas could be explained by a shallower depth of melt segregation or 

alternatively higher P H 0  during partial melting (Green, 1976). 
2 

The high-Mg lavas have similarities with low-Ti ophiolitic basalts, 

and support an intraoceanic island arc setting for ophiolites with these 

distinctive types of lavas. They are primitive in character (high Mg#, Ni 

and Cr) and are possible mantle-derived primary melts in an island arc 

setting. Basaltic andesites from station 15, from the basement of the TM-

arc, have strong geochemical affinities with early Lau Basin basalts. It is 

possible that the basement of the young TM-arc along the North Tonga ridge 

is old Lau Basin crust, as previously suggested by Hawkins et al. (1984), 

Hawkins & Falvey (1987), and Hawkins & Melchoir (1985). The dredged rocks 

demonstrate that arcs are geochemically complex, and that exposed volcanic 

islands may not be representative of the volcanism which constructed the 

arc. 
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PART IV 

GLASS INCLUSIONS IN MAGNESIAN OLIVINE PHENOCRYSTS FROM TONGA: EVIDENCE 

FOR HIGHLY REFRACTORY PARENTAL MAGMAS IN THE TONGAN ARC. 

4.1 INTRODUCTION 

One of the important aims of petrological studies in island arcs is 

to determine the nature of 'parental' and 'primary' magmas for different 

magma series commonly observed (calc-alkaline, island arc tholeiite, 

boninite, etc.). However most volcanic rocks of these series are 

phenocryst-rich and lie on compositional trend lines in which effects of 

crystal fractionation, contamination, magma mixing and volatile loss can be 

reasonably proven or inferred. It is commonly not possible to identify 

parental or primary compositions in these magma series without somewhat 

arbitrary assumptions. 

It is possible to avoid these complications by studying glass 

inclusions in early crystallizing phases of island arc magmas, such as Cr-

spinels, olivines and orthopyroxenes. These trap small samples of their - 

host magma, preserving them as inclusions (Anderson, 1974; Watson, 1976). 

The only problem with this approach is to see through the effects of post-

entrapment interaction between the host mineral and glass inclusion. 

We present here the compositions of trapped glass inclusions in very 

•magnesian olivine (Fo 94 ) phenocrysts which occur in highly magnesian lavas 

dredged from the forearc of the north Tonga ridge during the 1984 cruise of 

the 'Natsushima' (Honza et al., 1985; PART III). The location of the 

dredged magnesian lavas is shown in Fig. 28 (PART III); details of the 

location, petrography and geochemistry of the dredged rocks are given in 

PART III. The particular samples reported here are 3-24 and 5-25 from 

stations 21 and 23 respectively. 
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4.2 PETROGRAPHY 

The glass inclusions occur in large (<1-5mm) olivine phenocrysts, 

which have euhedral to resorbed grain boundaries and contain euhedral Cr-

spinel inclusions. The olivines are very magnesian, with Fo 94  in the cores, 

and rim compositions ranging from Fo 95  _ 88 ; the latter are close to being in 

equilibrium with the quenched matrix of the host magma (Mg# = 0.706, Mg# = 

Mg/(Mg + Fe t )); however the magnesian cores are significantly out of 

equilibrium. The glass inclusions range in size from <0.05 to 0.2mm (Fig. 

35a). The glass in most of the inclusions has been effectively chilled, so 

that no quench crystals are visible under either optical or scanning 

electron microscopes. In some olivines, however, the glass inclusions 

display well developed quench pyroxenes (Fig. 35b) of ferro-augite 

composition. No amphiboles or any other hydrous phases have been detected 

in any of the inclusions. The glass inclusions also have a trapped volatile 

component, evidenced by a empty vapour bubble (Fig. 35c); we have not yet 

found examples of unbreached fluid inclusions. 

- 4.3 COMPOSITION OF THE GLASS INCLUSIONS 

The compositions of the glass inclusions were determined by a Jeol 

JXA-50A microprobe with an energy-dispersive analytical system. A 

composition range was observed with centres of large inclusions giving most 

magnesian compositions (6-8 wt% MgO) and rims of larger inclusions and 

cores and rims of small inclusions giving more Fe-rich compositions (2-5 

wt% MgO, 4-5 wt% FeO) relative to MgO. This effect is attributed to growth 

of quench olivine on the walls of inclusions and thus the cores of large 

inclusions give the closest approach to the original entrapped liquid. 

Compositions of some of the glass inclusions in the olivine 

phenocrysts are listed in Table 22. The glass totals from the electron 

microprobe are approximately 95 wt% indicating the possibility of H 20 

dissolved in the glasses. This is currently being tested, using an infra-

red microprobe technique. The glass compositions have all been modified by 

the host olivine, as evidenced by their low Mg# numbers (0.62-0.73), which 

are not in equilibrium with the host olivine core composition, assuming a 

Kd (equilibrium distribution coefficient for Fe and Mg between olivine and 

liquid) of 0.3 (Roedder & Emslie, 1970) and a Fe 2+/(Fe2++ Fe3+) ratio of 

0.9. The olivine host becomes progressively more Fe-rich towards the glass 

inclusion; however it is difficult to establish the exact composition of 
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Figure 35a. . 

An example of a well quenched glass inclusion in a magnesian olivine 
phenocryst (Fo 94 ), sample 5-25, station 23, crossed nicols, magnification 
16x. 

Figure 35b. 

Well developed quench pyroxenes in a glass inclusion in a olivine 

phenocryst, sample 3-24, station 21, crossed nicols, magnification 6.3x. 

- Figure 35c. 

An example of a breached glass inclusion in a magnesian olivine phenocryst 

(Fo 94 ). Groundmass of the host lava consists of pyroxene and glass. A 

smaller glass inclusion occurs to the left of the breached inclusion. 

Sample 5-25, station 23, plane polarised light, magnification 6.3x. 





Table 22 

Olivine glass inclusion microprobe analyses 

1 	2 	3 	4 5 6 	7 	8 

SiO2 58.64 	61.22 	61.78 	61.08 60.68 60.26 	60.80 	60.88 

TiO2 0.22 	0.21 	0.19 	- - 0.19 	- 

Al 203 12.38 	14.18 	14.27 	13.99 12.24 12.31 	12.42 	13.41 

FeO 6.91 	4.31 	4.17 	4.21 6.59 6.28 	5.99 	4.80 

MgO 7.52 	3.71 	3.59 	6.27 6.06 6.03 	5.95 	5.03 

CaO 13.41 	14.78 	14.89 	13.57 13.55 13.89 	14.18 	14.77 

Na20 0.62 	0.75 	0.85 	0.74 0.48 0.71 	0.49 	0.85 

K2 0 0.19 	0.16 	0.16 	0.15 0.30 0.20 	0.17 	0.18 

Cl 0.10 	0.08 	0.10 	- 0.11 0.12 	0.07 

Mgi 0.66 	0.60 	0.61 	0.73 0.62 0.63 	0.64 	0.65 

Remarks: 

analyses. 

no.s 1, 	2, 	6, 	7, 	8 are spot analyses, 

Glass totals normalised to 100%. 

no.s 3, 4, 5 are broad area scan 
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the olivine immediately adjacent to the glass, due to glass-olivine 

overlap. The glasses have high Si0 2  contents (58-62 wt%), low TiO 2  contents 

(0.19-0.22 wt%), and high CaO contents (13.9-14.9 wt%) relative to Al 203  

(12.4-14.27 wt%) and low Na 20 (0.48-0.85 wt%) contents. Because of the high 

CaO contents, the inclusions have high CaO/Al 203  ratios (0.97-1.14) and 

exceptionally high CaO/Na 20 ratios (18-29). 

Under the electron beam, especially during spot analysis, Na 20 may 

volatilize, resulting in anomalously low Na 20 contents. This problem was 

investigated by 1) comparing spot and broad area scans of the same 

inclusion and 2) by monitoring the counts on Na with time, for a spot 

analysis. Both approaches confirmed that Na-volatilization was not a 

problem, using the very low beam current (0.7 nanoamps) and spot and area 

scan techniques described above. The low Na 20 contents of these inclusions 

is definitely a primary feature. 

4.4 CHEMICAL AFFINITIES OF THE CALCULATED PARENTAL MAGMA COMPOSITION 

To establish the original magma chemistry sampled by a glass 

inclusion prior to post-entrapment processes it is necessary to incremently 

add back olivine to the most magnesian glass compositions analysed. Two 

assumptions required are the Fe 2+/(Fe3+ + Fe2+ ) ratio of the glass (0.9), 

and the Fe-Mg Kd between olivine and liquid (0.3). The relatively reduced 

Fe2+/(Fe3+ + Fe 2+ ) ratio of 0.9 was chosen as the Cr-spinels which also 

occur as inclusions in the olivine phenocrysts, have very low Fe 3+ contents 

(Fe 3+ /(Fe3+ + Al + Cr)-0.06) suggesting relatively low f 	in the original 02 	' 
magma which crystallized the magnesian olivines. An example of a calculated 

magnesian magma composition, in equilibrium -with-  Fo 9-4  olivine, is given,in 

Table 23 (analysis no. 4). 

The calculated Tongan composition in terms of its high CaO, high 

CaO/Na20 and CaO/A1 203 ratios has geochemical affinities to proposed 

second-stage melts developed in oceanic tensional environments (Duncan & 

Green, 1980, 1987), such as the Upper Pillow Lavas from the Troodos 

ophiolite, Cyprus, and basalts from the Lau Basin (examples given in Table 

23). Compared to stage-one melts, which are parental to typical MORE, 	- 

second-stage melts have characteristically higher Si0 2  and CaO, and lower 

TiO2 and Na 20 contents. A typical stage-one parental composition to MORE is 

given in Table 23, (analysis no. 1), it has a CaO/Na 20 ratio of 6.41 and a 

CaO/A1203 ratio of 0.79. The Tongan composition and other second-stage 

melts have CaO/Na 20 ratios >-14 and CaO/A12  03  ratios >-0.9. Magmas of these 
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Table 23 

Refractory melts developed in oceanic tensional settings  

SiO2 48.30 50.42 52.40 54.72 58.09 50.90 

TiO2 0.60 0.34 0.30 0.15 0.14 0.60 

Al 203 13.70 15.75 11.70 9.57 7.11 14.40 

FeO 7.90 8.59 8.40 7.22 9.22 6.90 

MnO 0.10 0.16 0.10 - - 0.10 

MgO 16.70 9.78 15.80 17.15 20.70 12.10 

CaO 10.90 14.67 10.70 10.50 3.91 13.60 

Na 20 1.70 0.99 0.70 0.54 0.62 1.40 

K2 0 0.10 0.01 0.10 0.15 0.21 0.10 

Total 100.00 100.71 100.20 100.00 100.00 100.10 

Mg# 0.79 0.67 0.77 0.81 0.80 0.76 

(1)Primary MORB magma composition, olivine tholeiite DSDP3-18-7- 

1 (Frey et al.,  1974) + 17 wt% Fo 91 (Green et al., 1979). 

(2)Lau Basin Basalt glass analysis 123 95-12 (Hawkins & 

Melchior, 1985). 

(3)Inferred Upper Pillow Lava parental liquid (Duncan & Green, 

1980). 

(4)Calculated parental magma composition in equilibrium Fo 94 
olivine. 

(5)Cape Vogel, parental magma composition (Walker & Cameron, 

1983). 

(6)Xenocryst melt inclusion (Donaldson & Brown, 1977). 

(-) not determined. 
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characteristics have so far not been identified from major mid-ocean ridge 

tectonic environments, however several compositions have been identified 

which have a second stage melt 'fingerprint'. These are 1) xenocryst melt 

inclusions (e.g. Table 23, analysis no. 6), from the Mid-Atlantic ridge 

(Donaldson & Brown, 1977), 2) basaltic glass from DSDP site 236, Indian 

Ocean (Melson et al., 1977), 3) basaltic glass from the Costa Rica rift 

zone (Autio & Rhodes, 1984). All these samples have higher CaO/Na 20 and 

CaO/A1 203 
ratios than typical MORB. It is possible that more extreme 

compositions, such as those from Tonga, Troodos And the Lau Basin are 

involved in the production of ocean crust but are not directly observed due 

to processes such as magma mixing. 

The Tonga composition shows the closest affinities to the inferred 

parental liquid to the Troodos ophiolite, Cyprus, but contains higher Si0 2  

(54.7 compared to 52.4 wt%) and lower Na 20 contents (0.54 compared to 0.7 

wt%) and TiO2  contents (0.15 compared to 0.3 wt%). Such compositions may be 

a characteristic of forearc tensional environments. Boninites are another 

primitive magma composition which have been recovered from the forearc 

regions of W. Pacific island arcs. These are distinctly different from the 

Troodos, Tongan and Lau Basin compositions, in their characteristically 

high Si02  and very low CaO contents, which result in low CaO/Na 20 and 

characteristically low CaO/Al 203  ratios (-<0.6). Although there are 

distinct major element differences between the primitive Tongan liquid 

identified and boninites, the Tongan composition does have geochemical 

affinities to boninites in terms of Cr-spinel compositions. Cr-spinels also 

occur as euhedral inclusions in the magnesian olivines containing the glass 

inclusions. They have very high Cr# >0.80, overlapping with Cr-spinels from 

boninites, and are distinctly more Cr-rich than spinels from Troodos (Cr# 

<0.80), (Fig. 36). The similarity in Cr-spinel compositions between the 

Tongan and boninite compositions indicates that they were derived from 

similar depleted mantle sources. There appears to be a spectrum of 

primitive magma compositions being supplied to the forearc and possibly 

back-arc regions of intra-oceanic island arcs. ' 

The compositions in Table 23 are plotted in Fig. 37, for comparison 

with equilibrium partial melt compositions from a MORB pyrolite composition 

(PARTS I, II) and a more depleted peridotite composition, Tinaquillo 

lherzolite (Jaques & Green, 1980; Falloon et al., 1987). The stage-one melt, 

S 1, 
is the MORB parental composition from Green et al. (1979) (DSDP3-18-7-1 

+ 17 wt% Fo 91 ), which is a primary melt at 20kb, segregating from a upper 

mantle peridotite (M, on Fig. 37) at 1420 °C leaving a harzburgite residue 
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Figure 36. 

Crx100/(Cr + Al) and Mgx100/(Mg + Fe) variations in spinel inclusions in 

magnesian olivine phenocrysts from north Tonga (Falloon unpubl. data) 

compared with spinels from Back-arc basin basalts (BABB), mid-ocean ridge 

basalts, boninites (Dick & Bullen, 1984), and Troodos Upper Pillow Lavas 

(Duncan & Green, 1987). 
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01 

Figure 37. 

CIPW molecular norm projection from Di onto the base of the basalt 

tetrahedron Jd + CaTs-Oliv-(2tz. M is a MORB pyrolite composition (PART I, 

II), T is Tinaquillo lherzolite (Jaques & Green, 1980) and R is the 

residual mantle composition after removal of stage-one melt composition SI  

(DSDP3-18-7-1 + wt% Fo 91 , Green et al.:1979) from MORB . pyrolite. 

Compositions S 1  to S 6  are taken from Table 23, ananlyses 1 to 6 

respectively. Lines represent cotectics derived from the experimental 

melting of MORB pyrolite (PART I, II) and Tinaquillo lherzolite (Jaques & 

Green, 1980; Falloon et al., 1987). 

Solid lines represent locus of liquids in equilibrium with olivine only. 

Dashed lines represent locus of liquids in equilibrium with olivine and 

orthopyroxene only. 

Dashed area represents locus of liquids in equilibrium with olivine and 

orthopyroxene and clinopyroxene. 



(R, on Fig. 37). The residual diapir from this first stage melting event 

may continue to rise adiabatically and generate an additional melt fraction 

at some shallower depth. The range of second-stage melts (S 2 , S 3 , S 4 , S 5 , 

S 6 ) indicates a range of depleted residual mantle sources. Experimental 

studies on the Troodos parental composition (S 3 ), suggest it is a primary 

magma, having segtegated from depleted upper mantle peridotite at about 

25km, 1360 °C leaving a harzburgite residue, with a water content of 0.5-1.0 

wt% (Duncan & Green, 1987). The position of the Tongan primitive magma 

identified from the olivine glass inclusions (S 4 ), indicates a pressures of 

melt segregation of <5kb under anhydrous conditions in equilibrium with a 

harzburgite residue or at higher pressures (7-8kb), similar to the Troodos 

composition, at higher water pressures. The position of the boninite 

parental composition (S 5 ) requires it to have the most depleted of mantle 

sources. Experimental work by Jenner (1983) indicates that boninite 

compositions may derive from quite shallow levels (<5kb), provided water is 

present. The position of the Lau Basin glass (S 2 ) and the xenocryst melt 

inclusion (S 6 ) suggests that they are possible primary magmas at pressures 

of <8kb under anhydrous conditions, leaving a lherzolite residue from a 

mantle source similar to typical MORB but more depleted in Na 20 and Ti02 . 

Although this inference is compatible with the Jd + CaTs-01-Qz plot, it is 

not consistent with low pressure cotectic melts plotted in the Di-01-Qz 

plane of the basalt tetrahedron. The compositions (S 2' S 6 ) plot above the 

ol+opx+cpx+L cotectic, lying in the cpx phase volume in the Di-Ol_Qz 

projection from An + Ab. This suggests that S 2  and S 6  are fractionated 

compositions, having undergone fractionation from more picritic parents. 

4.5 IMPLICATIONS FOR CALCIC PLAGIOCLASE IN ISLAND-ARC 

AND MID-OCEAN RIDGE BASALTS 

The origin of extremely calcic plagioclase phenocrysts and megacrysts 

is a problem common to basalts both from island arcs and mid-ocean ridges 

(Donaldson & Brown, 1977; Gill, 1981; Arculus & Wills, 1980; Stakes et al., 

1984). Plagioclase in dredged lavas from the north Tonga arc occurs as 

discrete phenocrysts and in large glomeroporphyritic clusters, either by 

itself or associated with clinopyroxene and orthopyroxene. Plagioclase can 

be either euhedral or subhedral, commonly displaying evidence of 

resorption. The plagioclase is extremely calcic, phenocryst core 

compositions range from An n  to Ann° , and most plagioclase cores >An 90 . 

These calcic plagioclase phenocrysts are not in equilibrium with the host 

rock in which they are found. This is demonstrated in Fig. 38 where the 

straight line shows the empirical relationship between the 100Ca/(Ca + Na) 
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Figure 38. 

The empirical relationship between the 100Ca/(Ca + Na) ratio of a bulk 

composition and the most anorthite-rich plagioclase capable of 

crystallizing under anhydrous conditions regardless of pressure and 

temperature (restricted to basaltic compositions of between 15-25 wt% 

normative Diopside). The line is based on the experimental studies (Duncan 

& Green, 1987; Green et al., 1979; Green et al., 1972; Bender et al., 1978; 

Fujii & Bougault, 1983; Dungan et al., 1978; Fukuyama & Hamuro, 1978). 

( • ) are the data points taken from the above experiments. Bars indicate 

the range in plagioclase core compositions from dredged lavas from the 

north Tonga arc (Falloon, unpubl. data). 
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ratio of a bulk composition and the most anorthitic plagioclase which can 

crystallize from that composition under anhydrous conditions. The empirical 

relationships only holds for rocks of basaltic composition of between 15-25 

% normative diopside, thus the relationship is applicable to MORB and the 

Tongan compositions. The line was constructed from the experimental studies 

listed in the caption of Fig. 38 and consisted of taking the most 

anorthitic plagioClase, regardless of pressure or temperature. Thus the 

relationship shown in Fig. 38 is a more general relationship than the Drake 

(1976) approach which requires some independent means of determining 

temperature before a plagioclase composition can be determined. The 

relationship in Fig. 38 emphasises the strong relationship between 

plagioclase composition and the 100Ca/(Ca + Na) ratio of the bulk rock 

composition. For anhydrous conditions, the plagioclase phenocryst cores in 

the Tongan lavas are out of equilibrium with their host rocks, i.e. they 

are hosted in rocks which have lower 100Ca/(Ca + Na) ratios than would be 

expected, similar results are found for MORB (see Fig. 16, in Stakes et 

al., 1984). An increase in PH 0  is commonly cited in the literature, as an 
2 

explanation of very anorthite-rich plagioclase in basaltic magma, based on 

experimental work in simple systems (Arculus & Wills, 1980). However this 

effect in complex systems has far not been demonstrated experimentally. 

Increasing P H 0  will lower the plagioclase liquidus relative to 
2 

clinopyroxene and orthopyroxene (Sekine et ar.,1979), causing .a less 

anorthite-rich plagioclase to crystallize, due to enhanced pyroxene 

fractionation. At the present time, PH 0  can not be considered as having an 
2 

important effect on the liquidus plagioclase composition, rather the bulk 

composition of the magma as reflected in its 100Ca/(Ca + Na) ratio, will 

have the determining role. 

The relationship in Fig. 38 requires the existence of magmas with 

100Ca/(Ca + Na) ratios of between 78 to 100 to account for the calcic 

plagioclase phenocrysts. The glass inclusions in the olivine phenocrysts 

from Tonga have 100Ca/(Ca + Na) ratios of between 91-94 (Fig. 38), and thus 

provide a ready solution to the problem of calcic plagioclase phenocrysts 

in the Tongan arc magmas. These calcic magmas may not be represented or 

seen in island arc and MORB lava piles due to the efficiency of processes 

such as magma mixing, which modify and mask primary compositional 

characteristics. This effect is illustrated in Fig. 39 where the CaO/Na 20 

ratios of Tongan lavas are plotted against MgO contents. The inferred 

fractionation path of the primitive liquid composition, identified from 

glass inclusions, is also illustrated. The fractionation of mafic phases 
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Figure 39. 

CaO/Na20 ratio versus MgO wt% for Tonga lavas from the Tonga islands ( • ) 

(Ewart et al., 1973), and dredged lavas from the north Tongan arc ( • ) 

(PART III, Appendix 3). ( • ) is the primitive magma composition identified 

from glass inclusions in olivines. Compositions labelled S l , S 2 , S 3 , S 4 , 

S 5' S 6 are from Table 23. 

( 0 ) are groundmass compositions from dredged lavas from the north Tonga 

arc (Falloon unpubl. data). 

(Li ) are calculated groundmass compositions for lavas from the Tongan 

islands (Ewart et al., 1973). 

Thick solid line is the inferred fractionation path for the primitive magma 

composition identified from melt inclusions. 



such as olivine will have little effect on the CaO/Na 20 ratio whereas the 

pyroxenes will have a slight (orthopyroxene) to major (clinopyroxene) 

effect •on the CaO/Na 20 ratio. The primitive Tongan composition will 

fractionate mafic phases until plagioclase saturation is reached and the 

plagioclase composition which crystallizes will be very calcic. These 

partially crystallized liquids, containing plagioclase and other 

phenocrysts can then be mixed with magmas of lower CaO/Na 20 ratios. Thus 

the bulk rock compositions from dredged and emergent island samples, (Fig. 

39) may represent the mixing of at least two liquids, one of which is 

defined by the melt inclusions, and other by the quenched glasses and 

aphyric groundmass compositions of the host rocks; this suggests similar ol 

+ opx control but with lower CaO/Na 20 ratios. Some of the groundmass 

compositions of the Tongan lavas have significantly lower CaO/Na 20 ratios 

than some of the Whole rock compositions. This could be explained by 

contributions from magmas of high CaO/Na 20 ratios being mixed into the more 

common low CaO/Na 20 ratio magmas. On Fig. 39 several different mixing lines 

are shown to illustrate this' point. Mixing may occur at any point along the 

fractionation trend of the primitive Tonga composition, accounting for the 

scatter in data points seen in this diagram. 
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PART V 

PETROGENESIS OF HIGH-MG LAVAS AND ASSOCIATED ISLAND ARC THOLEIITES 

FROM NORTH TONGA 

5.1 INTRODUCTION 

The nature of primary magmas in island arc settings is presently a 

subject of controversy both with respect to the nature of the melted source 

rock (peridotitic versus eclogitic) and to the origin of the distinctive 

trace element and isotopic enrichments observed (wedge, subducted oceanic 

lithosphere, subducted sediment, hydrous fluid or mantle metasomatism). The 

scarcity of primary or near-primary magmas in arcs adds further to this 

problem. Distinctive high-Si0 2 , high-mg lavas dredged from the north Tonga 

arc (Fig.28) during the 1984 cruise of the research vessel 'Natsushima' are 

characterised by highly magnesian olivine (upto Fo 94 ) and orthopyroxene 

(upto Mg# 90) and glass which has high Mg# (>0.66). They are, therefore, 

important to this debate as they have the appropriate characteristics to be 

primary or near-primary liquids from the partial melting of a upper mantle 

peridotitic source (PART III, PART IV). These lavas are also very fresh, so 

that their trace element and isotopic characteristics can be confidently 

used in evaluating potential source components. 

Details about the dredge locations, major and trace element 

geochemistry and affinities of the dredged north Tongan lavas are given in 

PART III. PART IV presented evidence from the chemistry of glass inclusions 

in magnesian olivine phenocrysts for the existence of extremely refractory 

parental magmas in the Tonga arc. In this study we present detailed 

petrographic and mineral chemical data on the high-mg lavas, with the aim 

of demonstrating that magma mixing has occurred. We also present new Sr and 

Nd isotopic data on the dredged lavas and discuss the petrogenesis of the 

high-mg lavas in light of models currently proposed for the origin of 

island-arc magmas. 
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.5.2 PETROGRAPHY AND MINERAL CHEMISTRY 

Table 24 summarizes the mineral chemical and petrographic features of 

. representative samples of the dredged lavas. The mineral chemistry of 

pyroxene, plagioclase and Cr-spinel is summarized in Figs. 40, 41 and 42 

and 43, representative analyses are given in Tables 25, 26, and 29. The 

compositions of glass inclusions trapped in magnesian olivine phenocrysts 

are given in Table 28 and wholerock, groundmass and glass rind compositions 

of the representative samples are given in Table 27. 

The petrography and mineral chemistry of the lavas indicates 

disequilibrium between assemblages of phenocryst-phenocryst and phenocryst-

liquid. This disequilibrium can be explained by magma mixing. This 

conclusion is supported by compositions of glass inclusions trapped in 

magnesian olivine phenocrysts. The discussion below concentrates mainly on 

those features of the mineral chemistry indicating disequilibrium and 

implied magma mixing. 

The petrography and mineral chemistry define four groups of high-mg 

lavas from north Tonga (Table 24), basaltic andesites were recovered with 

high-mg lavas from station-23 and are included in this discussion. 

5.2.1 Groundmass pyroxenes 

Groundmasses of all four groups of high-mg lavas consist of fresh 

glass, abundant laths of pyroxene and small Cr-spinel euhedra. The 

_groundmass of the station 23 basaltic andesites contains plagioclase, 

pyroxene and fresh glass; Cr-spinel is absent. 

Representative compositions of groundmass pyroxenes are presented in Table 

25 and summarized in Fig. 40a, b and d. 

Quench pyroxene compositions in station 25 high-mg lavas are augitic 

and ate distinguished from other pyroxene compositions by low Mg#, low Si0 2 , 

and high Al203  contents (Table 25, no.s 3 and 4). Also present in the 

groundmass of the station 25 high-mg lavas are small euhedra of magnesian 

endiopside (Table 25, no.1). Random microprobe analyses produced a 

continuous range of compositions from magnesian pigeonite to magnesian 

endiopside. SEM back-scattered electron images, however, reveal the 

presence of distinct pigeonite cores to the endiopside euhedra (Fig. 41). 

Similar magnesian pigeonite cores to diopside microphenocrysts are present 
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Tehle 24 

Summary of the isetrographx_and mineral chemistry of the dredued lavas from North Tonga. 

IStation no. 	 Croup ( Phonocrysts and micronhenocrysts Croundmass PhA3cs 

1 	23 1 Group A high-Mg leers 1 1) Olivine 	(15%). Ngl 85.0-91.8, euhedrel to resorbed 1 Fresh glass and spherulltic quench pyrosone 

1 1 Cr-spinel inclusions 	(Ca 87.0 - 87.5). 01971  (eugite zoned to subcalcic augite 	(Mg) 54.)- 

1 1 	(sample no. 5-24, 	2)t 1 inclusions 72.3)), 	small orthopyrosene 	(Mg) 	110.4) 	and 

1 1 1 2) Orthopyrozene (18%), Mgt 07.6-09.7. zoning 	(R. N. Cr-spinel 	(Cr) 76.7-87.41 •uhedre, 	strongly 

1 I U). •uhedrel to resorbed, glomeroporphyritic 	1 vesicular 	(40%). 

1 1 clusters common. Cr-spinel inclusions (Cr) 75.2- 	I 

1 1 82.5). 	 1  

1 1 3) Clinopyrosene (Xi. MO 84.4. strongly resorbed. 	1 

1 4) Cr-spinet 	(Cl1), 	Cr) 	82.1-83.3. 

1 1 1 

1 

1 23 1 Group B high-Mg lavas 1 1) Olivine 	(16%), Mgt 84.6-94.0. •uhedrel to resorbed i Fresh glass and quench pyrosene microlites 

1 Cr-spinal inclusions 	(Cr) 80.2-87.1). glass 	1 (pigeonite zoned to anti., 	(SIg) 85.3-81,6)) 

(sample no. 5-25) 1 inclusions. Cr-spinel •uhedra 	(Cr) 42.4-45.9). 

1 2) Orthopyroseme (8%), Mg( 86.5-81.1. zoning (N, strongly vesicular 	(50%). 

1 resorbed to •uhedral, glomeroporphyritic clusters 

1 common, Cr-spinet inclusions (Cr) 71.9-84.1). 

1 3) Clinopycouerie 	(29). Ng/ 90.2-02.9, 	zoning 	(N. 	9). 

1 •uhedral to resorbed, Cr-spinel inclusions (Cr) 

1 67.5). 

1 4) Cr-spinel Mt), Cr, 76.6-06.5. 

1 1 

1 	23 Basaltic andesitea 1 1) Plegioclaee (3-14%), An 83-96, zoning (9.0). 	1 Fresh hyalopilitic texture. plagioclase 

1 strongly 	d to euhedral. glcmeroporphyritic 	1 microlites (An 64-81). quench pyrosene laths 

(sample no. 5-20,21 1 clusters with pyrosene cannon. both having 	1 (pigeonite zoned to (molt.. (Mg) 75.1-61.4) or 

23. 	27) f mutually subhedral grain contacts. 	 1 augite zoned to subcalcic aug01. IMO 61.6- 

1 2) Clinopyrosene (1-2%). MgO 83.9-76.5, zoning IN, R. 	1 06.4)), 	vesicules 	(0-40%). 

1 Ul. euhedral to resorbed. 	 1 

1 3) Orthcpyromene (1-4%), Mgt 82.7-77.3. 	zoning (N. R. 	1 

1 11), •uhedral to resorbed. 

1 4) Olivine 	(X), strongly resorbed. MO 80.4. 

1 Cr-spinel inclusion (90.7)• 

1 1 1 

1 	24 1 high-Mg ices. 1) Olivine (14%). Hg) 88.5-91.7. •uhedral to skeletal.' Fresh glass and spherulitic quench pyrozene 

Cr-spinel inclusions 	(Cr) 80.5-85.9). 	glass 	1 (augite zoned to subcalcic augite IMO 84- 

1 Isample no. 6-2. 3) inclusions. 	 1 60.8(1, Cr-spinel euhedra 	(Cr) 82.6-85.4). 

1 1 2) Orthopyrorene (4%), NO 89.3. euhadral. 	 1 vesicular (30%). 

1 1 3) . Orthopycomeno 	Mcl 86.3- 89.8. 	 1 

1 1 Clinopyrosene (X). NO 87.4. both resorbed. 	1 

1 1 
1 25 1 high-Mg lavas I) Olivine (10%). Mg0 47.4-92.1, •uhedrel to skeleta1.1 Fresh glass. splusrulitic quench pyrosene 

1 Cr-sp1nel inclusions 	(Cr) 81.5-84.11. 	 1 faugite 	0104 75.3-69.21/. 

1 (sample no. 7-14, 15, 1 Small endiopside •uhedre 040 81.7) with 

1 16. 	18) 1 pigeonite cores 	(Mg) 84.0, 	3.4-4.0 zott Ce0). 

1 1 
1 

Cr-spinel euhedra 	(Cr) 76.8-84.5). 

vesicules (30%). 

.1 

modal percentages for phenocryst phases based'on point counting of )1000 points. and have been resumed on the basis of 0% vesicles, 

R. N. 0. and U stand for reversely, normally 	Oscillatory and unzoned respectively. X stands for rare 441% senocryst. 



Table 25 

Representative electron microprobe analyses of groundmass pyroxenes from north Tonga lavas 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

Si 02 52.83 56.70 49.65 48.42 56.86 52.06 47.37 56.81 53.70 48.65 55.66 53.05 54.16 52.18 51.70 49.44 53.94 50.78 53.74 50.54 

TiO2 0.25 - 0.61 0.81 - 0.32 0.42 - - 0.26 - - - 0.32 0.18 0.63 - 0.41 0.17 0.45 

Al 203 1.76 0.63 6.07 6.92 0.81 3.12 9.66 0.60 1.62 7.72 0.60 1.51 1.57 1.98 2.91 3.86 1.70 4.69 0.79 3.03 

Cr 203 1.27 0.22 - - 0.69 - - 0.32 0.35 - 0.30 0.28 - - 0.29 - - - - - 

Fe0 5.05 8.79 8.66 11.13 7.05 6.67 14.78 8.86 5.93 11.50 10.39 7.93 15.70 16.75 8.89 18.40 15.65 14.96 17.35 16.38 

MnO - - - - - - - - - - - 0.25 - 0.33 0.32 0.37 - 0.26 

MgO 18.71 30.24 13.88 12.91 32.94 16.75 12.88 31.51 18.27 14.85 30.00 17.41 25.68 18.06 17.49 12.93 23.76 17.23 23.19 14.17 

CaO 20.13 3.42 21.13 19.81 1.65 21.08 14.88 1.90 20.13 17.02 3.05 19.82 2.95 10.46 18.54 14.40 4.63 11.55 4.46 15.17 

Total 99.97 100.00 100.00 100.00 100.00 100.00 99.99 100.00 100.00 100.00 100.00 100.00 100.06 100.00 100.00 99.99 100.00 99.99 99.70 100.00 

Mg# 0.87 0.86 0.74 0.67 0.89 0.82 0.61 0.86 0.85 0.70 0.84 0.80 0.74 0.66 0.78 0.56 0.73 0.67 0.70 0.61 

Mg #1  0.89 0.86 0.75 0.69 0.89 0.84 0.61 0.86 0.85 0.72 0.85 0.82 0.75 0.66 0.82 0.56 0.73 0.67 0.71 0.61 

Wo 38.40 6.60 40.50 37.30 13.20 40.50 24.00 3.60 38.90 29.80 6.00 38.40 6.00 22.00 35.00 27.00 9.50 25.90 9.00 29.00 

En 54.60 80.30 44.80 43.40 86.50 50.00 46.20 83.20 51.80 50.80 80.20 50.20 70.60 51.30 53.00 41.20 66.10 49.80 64.40 43.60 

Fs 6.90 13.10 14.70 19.30 10.40 9.50 29.80 13.10 9.30 19.40 13.80 11.30 23.40 26.70 12.00 31.90 24.40 24.30 26.60 27.40 

(-) indicates below detection limit, Mg# 1 	Mg/(Mg + Fe 24") with Fe 3+  calculated by stoichiometry, all analyses normalised to 100% volatile free. 

Analyses are as follows: (1) clinopyroxene microphenocryst 7-16, (2) pigeonite core to clinopyroxene microphenocryst 7-16, (3) quench clinopyroxene, 

(4) quench clinopyroxene 7-18, (5) orthopyroxene microphenocryst 6-2, (6) quench clinopyroxene 6-2, (7) quench clinopyroxene 6-2, (8) orthopyroxene 

microphenocryst 5-28, (9,10) quench clinopyroxene 5-28, (11) quench pigeonite 5-25, (12) quench clinopyroxene 5-25, (13) quench pigeonite 5-27, (14) 

quench clinopyroxene 5-27, (15,16) quench clinopyroxene 5-20, (17) quench pigeonite 5-23, (18) quench clinopyroxene 5-23, (19) quench pigeonite 5-21, 

(20) quench clinopyroxene 5-21. 



Figure 40. 

Representative compositions of pyroxenes from north Tonga lavas. Pyroxene 

endmember solid solutions as follows, Di diopside, Rd hedenbergite, En 

enstatite, Fs ferrosalite. Classification of pyroxene compositions from 

Deer et al. (1966), D diopside, S saute, ED endiopside, A augite, SA 

subcalcic augite, MP magnesian pigeonite. 

A) Pyroxene compositions from station 24 high-mg lavas (samples 6-2, 6-3), 

( • ) orthopyroxene cores to small groundmass pyroxene euhedra, 

enclosing field encloses range of orthopyroxene microphenocrysts, ( • ) 

random microprobe spot analyses of groundmass pyroxenes indicating 

overlap between orthopyroxene cores and quench pyroxene rims, field of 

quench clinopyroxene is indicated, ( 0 ) xenocrystal.endiopside. 

B) Representative compositions from station 25 (samples 7-14, 7-15, 7-16, 

7-18) high-mg lavas, ( • ) pigeonite core to endiopside microphenocrysts 

(see also Fig. 3a, b), ( 0 ) endiopside microphenocrysts, ( • ) random 

microrobe analyses of groundmass pyroxenes, resulting in overlap 

between pigeonite cores to endiopside microphenocrysts and endiopside 

and quench augite compositions. Field encloses range of quench 

clinopyroxene compositions. 

C) Orthopyroxene and clinopyroxene phenocrysts in the north Tonga lavas 

compared with the range observed in Tofua magmatic arc lavas (Ewart et 

al., 1973). A corresponds to Group A high-mg lavas from station 23 

(samples 5-24, 5-28), B corresponds to Group B high-mg lava from station 

23 (sample 5-25), stippled field corresponds to station 23 basaltic 

andesites (samples 5-27, 5-20, 5-21, 5-23), cross-hatched field 

corresponds to Tofua magmatic arc pyroxenes. 

D) Groundmass pyroxene trends in dredged lavas from station 23, north 

Tonga. Arrows indicate the change in pyroxene compositions from core to 

rim. 
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Figure 41a. 

SEM backscattered electron image of small endiopside microphenocrysts 

within the groundmass of sample 7-16 (station 25, high-mg lava). Dark areas 

correspond to magnesian pigeonite cores (Table 25, no.2) scale black and 

white bands correspond to 100 gm. 

Figure 41b. 

same as in A scale bars correspond to 10 gm. 
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in sample 61358 from the Troodos upper pillow lavas (Duncan & Green, 1987). 

Experimental studies (Duncan & Green, 1987) on a reconstructed Troodos 

parental magma composition (compositionally very similar to station 25 

high-mg lavas) demonstrated that these magnesian pigeonite cores started to 

crystallize close to 5kbar, and were overgrown by clinopyroxene enroute to 

the surface before eruption; during eruption, the quench augite 

compositions crystallized. Similar groundmass magnesian pigeonites have 

been reported by Umino (1986) in type IV boninite lavas from Chichijima, 

Bonin Islands which have similar major element compositions to the station 

24 and 25 high-mg lavas. Umino (1986) found that the type IV boninite was 

unrelated to the other clinoenstatite-bearing boninites on Chichijima. 

Quench pyroxenes in Group A high-mg lavas from station 23 and 

station-24 high-mg lavas range in compositions from augite to subcalcic 

augite (Table 25, nos. 6, 7, 9 and 10). A range of core composition was 

also noted by random microprobe analyses; core compositions zoned 

continuously from a magnesian orthopyroxene (Table 25, no.5) to less 

magnesian quench pyroxene. SEM back-scattered electron images revealed the 

presence of small compositionaly uniform orthopyroxene microphenocrysts 

with quench overgrowths. Quench pyroxenes in Group B high-mg lava sample 5- 

25 are zoned from pigeonite cores to augite rims. Groundmass pyroxenes in 

station 23 basaltic andesites are also zoned from pigeonite cores to augite 

rims; sample 5-20 is distinct in having two quench pyroxene trends (Fig. 

40d), one extending from pigeonite cores to augite rims, the other 

extending from augite cores to subcalcic augite rims (Fig. 40d). 

5.2.2 Pyroxene phenocrysts 

Representative pyroxene phenocryst compositions are presented in 

Table 26 and shown in Fig. 40c. The pyroxenes in the dredged north Tongan 

lavas are in general more magnesian than pyroxenes reported from Tofua 

magmatic arc volcanics (Ewart et al., 1973) .. Pyroxene phenocrysts exhibit a 

range of zoning with respect to Mg#, from relatively unzoned, to normal-

and reverse zoned. They also show a significant range in Mg# within one 

individual host rock; e.g. in sample 5-25 pyroxene phenocryst range in Mg# 

from 0.81 to 0.90. Based on experimentally-determined pyroxene-liquid Kd's 

for Mg-Fe partitioning (Grove et al., 1982; Grove & Bryan, 1983) many of 

the less magnesian pyroxene compositions are not in equilibrium with their 

host groundmass compositions (Table 27). Pyroxene compositions in station 

23 basaltic andesites are less magnesian than pyroxenes in the high-mg 
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Table 26 

Representative electron microprobe analyses of pyroxene phenocrysts and microphenocrysts in north Tonga lavas  

1 	2 	3 	4 	5 	6 	7 	8 	9 	10 	11 	12 

C 	R 	C 	C 	C 	C 	R 	C 	R 	C 	R 	C 	R 	C 	R 	C 	C 	R 	C 	R 

SiO2 	
52.60 53.80 52.92 53.70 53.15 53.38 53.70 52.25 51.02 54.93 55.43 56.83 57.38 56.14 55.97 57.38 54.83 56.03 55.48 54.55 

TiO2 	- 	- 	- 	- 	- 	- 	- 	- 	0.33 	- 	- 	- 	- 	- 	- 	- 	- 	- 	- 	- 

Al 203 	1.92 	0.93 	1.53 	1.62 	1.76 	1.70 	1.36 	2.16 	3.42 	0.98 	1.09 	0.55 	0.55 	0.93 	1.02 	0.46 	1.06 	0.79 	1.06 	1.21 

Cr 203 	0.29 	0.56 	0.79 	0.35 	- 	0.42 	0.65 	0.61 	- 	0.20 	- 	0.51 	0.35 ' - 	0.57 	0.38 	0.39 	0.27 	- 	- 

FeO 	7.25 	6.59 	5.47 	5.93 	5.99 	7.13 	6.35 	8.07 10.40 13.21 10.95 	8.01 	7.07 	9.09 	8.36 	6.77 13.22 11.32 11.76 13.93 

MnO 	- 	- 	- 	- 	- 	- 	- 	- 	- 	- 	- 	- 	- 	- 	- 	- 	0.21 	- 	0.27 	0.30 

MgO 	17.52 20.52 18.62 18.27 17.75 17.27 17.84 17.99 15.91 28.74 30.46 32.55 33.39 31.75 32.32 33.31 28.21 29.66 29.55 28.09 

CaO 	20.42 17.60 20.67 20.13 21.35 20.10 20.10 18.92 18.92 	1.94 	2.07 	1.55 	1.26 	2.09 	1.76 	1.70 	2.08 	1.93 	1.87 	1.92 

Total 	100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 

Mg# 	0.81 	0.85 	0.86 	0.85 	0.84 	0.81 	0.83 	0.80 	0.73 	0.80 	0.83 	0.88 	0.89 	0.86 	0.87 	0.90 	0.80 	0.82 	0.82 	0.78 

Mg#
1 	0.85 	0.87 	0.90 	0.85 	0.87 	0.81 	0.83 	0.84 -0.76 	0.81 	0.85 	0.88 	0.89 	0.88 	0.89 	0.90 	0.80 	0.82 	0.83 	0.80 

Wo 	39.30 33.10 39.30 38.90 41.20 39.10 39.00 36.00 36.00 	3.90 	4.10 	3.00 	2.40 	4.10 	3.50 	3.20 	4.20 	3.80 	3.70 	3.90 

En 	51.60 58.60 54.70 51.80 51.40 49.50 50.90 53.70 49.00 77.90 81.80 85.30 87.20 84.20 86.00 86.90 76.90 79.30 79.70 77.00 

Fs 	9.10 	8.40 	5.90 	9.30 	7.40 11.50 10.20 10.30 15.00 18.20 14.00 11.70 10.40 11.70 10.50 	9.90 19.00 17.00 16.60 19.10 

(-) indicates below detection limit, C 	core, R rim, Mg# 1 	Mg/(Mg + Fe 2+) with Fe3+  calculated by stoichiometry, all analyses normalised to 100% 

volatile free. Analyses are as follows: (1) reversally zoned clinopyroxene phenocryst 5-25, (2) clinopyroxene phenocryst 5-25, (3) resorbed 

xenocrystal clinopyroxene 5-28, (4) resorbed xenocrystal clinopyroxene 6-3, (5) reversally zoned clinopyroxene phenocryst 5-27, (6) normally zoned 

clinopyroxene phenocryst 5-20, (7) reversally zoned orthopyroxene phenocryst 5-25, (8, 9) reversally zoned orthopyroxene microphenocrysts 5-24, (10) 

:esorbed orthopyroxene core in olivine host (Fon) 6-2, (11) reversally zoned orthopyroxene phenocryst 5-27, (12) normally zoned orthopyroxene 

phenocryst 5-21. 



lavas, and overlap with Tofua magmatic arc pyroxene compositions (Fig. 40). 

Reverse zoning is also present in these pyroxenes. 

5.2.3 Plagioclase 

Plagioclase occurs only in the station 23 basaltic andesites. 

Plagioclase compositions are shown in Fig. 42 and summarized in Table 24. 

The plagioclase is extremely calcic, a characteristic of Tonga arc lavas 

(Ewart et al., 1973; PART IV). The plagioclase phenocryst compositions 

however are significantly out of equilibrium with their host whole rock and 

groundmass compositions (Table 27) based on the empirical relationship 

presented in PART IV relating bulk rock Ca/(Ca + Na) ratio to expected 

plagioclase composition under anhydrous conditions. The plagioclase 

phenocrysts are hosted in rocks with CaO/Na 20 ratios which are too low to 

have crystallized such calcic plagioclase. PART IV argued that P H  0  would 
2 

not have a significant effect on plagioclase composition in complex 

systems. Experimental work (Baker & Eggler, 1987) on high-alumina basalt 

compositions produced no change in plagioclase compositions with varying 

water contents, confirming the conclusion of PART IV. 

5.2.4 Olivine and olivine-glass inclusions 

Olivine is an abundant phenocryst phase in all high-mg lavas from 

north Tonga (10-16 modal %, Table 24). Compositions of small groundmass 

olivine euhedra and rims of microphenocrysts and phenocrysts are in 

equilibrium with host groundmass compositions; however core compositions of 

microphenocrysts and phenocrysts are significantly out of equilibrium based 
L. Mg-Fe on and01-Liq  of 0.3 (e.g. sample 5-25 contains olivine phenocryst core 

compositions of both Fo 94  and Fo 90 ). 

Compositions of olivine-hosted glass inclusions can be used to 

calculate the original parental liquid compositions which crystallized the 

olivine compositions (PART IV; Anderson, 1974; Watson, 1976). In Table 28 

compositions of trapped glass inclusions and calculated compositions in 

equilibrium with the host olivine (using the method outlined in PART IV) 

are presented. The glass inclusion compositions indicate that olivine 

compositions found in sample 5-25 (Table 28, no. 3 and 4) crystallized from 

distinctly different liquid compositions, not related by crystal 

fractionation. Glass inclusions in olivine phenocrysts from station-24 

(Table 28, no. 1 and 2) do not indicate distinctly different parental 

compositions but preserve evidence of a more primitive magma composition, 
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Table 27 

Wholerock and groundmass major element chemistry of high-mg lavas and basaltic andesites from north Tonga 

5-25 

WR 	GDM 

5-24 

WR 	GDM 

5-28 

WR 	GDM 

6-2 

WR GL 

6-3 

WR GL 

7-14 

. WR 	GL 

7-15 

WR 	GL 

7-16 

WR 	GL 

7-18 

WR 	GL 

5-27 

WR 	GDM 

5-20 

WR 	GDM 

SiO2 53.83 57.29 52.95 56.52 53.72 56.36 55.55 58.44 56.04 58.40 54.70 57.78 54.96 57.94 55.01 57.81 54.72 56.83 57.48 59.42 56.30 56.89 

T
.i02 0.36 0.31 0.15 0.21 0.14 0.22 0.30 0.33 0.31 0.29 0.43 0.47 0.44 0.44 0.42 0.46 0.45 0.49 0.44 .  0.43 0.62 0.49 

Al 203 9.63 13.00 7.92 13.07 8.72 13.17 10.10 12.53 10.60 11.92 10.77 12.82 10.89 12.81 10.95 12.83 10.90 12.02 14.80 15.20 15.20 16.30 

FeO 9.71 8.90 9.70 9.22 9.65 9.13 8.37 7.79 8.46 7.94 8.68 7.88 8.47 7.99 8.51 8.01 8.65 8.21 9.66 9.35 9.77 8.40 

MnO 0.19 - 0.21 - 0.20 - 0.16 - 0.17 - 0.17 - 0.15 - 0.16 - 0.17 - 0.17 - 0.17 - 

MgO 16.30 8.80 20.89 9.18 19.65 9.08 15.29 8.27 13.61 9.44 13.28 7.43 13.08 7.39 12.94 7.30 12.97 8.98 5.36 3.95 5.33 4.74 

CaO 8.50 9.90 7.18 10.28 7.54 10.56 8.79 10.64 9.17 10.13 9.50 10.74 9.64 10.78 9.70 10.69 9.65 10.58 10.11 9.67 10.20 10.20 

Na
2
0 1.27 1.50 0.85 1.13 0.69 1.13 0.96 1.35 1.14 1.26 1.57 1.70 1.49 1.78 1.43 1.73 1.52 1.67 1.67 1.65 2.08 2.30 

K20 0.16 0.20 0.14 0.26 0.12 0.24 0.40 0.50 0.43 0.50 0.62 0.73 0.60 0.71 0.60 0.71 0.71 0.77 0.25 0.23 0.24 0.33 
P
2
0
5 0.04 - 0.01 - 0.02 - 0.06 - 0.07 - 0.28 0.30 0.28 - 0.28 0.29 0.26 0.28 0.06 - 0.07 - 

Cl - 0.10 - 0.13 - 0.11 - 0.15 - 0.13 - 0.15 - 0.16 - 0.17 - 0.17 - 0.10 - 0.29 

LOI 0.24 - 0.13 - -0.02 - 1.78 - 1.87 - 1.75 - 1.45 - 1.58 - 1.69 - 0.57 - 0.71 - 

0.77 0.66 0.79 0.66 0.80 0.66 0.78 0.68 0.76 0.70 0.75 0.65 0.75 0.65 0.75 0.64 0.75 0.66 0.50 0.45 0.52 0.53 

WR - Whole rock, GDM - groundmess as determined by electron microprobe broad beam area scans, GL quench glass rind analysis as determined by electron microprob 

broad beam area scans, LOX 	loss on ignition, major elements are in wt%. 

Whole rock data determined by X.R.F (PART III), all analyses are resummed to 100% volatile free. 
Mg# determined on the basis of Fe 24-/(Fe 2++ Fe 3+) - 0.9, (-) not determined. 



Table 28 

Microprobe analyses of olivine glass inclusions and 

calculated parental magma compositions  

1 2 3 4 

a b a b a 

SiO2 58.58 55.77 59.06 57.67 57.07 52.80 54.72 

TiO2 0.35 0.29 0.39 0.36 0.39 0.29 0.15 

Al 2 03 12.42 10.39 12.36 11.46 12.71 9.53 9.57 

FeO 8.25 9.04. 8.05 8.49 9.80 10.88 7.22 

MgO 6.25 12.89 6.68 9.53 5.65 15.71 17.15 

CaO 12.36 10.34 11.79 10.93 12.75 9.56 10.50 

Na 20 1.07 0.89 1.19 1.10 1.39 1.04 0.54 

1( 2 0  0.35 0.29 0.39 0.36 0.14 0.10 0.15 

Cl 0.12 0.10 0.10 0.09 0.12 0.09 - 

Total 99.99 100.00 100.01 99.99 100.02 100.00 100.00 

Mg# 0.60 0.74 0.62 0.69 0.53 0.74 0.82 

CaO/Na 20 11.55 9.90 9.15 19.40 

CaO/A1
2
03 0.99 0.95 1.00 1.09 

CaO/TiO 2 35.31 30.23 32.69 70.00 

Al 2 03 /TiO2 35.48 31.69 32.59 64.00 

(-) not determined, Mg# calculated on the basis of Fe 2+/(Fe2++ Fel') 	0.9, 

(1 a) broad area scan analysis of glass inclusion in Fo 90  olivine, sample 

6-2, (1 b) calculated parental composition in equilibrium with Fo 90  

olivine, (2 a) broad area scan of glass inclusion in Fo 88  olivine, sample 

6-2, (2 b) calculated parental composition in equilibrium with 'Fo 88  

olivine, sample 6-2, (3 a) broad area scan analysis of glass inclusion in 

Fo90  olivine, sample 5-25, (3 b) ciaculated parental composition in 

equilibrium with Fo 90  olivine, (4) calculated parental composition in 

equilibrium with Fo94  olivine, sample 5-25 (PART IV). 
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Figure 42. 

Plagioclase phenocryst and groundmass compositions in basaltic andesites 

from station-23, north Tonga, (0 ) cores and rims of phenocrysts and 

microphenocrysts, ( 0 ) cores and rims of groundmass plagioclase. 



which can be related to the glass rind compositions by olivine and 

orthopyroxene fractionation. 

5.2.5 Cr-spinel 

Cr-spinel is a ubiquitous accessory phase in the high-mg lavas from 

north Tonga, occurring as small groundmass euhedra, as microphenocrysts and 

as inclusions in all phenocryst phases. Representative Cr-spinel 

compositions are shown in Table 29 and summarized in Fig. 43a, b and c. The 

Cr# versus Mg# relationships of Cr-spinel compositions from dredged north 

Tonga lavas have been previously reported by PART IV (see Fig. 36). The Cr# 

ratio of the Cr-spinels are very high overlapping with Cr-spinels from 

boninites, and are distinctly more Cr-rich than Cr-spinels from the Troodos 

upper pillow lavas and MORB (PART IV). 

As the composition of Cr-spinel is extremely sensitive to the bulk 

composition of the host liquid from which it crystallizes, the composition 

of Cr-spinel preserves the history of magmatic differentiation in a suite 

of related lavas (Dick & Bullen, 1984). Cr-spinel compositions in high-mg 

lavas from station 23 provide evidence that mixing of relatively evolved 

and primitive magmas has occurred in a sub-arc magma chamber. 

In Fig. 43a the variation in trivalent cation ratios Y(Cr) 

[Cr 3+/(Cr3++ Al3++ Fe 3+ )], Y(A1) [Al 3+/(Cr3++ Al3++ Fe 3+ )] and Y(Fe 3+ ) 

[Fe 3+/(Cr3++ Al3++ Fe 3+)] of Cr-spinels in the high-mg lavas is shown. The 

trivalent ratios show good correlations with each other, indicating that 

the dominant substitution is 2Cr 3+ a Al 3+Fe3+ (Fig. 43a). The coherent 

trends in Fig. 43a also indicate that the Cr-spinels can be related to a 

single magmatic trend. Cr-spinel inclusions in xenocrystal olivine in 

basaltic andesite 5-27 (Table 29, no.11) plot at higher Y(Cr) and lower 

Y(A1) at a given Y(Fe 3+) than the Cr-spinels hosted in the high-mg lavas, 

and therefore belong to a separate magmatic differentiation trend than Cr-

spinels in the high-mg lavas. In Fig. 43b Cr# versus Mg# of Cr-spinels are 

plotted according to individual host rocks. Cr-spinels in high-mg lavas 

from station 23 display a significant range in composition (e.g. in sample 

5-25 their Cr# varies from 0.67 to 0.86) suggesting mixing of relatively .  

evolved and primitive magmas. 

Fig. 43c shows the relationship between the Cr-spinel Mg# versus the 

Mg# of their host phase (olivine, orthopyroxene). The good linear trend 

suggests that the Mg# of the Cr-spinels is in equilibrium with their 
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Table 29 

Representative electron microprobe analyses of chromites from north Tonga lavas 

TiO2 

1 2 3 

1.61 

4 

0.42 

5 

0.30 

6 

0.20 

7 

0.30 

8 

0.32 

9 

0.23 

10 

- 

11 

- 0.84 0.35 - 

R
1  

- 

R2 

_ 

Al 203 8.54 7.19 6.79 6.81 6.75 10.62 10.72 5.95 8.37 11.46 6.69 7.90 7.04 4.22 
Cr 203  41.74 53.36 64.00 62.82 64.18 32.89 52.48 61.23 59.62 51.35 60.79 57.44 61.23 61.38 

FeO 38.61 28.40 13.18 17.76 13.60 46.83 24.78 22.00 17.05 25.01 18.05 22.73 18.61 27.25 
MgO 10.27 10.49 16.03 12.61 15.46 7.65 11.47 10.52 14.76 11.89 14.15 11.51 13.13 7.16 

Total 100.00 99.79 100.00 100.00 99.99 99.60 99.87 100.00 100.00 100.01 100.00 99.81 100.01 100.01 

Y(A1) 0.165 0.141 0.128 0.132 0.128 0.208 0.205 0.117 0.158 0.218 0.128 0.153 0.136 0.086 
Y(Cr) 0.542 0.701 0.812 0.816 0.817 0.432 0.675 0.809 0.757 0.655 0.780 0.748 0.791 0.837 

Y(Fe 3+ ) 0.272 0.150 0.060 0.053 -  0.054 0.320 0.110 0.066 0.080 0.120 0.084 0.093 0.074 0.077 

Mg# 0.493 0.515 0.766 0.617 0.742 0.364 0.550 0.520 0.703 0.570 0.680 0.562 0.640 0.370 

Cr1 0.766 0.833 0.863 0.861 0.864 0.675 0.770 0.873 0.827 0.750 0.859 0.829 0.854 0.907 

Fe# 0.512 0.379 0.339 0.216 0.297 0.492 0.326 0.214 0.349 0.355 0.342 0.297 0.291 0.196 

(-) indicates below detection limit, trivalent and divalent cation ratios calculated on the basis of stoichiometry, all 

analyses normalised to 100%, C - core, R 	rim. 

(1) microphenocryst 5-25, (2) microphenocryst attached to olivine (Fo 94 ), R1  rim next to glass, R2  rim next to olivine 5- 

25, (3) inclusion in clinopyroxene (Mg# 0.84) 5-25, (4) groundmass 5-28, (5) groundmass 5-24, (6) inclusion in olivine 

(Fo91 ) 5-24, (7) inclusion in orthopyroxene (Mg# 0.87) 5-24, (8) inclusion in olivine (Fo 91 ) 6-3, (9) groundmass 6-2, 
(10) groundmass 6-2, (11) inclusion in resorbed olivine (Fo n ) 5-27. 



Figure . 43. 

Compositional relationships in Cr-spinels from north Tonga. 

A. The variation of trivalent cation ratios Y(Cr), Y(A1) with Y(Fe
3+  ) and 

Y(Cr) versus Y(A1), (*) Cr-spinel inclusions in xenocrystal olivine 

(sample 5-27). 

B. Cr# versus Mg# of Cr-spinels in north Tonga lavas, ( 0 ) Cr-spinel 

inclusions in olivine phenocrysts, ( 0 ) Cr-spinels inclusions in 

orthopyroxene phenocrysts, 	Cr-spinel inclusions in clinopyroxene 

phenocrysts, ()) Cr-spinel euhedra in groundmass, (C)) Cr-spinel 

microphenbcrysts. R 1  and R2  refer to rim compositions in Table 29 (no.2, 

also see text). Cr-spinel compositions enclosed in box are from resorbed 

xenocrystal olivine in 5-27, ( 0 ) Cr-spinel inclusions in resorbed 

olivine xenocryst, ( 0 ) Cr-spinel inclusions in surrounding 

orthopyroxene microphenocrysts. 

C. Mg# of Cr-spinel inclusions versus the Mg# of olivine (0) or 

orthopyroxene ( 0 ) host. 
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respective hosts. However a number of Cr-spinels included in olivine have 

significantly lower Mg# than expected given the Mg# of their hosts. This 

can be explained by subsolidus re-equilibration of the Cr-spinel, as the 

Mg# of Cr-spinel is sensitive to temperature (Dick & Bullen, 1984). However 

due to the size of the olivine host, little change is observed in the Mg# 

of olivine. An example of subsolidus re-equilibration is given in Table 29, 

no.2 and Fig. 43b. Here, a Cr-spinel is attached to a magnesian olivine 

phenocryst (Fo 94 , the olivine host is significantly out of equilibrium with 

the host groundmass) such that one half is enclosed by the olivine, the 

other half is enclosed by the groundmass. The rim of the Cr-spinel next to 

the olivine has a much higher Mg# than the rim enclosed by the groundmass, 

yet the Cr# is identical. This can be explained by subsolidus re-

equilibration of the Cr-spinel Mg# when in contact with the lower 

temperature groundmass host. The overall trend of the Cr-spinel 

compositions, taking into account the effects of subsolidus reequilibration 

is consistent with fractionation of olivine and pyroxene depleting residual 

liquids in Cr and Mg. 

The low Y(Fe3+) contents of the Cr-spinels (generally <0.085 as 

inclusions in olivine hosts and as a groundmass phase) suggests 

crystallization under f0 2  significantly lower than FMQ (Barnes, 1986; Murck 

& Campbell, 1986). 

5.3 DISCUSSION 

Evidence from mineral chemistry of olivines, pyroxenes and Cr-spinels 

and olivine glass inclusions demonstrate that station 23 high-mg lavas are 

the result of magma mixing of relatively evolved and primitive magmas. 

Compositions of olivine-hosted glass inclusions further suggest that the 

primitive magmas involved are distinct from each other and cannot be 

related to each other by crystal fractionation. The Group B high-mg lava 

sample 5-25 requires at least three different liquid compositions. These 

three liquids are as follows; 

1) liquid 1, which crystallized Fo 94  olivine phenocrysts. 

2) liquid 2, which crystallized Fo 90  olivine phenocrysts. 

3) liquid 3, which crystallized less magnesian orthopyroxene and 

clinopyroxene (see Table 24). 
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The groundmass composition of sample 5-25 (Table 27) is a result of 

some combination of these three liquids. The wholerock composition is the 

result of the combination of these three liquids plus their entrained 

phenocryst populations. 

The evidence for such dramatic magma mixing places doubts on using 

whole rock compositions alone to establish primary magma compositions in 

the island-arc setting. Although the groundmass composition of sample 5-25 

may be considered a parental liquid composition due to its high Mg# (0.66), 

it cannot be used as a constraint on the nature of primary island arc 

magmas. Trapped olivine-hosted glass inclusions, however, offer one 

possible solution (PART IV). 

High-mg lavas from station 24 and 25 appear to be relatively free 

from the effects of magma mixing although the presence of resorbed 

xenocrystal pyroxenes (Table 26, Fig. 40) suggests they have had some minor 

contribution from another magma source. 

Plagioclase phenocryst compositions of station 23 basaltic andesites 

also suggest that magma mixing has occurred since such compositions could 

only have crystallized from liquids with much higher CaO/Na 20 ratios than 

observed in their respective host rocks (Table 27). The CaO/Na 20 ratios of 

trapped olivine-hosted glass inclusions are appropriately high, and provide 

a ready solution to the presence of calcic plagioclase. 

Due to the lower density of plagioclase relative to magnesian 

olivines and pyroxenes, plagioclase phenocrysts may float to the top of a 

subarc magma chamber after crystallizing from a primitive high CaO/Na 20 

magma at the base of a magma chamber. The plagioclase crystals are then 

incorporated into a more evolved magma composition before eruption. The 

complexity of magma chamber dynamics allows more complex models to be 

proposed (O'Hara & Matthews, 1981; Sparks et al., 1977; Sparks et al., 

1980; Huppert & Sparks, 1980), however the possible processes involved are 

beyond the scope of this paper. 

5.4 GEOCHEMISTRY 

Major, trace and REE geochemistry of representative samples from 

north Tonga are presented in Table 30. The Sr and Nd isotopic compositions 

for the representative lavas from north Tonga are presented in Table 31. 

Included in Table 30 and 31 are representative samples from stations 15, 21 
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Table 30 

Representative major; trace and REE geochemistry of dredged lavas from north Tonga and Lau Basin 

1-38 	3-44 	3-24 	5-20 	5-24 	5-25 	6-3 	7-18 	11-3 
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SiO2 
TiO2 
Al

2
0
3 

FeO 

MnO 

MgO 

CaO 

Na 20 

K2 0 

P
2
0
5 

LOI 

53.43 

0.96 

16.90 

8.47 

0.16 

6.08 

10.84 

2.58 

0.48 

0.10 

1.15 

54.35 

0.20 

10.67 

9.41 

0.19 

14.99 

8.66 

1.14 

0.35 

0.03 

0.05 

59.19 

0.25 

10.96 

8.83 

0.18 

10.80 

7.78 

1.37 

0.56 

0.07 

0.01 

56.30 

0.62 

15.20 

9.77 

0.17 

5.33 

10.20 

2.08 

0.24 

0.07 

0.71 

52.95 

0.15 

7.92 

9.70 

0.21 

20.89 

7.18 

0.85 

0.14 

0.01 

0.13 

53.83 

0.36 

9.63 

9.71 

0.19 

16.30 

8.50 

1.27 

0.16 

0.04 

0.24 

56.04 

0.31 

10.60 

8.46 

0.17 

13.61 

9.17 

1.14 

0.43 

0.07 

1.87 

54.72 

0.45 

10.90 

8.65 

0.17 

12.97 

9.65 

1.52 

0.71 

0.26 

1.69 

49.13 

0.71 

15.07 

9.70 

0.18 

9.18 

13.13 

2.85 

0.02 

0.03 

-0.72 

Mgt 	0.56 	0.76 	0.71 	0.52 	0.80 	0.77 	0.76 	0.75 	0.65 

Ba 	29 	106 	140 	55 	34 	41 	105 	230 	14 

Rb 	9 	6 	10 	4 	2 	3 	8 	12 	2 

Sr 	132 	151 	175 	126 	46 	68 	159 	348 	48 

Zr 	59 	12 	19 	39 	5 	20 	32 	53 	21 

Nb 	1 	<1 	2 	<1 	<1 	<1 	8 	16 	<1 

Y 	29 	7 	7 	17 	5 	10 	8 	11 	22 

Sc 	40 	50 	43 	44 	44 	44 	43 	44 	51 

V  259 	247 	251 	298 	191 	225 	214 	223 	299 

Ni 	52 	275 	117 	37 	501 	341 	189 	199 	133 

Cr 	204 	1095 	605 	75 	2027 	1294 	927 	760 	350 

La 	2.84 	1.74 	4.0 	2.82 	1.59 	6.53 	15.98 	3.43 

Ce 	9.23 	4.10 	8.44 	6.44 	- 	3.34 	14.74 	37.72 

Pr 	1.56 	- 	1.06 	1.01 	- 	0.55 	1.73 	4.48 	5.52 

Nd 	8.40 	2.85 	4.51 	5.17 	0.90 	2.72 	6.36 	17.29 	5.83 

Sm 	2.84 	0.82 	1.32 	1.72 	0.28 	0.89 	1.30 	3.23 	8.17 

Eu 	1.11 	- 	0.50 	0.62 	- 	0.36 	0.45 	1.01 	8.61 

Gd 	4.04 	1.27 	1.38 	2.37 	0.59 	1.27 	1.35 	2.68 	10.58 

Dy 	5.03 	1.16 	1.65 	3.10 	0.77 	1.62 	1.27 	1.84 	11.57 

Er 	3.28 	0.80 	1.20 	2.15 	0.46 	1.10 	0.63 	0.93 	11.74 

Yb 	3.20 	0.86 	1.14 	2.07 	0.66 	1.14 	0.58 	0.79 	11.39 

LOI 	loss on ignition, all iron as FeO, (-) not determined, all analyses resumed to 100% volatile 

free, major elements in wt%, trace elements are in parts per million, Mgt determined on the basis of 
a Fe 2+/(Fe 2+  + Fe 3+ ) •. 0.9. 



Table 31 

Sr and Nd isotopes of representative dredged lavas from north Tonga and Lau Basin 

Sample no. Rb Sr Sm Nd Rb/Sr Sm/Nd 87 5r/ 86Sr 20 x 10- 4  143 Nd/144 Nd 20 x 1C 4  eNd 20 

1-38 9 132 2.84 8.40 0.0682 0.338 0.702937 0.13 0.512958 0.01 5.91 0.19 

3-24 10 175 1.32 4.51 0.0571 0.293 0.704384 0.13 0.512785 0.06 2.54 0.12 

3-44 unl 0.704537 0.01 0.512787 0.09 2.57 0.17 

3-44 6 151 0.82 2.85 0.0397 0.288 0.704528 0.35 

5-20 unl 0.703861 0.15 

5-20 4 126 1.72 5.17 0.0317 0.333 0.703844 0.13 0.512961 0.13 5.97 0.25 

5-24 2 46 0.28 0.90 0.0435 0.311 0.704422 0.11 0.512770 0.06 2.24 0.12 

5-25 3 68 0.89 2.72 0.0441 0.327 0.704047 0.25 0.512961 0.09 5.97 0.17 

6-3 8 159 1.30 6.36 0.0503 0.204 0.704515 0.27 0.512708 0.08 1.03 0.17 

7-18 12 348 3.23 17.29 0.0345. 0.187 0.704175 0.13 0.512730 0.01 1.46 0.19 

11-3 2 48 1.57 3.48 0.0417 0.451 0.703364 0.01 0.512963 0.01 6.00 0.20 
• 

unl- unleached, all other samples leached in 6N HC1 overnight, eNd(0) - 0.512655, 
143 Nd/144 Nd ratio normalised to a 146 Nd/144 Nd ratio of 0.7219. 



and 31 (PART III). The silicate incompatible element geochemistry is 

summarized on a series of normalized abundance patterns (NAP) (Fig. 44). 

Included in Fig. 44 are representative NAP from the south Tonga and north 

Tonga islands (L1 and T116, Fig. 44a respectively). 

The geochemistry and geochemical affinities of the dredged lavas is 

presented in PART III. Briefly the north Tongan high-mg lavas, and basaltic 

andesites belong to a low-Ti, low-K, island arc tholeiite series, on the 

basis of their low TiO 2 and K2
0 contents, the lack of phenocrystal 

amphibole, the presence of extremely calcic plagioclase and low abundances 

of incompatible elements. However the north Tonga lavas (except for station 

15 basaltic andesites) fall in the calc-alkaline field of Miyashiro (1974) 

when plotted on a Fe0 /Mg0 versus Si0 2  diagram (Fig. 30, PART III), due to 

their relatively high MgO contents compared to most other island arc 

tholeiite suites when compared at similar Si0 2  contents. Station 23 

basaltic andesites show strong affinities to Tofua magmatic arc (TM-arc) 

volcanics on the basis of similar REE patterns and NAP (Fig. 44a,c), (PART 

III). The high-mg lavas recovered from station 23, 24 and 25 show strong 

affinities to low-Ti ophiolitic basalts, such as Troodos Group II and III 

upper pillow lavas (Cameron, 1985) and are distinctly different from 

clinoenstatite bearing boninite (PART III). In the following section the 

petrogenesis of the dredged north Tonga lavas is discussed in the light of 

the new Sr and Nd isotopic data. 

5.5 PETROGENESIS 

There is no doubt that the petrogenesis of island arc lavas requires 

the mixing of two or more source components (Arculus & Powell, 1986; Morris 

& Hart, 1984; Hickey & Frey, 1982; Cameron et al., 1983; Von Drach et al., 

1986; Wheller et al., 1987). However there is controversy over the ultimate 

origin and nature of these source components. Arculus & Powell (1986) have 

summarized and evaluated three of the main models proposed for island arc 

petrogenesis, which are; 

1) wedge (peridotitic upper mantle) only (Arculus, 1981; Stern, 1981; 

Morris & Hart, 1983), 

2) wedge plus arc crust (Arculus & Johnson, 1981; Coulon & Thorpe, 1981; 

Leeman, 1983), 
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Figure 44. 

Representative chondrite normalised abundance patterns for dredged mirth 

Tonga lavas. Normalising values are from Thompson et al. (1983), 

normalising value for Sc from Hickey & Frey (1982). The ordering of 

elements is taken from Hickey & Frey (1982), except the order of LIL 

elements (Rb, K, Ba, Sr) is based on experimental studies of Tatsumi et al. 

(1984). 

- A. Representative patterns of Tofua Magmatic arc basaltic andesites (Ewart 

et al., 1973), ( 0 ) Li, from the island of Late, south Tonga, (0) 

T116, from the island of Tafahi, north Tonga. 

B. Representative patterns of station 21 lavas and Group A high-mg lava 

from station 23, ( 0 ) 3-24, station 21, ( • ) 3-44, station 21, ( • 

5-24, station 23, La is estimated. 

C. Representative patterns of station 23 basaltic andesites and Group B 

high-mg lava, ( 	) 5-20 basaltic andesite, ( v ) 5-25 high-mg lava 

(Group B). 

D. Representative patterns of high-mg lavas from station 24 and 25, (0 ) 

6-3, station 24, ( *) 7-18, station 25. 



3) wedge plus slab (Kay, 1980; Sun, 1980; Mc Culloch & Perfit, 1981; Gill, • 

1981; White & Patchett, 1984), 

to this list can be added the following two models; 

4) slab only (Marsh, 1979, 1982; Brophy & Marsh, 1986; Johnston, 1986; 

Brophy, 1986; Myers et al., 1986a,b). In this model high-alumina basalts 

are primary arc magmas generated by partial melting of subducted oceanic 

crust plus intercalated sediments. More magnesian lavas, such as Tonga 

high-mg lavas result from contact melting between high temperature diapirs 

from the subducted lithosphere and peridotitic wedge. This model is 

evaluated by Crawford et al., (1987), 

5) Wedge plus enriched mantle components (Varne, 1985; Varne & Foden, 1985; 

Wheller et al., 1987; Hickey & Frey, 1982). In this model a peridotitic 

mantle source is 'enriched' in silicate incompatible elements by a mantle 

metasomatic melt phase, with no or little involvement from the subducted 

slab. 

The petrogenesis of the north Tonga lavas is best explained by model 

5 above. The source mantle which was partially melted to produce the Tonga 

lavas was the result of the mixing of at least three components. One 

component is identified as depleted mantle peridotite (more depleted than 

N-MORE and OIB sources) which had been enriched by at least 2 'enriched' 

components. One 'enriched' component was a mantle component with 

similarities to enrichments seen in oceanic island basalts of the Cook-

Austral-Samoa islands (part of the Dupal mantle anomaly, Palacz & Saunders, 

1986) and in Group II ultrapotassic rocks of Foley et al., (1987). A,second 

'enriching' component is either a hydrous fluid phase from the subducted 

oceanic slab or alternatively a mantle-derived fluid phase. 

The discussion below outlines in more detail the evidence for these 

three components. The approach is essentially empirical and qualitative, no 

quantitative numerical model is presented as such modelling at this stage 

would be unconstrained and essentially ad hoc. 

5.5.1 Depleted source component 

In Fig. 45 the CIPW molecular normative chemistry of the wholerock, 

groundmass/glass and olivine-hosted glass inclusion compositions of the 

north Tonga lavas are presented in the projection from Diopside onto the 
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Figure 45. 

CIPW molecular normative projection from Di onto the base of the basalt 

tetrahedron jadeite plus calcium tschermaks molecule (Jd + CaTs)-olivine 

(01)-quartz (Qz) after Green (1970). Hy hypersthene, Ab albite, An 

anorthite. 

Field enclosing MORB are primitive MORB glasses (Appendix 2). 

TMa Tofua Magmatic arc, field encloses range in whole rock compositions 

(Ewart et al., 1973). 

CV Cape Vogel, Papua New Guinea, field encloses wholerock compositions of 

boninites (Jenner, 1981). 

Tr Troodos, field encloses range in wholerock compositions of Group II and 

III Upper Pillow Lavas (Cameron, 1985). 

ST21 station 21, field encloses range in wholerock . compositions of station 

21 lavas (PART III, Appendix 3). 

ST15 station 15, field encloses range in wholerock compositions of station 

15 basaltic andesites (PART III). 

Lau Basin field encloses range in quenched glass compositions (Hawkins & 

Melchoir, 1985). 

( 0 ) M is a MORB pyrolite composition (PART I, II). 

(D ) T is Tinaquillo lherzolite (Jaques &•Green, 1980). 

( • ) R is the residual mantle composition after removal of a stage one 

MORB picrite composition (Green et al., 1979). 

( * ) is the boninite parental magma composition calculated by Walker & 

Cameron (1983). 

(*) is the calculated parental magma composition to Troodos Group II and 

III upper pillow lavas (Duncan & Green, 1987). 

( 	groundmass compositions of station 23 basaltic andesites (Table 27). 

(0) groundmass and glass compositions compositions of north Tonga high-mg 

lavas (Table 27). 

(0) calculated parental magma compositions in equilibrium with magnesian 

olivine phenocrysts from north Tonga (Table 28). 

(0) whole rock compositions of station 23 basaltic andesites (Table 27). 

( LS) whole rock compositions of station 24 and 25 high-mg lavas (Table 
2 7 ) 

( C)) whole rock compositions of station 23 high-mg lavas (Table 27). 
	locus of liquids in equilibrium with olivine + orthopyroxene ± 

clinopyroxene at 10, 15, 20 and 30kbars from MORB pyrolite (PART 

I, II). 

	 - locus of liquids in equilibrium with olivine + orthopyroxene ± 

clinopyroxene at 5kbars from Tinaquillo lherzolite (Falloon et 

al., 1987). 

--locus of liquids in equilibrium with olivine only. 

denotes change in residue compositions with progressive 

- - -> equilibrium batch partial melting, solid arrow indicates 

lherzolite residues, dashed arrow indicates harzburgite 

residues, dunitic residues plot at the 01 apex. 



Jd+ CaTs 
	 Ab+An . 	 Qz 

01 



base of the basalt tetrahedron jadeite plus calcium tschermaks molecule 

(JdTs + CaTs)-quartz (Qz)-olivine (01). This diagram is helpful in 

evaluating the roles of differing source compositions, degrees of partial 

melting and depths of magma segregation on lava compositions (Green et al., 

1987). The Tonga compositions are also compared with the compositional 

fields of Cape Vogel boninites (Jenner, 1981), Troodos upper pillow lavas 

(Cameron, 1985; Duncan & Green, 1987), Tofua arc volcanics (Ewart et 

al.,1973), Lau Basin back-arc basalts (Hawkins, 1976; Hawkins & Melchoir, 

1985) and primitive MORE glasses (Appendix 2). 

Also shown in Fig. 45 are olivine + orthopyroxene ± clinopyroxene + 

liquid cotectics defined by partial melting experiments on a MORS pyrolite 

composition at 10, 15, 20 and 30kbars (PART I, PART II) and Tinaquillo 

lherzolite at 5kbar (Jaques & Green, 1980; Falloon et al., 1987). An 

important constraint on the range of liquid compositions able to be 

produced from any specific source composition is an olivine control line 

drawn from the Olivine apex through the bulk composition (Green et al., 

1987). Liquid compositions can only be produced to the left-hand side of 

this control line in the projection from Diopside during equilibrium batch 

partial melting. For example primitive MORB glasses plot well to the left 

of the olivine control line through the MORB pyrolite composition, 

confirming that MORB pyrolite and possibly more refractory sources are 

capable of producing primitive MORB glasses. However as all the primitive 

north Tonga compositions plot to the right of the olivine control line 

through MORE pyrolite, a MORB-type source cannot produce the high-mg lavas 

from north Tonga by partial melting; a more refractory source is required. 

More refractory compositions such as Tinaquillo lherzolite or the residue 

composition (point R, Fig. 45) after extraction of a stage-one (melting 

stages after Duncan & Green, 1980, 1987; Green et al., 1979) MORB picrite 

composition from a MORE pyrolite starting composition, are capable of 

producing primitive north Tonga high-mg lavas by partial melting. The 

composition labelled T in Fig. 45 is the parental composition for the 

Troodos upper pillow lavas studied experimentally by Duncan & Green (1987). 

The Troodos parental composition is compositionally very similar to the 

Tongan high-mg lavas. The Troodos composition was found to be multiply 

saturated in olivine and orthopyroxene at 1360 °C, 8kbar and thus may be a 

primary melt leaving a harzburgite residue (Duncan & Green, 1987). Water 

contents in the Troodos magma batches were estimated to have been <1.0 wt% 

by Duncan & Green (1987). The results of the experimental study of Duncan & 

Green (1987) combined with the information gained from Fig. 45, suggests 

that the high-mg lavas from station 24 and 25 as well as the refractory 
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magma compositions identified from olivine-hosted glass inclusions are the 

result of partial melting of a refractory mantle peridotite at pressures 

<10 kbars, leaving a harzburgite residue. Water contents were probably <1 

wt%, similar to the Troodos Upper Pillow Lavas. 

Boninites from Cape Vogel, Papua New Guinea (Jenner, 1981; Dallwitz 

et al.,  1968) plot further to the right towards Hy (Fig. 45), than the 

north Tonga lavas and as such require an even more refractory mantle 

source. CompositionC4f (Fig. 45) is the parental Cape Vogel boninite 

composition of Walker & Cameron (1983). Experimental work by Jenner (1983) 

suggests boninite primary magmas are the result of partial melting at low 

pressures <5kb with water present. 

In summary, the CIPW molecular normative chemistry of the high-mg 

lavas from north Tonga suggests that the mantle source was more refractory 

than the sources to MORB but not as refractory as boninite sources. 

The CaO/A1 203 ratios of the north Tonga high-mg lavas provide a 

further constraint on the nature of the mantle source. In Fig. 46 the 

change in CaO/Al 203  ratio of the residue during equilibrium partial melting 

of MORB pyrolite is illustrated. The CaO/Al 203  ratio of the residue 

increases with partial melting until clinopyroxene is exhausted, then falls 

sharply until orthopyroxene is exhausted. This results in a large variation 

in CaO/A1 203 ratio with little change in bulk rock Mg#, as observed in 

refractory harzburgites from Papuan ophiolites (Fig. 46). The CaO/Al 203  

ratios of primitive north Tonga high-mg lavas and calculated refractory 

magma compositions (Table 28) range from 0.Trto 1.10, higher than CaO/Al 203  

ratios of primitive MORB glasses (0.67-0.88) and significantly higher than 

CaO/A1203 ratios of clinoenstatite-bearing boninites from Cape Vogel 

(<0.66). This is consistent with the source for north Tonga high-mg lavas 

and calculated refractory magma compositions (Table 28) being more 

refractory than MORB sources but still containing some clinopyroxene. The 

clinopyroxene would be eliminanted during partial melting, leaving a 

harzburgite residuum; however the original presence of clinopyroxene is 

required to explain the high CaO/Al 203  ratios in the Tonga lavas and 

olivine-hosted glass inclusions. The CaO/Al 203  ratios of boninites from 

Cape Vogel, however, can be explained by partial melting of a more 

refractory harzburgite source containing no clinopyroxene. 

The high CaO/Na 20 ratios of the north Tonga lavas and olivine-hosted 

glass inclusions (>10) also indicate a more refractory source than MORE 

171 



172 

as 

CC 

›- — 	 ------ 

I 	I 	I 	I 	I 	I 	I 	t  

0! 0! 

.1" 	 0 

E a o ivioso 

Figure 46. 

CaO/A1 203 ratio of residue compositions from equilibrium batch partial 

melting of a MORB pyrolite composition at 10kbar (PART I) versus Mg# (x100) 

of the residue. RONDA encloses the field of peridotite compositions from 

the Ronda high temperature peridotite .  intrusion (Frey et al., 1985), PNG 

encloses the field of harzburgite from the Papua' New Guinea ultramafic belt 

(Jaques & Chappell, 1980), (0 ) MORS pyrolite starting composition, ( v ) 

calculated residue compositions (Falloon unpubl. data), 

	 lherzolite residues. 

	harzburgite residues. 

dunitic residues. 



(CaO/Na 20 ratios <9.5). As boninite sources require the most refractory of 

mantle sources, the CaO/Na 20 ratio in boninites would be expected to be 

high; however boninites have anomalously low CaO/Na 20 ratios. This can be 

explained if Na 20 was part of an enriching component which had modified the 

depleted source before partial melting (Hickey & Frey, 1982; Cameron et 

al., 1983). 

Many of the trace element characteristics of the north Tonga lavas 

also suggest a refractory mantle source, taking into account the effect of 

subsequent enriching components. They have low Ti/V and Ti/Sc ratios 

compared to MORB and overlap with Bonin Islands and Cape Vogel boninites 

(Fig. 47). Low Ti/V and Ti/Sc can be explained by melting of a depleted 

mantle source (Hickey & Frey, 1982; Nelson et al., 1984). The low 

abundances of TiO2' Y and HREE's in the Tonga high-mg lavas compared to N-

type and depleted MORB mantle (Fig. 44 and 49a) is consistent with a mantle 

source more depleted in these elements than MORB source mantle. The 

relatively high Al 203 /Ti02 and CaO/Ti02 ratios of the north Tonga lavas 

compared to MORB are also consistent with a depleted mantle source (Sun & 

• Nesbitt, 1978; Sun et al., 1979). 

Many of the petrographic and mineral chemical features of the north 

Tonga lavas also suggest a refractory mantle source. The presence of very 

magnesian olivine phenocrysts (up to Fo 94 ) and very Cr-rich spinels (up to 

Cr# 0.87), which are significantly more magnesian and Cr rich respectively 

than observed in MORB (olivine generally <Fo 921 Cr-spinel Cr#<0.60). 

55.2 Enriched source components 

Figure 48 shows the eNd and 87 Sr/ 86Sr ratios of the north Tonga 

lavas. Compared to Pacific MORB the north Tonga lavas have lower eNd and 

higher 87 Sr/ 86Sr. On the basis of eNd, the analysed north Tonga lavas 

(Table 31) define two broad groups. 

One group is defined by basaltic andesites from station 15 and 23 

along with the Group B high-mg lava 5-25 and the Lau Basin back-arc basin 

basalt 11-3 which all have ard of +6.0 despite their showing significantly 

different 87 Sr/ 86Sr ratios. A similar range of 87 Sr/ 86 Sr ratios was 

observed at constant eNd by Von Drach et al. (1986) in Aleutian island arc 

magmas; these authors attributed this to be a result of efficient localised 

mantle mixing producing a homogeneous source in terms of eNd, which was 

subsequently invaded by a component with a high Sr/Nd ratio. The isotopic 
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Ti/V versus Ti/Sc ratio of dredged north Tonga lavas (this study, PART 

III, Appendix 1). Fields for Cape Vogel, Papua New Guinea and Bonin 

Islands, Japan, boninites compiled from Jenner (1981), Hickey & Frey (1982) 

and Cameron et al. (1983). MORB field from Hickey & Frey (1982). 
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compositions are similar to analysed subaerial lavas from the Kermadecs and 

Tonga islands (Ewart & Hawkesworth, 1987) and to rocks from the Lau Basin 

and young Pacific rise seamounts (Fig. 48). Sample 1-38 from station 15 is 

distinctive in having significantly lower 87 Sr/ 86Sr than other analysed 

Tonga lavas confirming the conclusion of PART III that the basaltic 

andesites from station 15 were unrelated to the currently active Tofua 

magmatic arc, but showed strong affinities to Lau Basin back-arc crust. The 

isotopic composition of basaltic andesites from station 23 confirms their 

strong chemical affinities to Tofua magmatic arc volcanics (PART III; Ewart 

et al., 1973; Ewart & Hawkesworth, 1987). 

The second group of rocks have lower eNd values from +1.0 to +2.5, 

and include high-mg lavas from stations 24, 25 and 23 (Group A) and lavas 

from station 21. The analysed Group A high-mg lava 5-24 has similar eNd and 
87 Sr/ 86 Sr ratios to station 21 island arc tholeiites, as well as similar 

NAP pattern (Fig. 49b), suggesting that station 23 Group A high-mg lavas 

may be parental magmas to station 21 lavas. The lower did and higher 
87 Sr/ 86 Sr compared to the other group of north Tonga lavas is consistent 

with the presence of LREE-enriched patterns compared to the flat to 

depleted LREE patterns present in the first group. The second group of 

lavas have similar isotopic compositions to lavas from Niva fo'ou (Ewart & 

Hawkesworth, 1987) and hotspot associated volcanics from the Cook-Austral-

Samoa islands (Fig. 48) (Palacz & Saunders, 1986). 

The NAP of the north Tonga lavas (Fig. 44) show significant 

enrichments in large ion lithophile elements (LILE) relative to the REE and 

high field strength elements (HFSE), in common with other island arc lavas 

(Arculus & Powell, 1986); this is inconsistent with a depleted mantle 

source. Station 24 and 25 lavas also show significant enrichment in not 

only the LILE but also in LREE and HFSE , especially Nb and Zr. Compared to 

other north Tonga lavas and Tofua magmatic arc lavas, station 24 and 25 

lavas have significantly lower La/Nb and Ti/Zr ratios and high (La/Yb) N  

ratios. 

5.5.3 A two component mixing model 

The evidence for a depleted mantle source with superimposed enriched 

components is similar to that seen in boninites;'Hickey & Frey (1982) and 

Cameron et al. (1983) hayed proposed two component mixing models to explain 

the trace element and isotopic characteristics of boninites. Hickey & Frey 

(1982) defined two different end members on the basis of trace element and 
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isotopic correlations with Nd. Cameron et al. (1983) calculated the amount 

of an 'enriched' component on the basis of a two component mixing model 

involving the REE's. Cameron et al. (1983) found significant trace element 

and isotopic correlations with the calculated amount of added enriched 

component. Both Hickey & Frey (1982) and Cameron et al. (1983) demonstrated 

that a two component mixing model is successful in explaining the trace 

element and isotopic characteristics of boninite rocks. 

The REE element variation of the north Tonga lavas can also be 

explained successfully by a two-component mixing model, as significant 

correlations exist between trace element contents, ratios and isotopes with 

the REE ratios Sm/Nd, La/Nd or calculated amount of enriching component 

(based on the method of Cameron et al.,  1983). However poor correlations 

exist between LILE/REE ratios and 87 Sr/ 86 Sr ratios (e.g. Sr/La has a 

relatively constant value of 45 for samples 1-38, 11-3, 5-20, 5-25 and 3-24 

despite the 87 Sr/ 86Sr isotope ratio varying from 0.7029-0.7041). Although 

a two component mixing model can explain most of the trace element and 

isotopic characteristics, it is not a full or complete explanation. 

With regards to the HFSE in a two component mixing model, the low Nb 

and other HFSE in the Tofua magmatic arc and north Tonga lavas is due to 

the nature of the depleted source component. The NAP pattern of a depleted 

Costa Rica MORB from site 504B (Hole et al., 1984) shows a significant Nb 

depletion relative to the other HFSE (Fig. 49a). There is no need to invoke 

any residual titanate phase to explain the high La/Nb ratios in the Tonga 

lavas. The relatively high Nb in the station 24 and 25 lavas is due to the 

nature of the enriching component, as demonstrated by the good correlation 

of Nb with calculated % enriched component, using the method of Cameron et 

al. (1983) (Fig.50). 

5.5.4 Origin of the enriched component in the two component mixing model 

The two most likely . 'enriched' components which are capable of 

producing the trace element enrichments and range in Nd and Sr isotopes 

observed in the north Tonga lavas are either subducted oceanic sediment. 

(dominantly pelagic) or a mantle-derived phase (fluid or melt). 

In Fig. 49b, c NAP of possible 'enriched' components are presented. 

Included are two examples of pelagic sediment (Hole et al.,  1984; Jenner et 

al., 1987, Fig. 49b) and two examples of enrichments seen in mantle derived 
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Rb K Ba La Sr Nb P Nd Zr Sm TI Y Yb Se 

Figure 49. 

Chondrite normalised abundance patterns of possible depleted and enriched 

endmember components. 

A. ( • ) depleted MORB basalt from site 504B (Hole et al., 1984), ( a ) N-

type MORB V27-19 (Le Roex et al., 1985), ( 0 P-type MORB V33-66 (Le 

Roex et al., 1985). 

B. ( 0 ) Pacific authigenic mean weighted sediment (Hole et al., 1984), 

( • ) Tonga sediment (Jenner et al., 1987). 

C. ( • ) Toro Ankole mafic mafurite C4802 (Foley, 1986), ( 0) alkali 

basalt R198, Rapa Island (Palacz & Saunders, 1986). 

D. ( 0 ) Batu Tara sample B4155, Indonesia (Stolz et al., 1987). 
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Figure 50. 

Nb ppm versus % enriched component (calculated by method of Cameron et al., 

1983) for the dredged north Tonga lavas. 



rocks from Samoa (Rapa) and the east African rift (Toro Ankole) (Fig. 49c) 

(references see caption to Fig. 49). 

Based on a two component mixing model, the station 24 and 25 high-mg 

lavas both have the highest calculated amounts of enriched components 

(see Fig.50) and are more likely to reflect the trace element signature of 

the enriched component. As can be seen from comparing Fig. 44d and 49c 

there is a marked similarity between the NAP from Rapa and Toro Ankole with 

station 24 and 25 high-mg lavas. There is a marked dissimilarity between 

the NAP of the sediment components, especially with regards to Nb and La 

when compared to station 24 and 25 high-mg lavas (Fig. 49b). The similarity 

in NAP between station 24 and 25 lavas and hot-spot and rift related within 

plate lavas is taken as strong evidence that the enriched component is a 

mantle-derived phase and not subducted oceanic sediment. The suggestion 

that subducted sediment is unlikely to be responsible for the 'enriched' 

trace element and isotopic signature of the Tonga lavas relative to MORE is 

supported by the Pb isotopic data from Ewart & Hawkesworth (1987) which 

show no evidence for sediment involvement (Fig. 51). Pb isotopes from the 

Tofua magmatic arc volcanics lie entirely within the mantle array falling 

along the NHRL in a 208  Pb-206  Pb plot and plotting slightly above the NHRL 

in a 207Pb-206Pb plot in a similar position to oceanic islands of the Dupal 

anomaly. There is no well defined trend towards subducted oceanic sediment 

(Fig. 51). 

The enrichments seen in the north Tonga station 24 and 25 lavas, 

although of mantle derivation, is unlike mantle-derived enrichments seen in 

other island arc volcanics such as from the Indonesian arc (Wheller et al., 

1986; Varne, 1985; Varne & Foden, 1986; Stolz et al., 1987) or that seen in 

boninites (Hickey & Frey, 1982; Cameron et al., 1983). Varne (1985) 

proposed that the characteristic enrichment in K-group elements seen in the 

Indonesian volcanics is due to a component from enriched subcontinental 

lithosphere. The NAP from Batu Tara (Fig. 49d), an example of the 

enrichment present in the Indonesian arc volcanics, is unlike NAP's from 

station 24 and 25; it has a Nb-anomaly relative to La and is much more 

enriched in K-group elements (Rb, Ba, K, Sr). The Nb anomaly is interpreted 

to result from equilibrium with a residual titanate phase (Varne, 1985; 

Foley & Wheller, 1987). No residual titanate phase is required in the case 

of the enrichment seen in station 24 and 25 high-mg lavas. The Tonga high-

mg lavas lack the distinctive Zr enrichment relative to Sm seen in NAP 

(Fig. 44d) (Hickey & Frey, 1982; Sun & Nesbitt 1978; PART III). 
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Figure 51. 

Pb isotopic composition of Tofua Magmatic arc volcanics compared to ocean 

islands of the Cook-Austral-Samoa chains (Palacz & Saunders, 1986). NT 

north Tonga, ST south Tonga, K Kermadecs (Ewart & Hawkesworth, 1987). 

Stippled field Pacific pelagic sediment from Hole et al. (1984). HAW Hawaii 

(Sun, 1980; Stille et al., 1983). MORB data from Sun (1980) and Allegre et 

al. (1980). R Rarotonga, U Upolu, Ai Aitutaki, At Atiu, Tu Tutuila, T 

Tubuai, Ma Mangaia, Ru Rurutu, Ra Rapa. NHRL northern hemisphere reference 

line (Hart, 1984). u values refer to single stage evolution models. 



5.5.5 Evidence for a second enriched component 

Although a two component mixing model can explain most of the trace 

element and isotopic compositions of the north Tonga lavas, an additional 

component with high LILE/LREE ratios is also required. In Fig.52 the Sr/La 

and Ba/La ratios of the north Tonga lavas are compared with ratios in 

likely depleted and enriched source components. Enrichments produced by 

mantle components fall in a broad array from a high Sr/La, low Ba/La end-

member equivalent to depleted MORB mantle to enriched end-members similar 

to Group I (Foley et al.,  1987) continental ultrapotassic lavas. The north 

Tonga lavas define a trend towards a component with high Sr/La and Ba/La. 

This component is difficult to identify due to the lack of any correlation 

between Sr/La and 87  Sr/ 86  Sr isotopic ratios. However potential sources are 

a hydrous fluid from subducted oceanic crust or a mantle derived fluid 

component. Green et al.  (1987) suggest an important role for reduced fluid 

volatiles and associated mantle degassing in the generation of basalt 

magma. In particular they suggest that transform-trench intersections 

(north Tonga) are favourable sites for deep earth degassing of reduced 

volatiles (dominantly CH 4 ). The interaction of reduced (C-H-0) fluids with 

oxidised subducted lithosphere produces a H 20-rich fluid at low f02 
(- MW). 

The presence of 11 20 promotes melting of refractory peridotite in the mantle 

wedge. The presence of a reduced volatile phase explains well the very low 

Y(Fe 3+) contents of the north Tonga Cr-spinels, which suggest very low f02  

conditions (Murck & Campbell, 1986; Barnes, 1986). The LIL elements (K, Ba, 

Rb, Sr) would be carried from the subducted lithosphere via the hydrous 

fluid phase. The predicted high Sr/Nd of this fluid phase could produce a 
87 	86 range in 	Sr/ Sr ratios at relatively constant did. 

182 



300 

100 

50 

Sr/La 

10 

5 

1 
5 	10 	50 	. 100 

Ba/La 
300 1 

183 

I 

\ 
S. \ S. 

1 

\ 
S. • 

1 

• 

• 

S. 

I 

• • 

• • 

1 

• %• • ... 

I 	1 	1 

\ S. • S. . S. • 
0 \ 

1 1 	1 	1 	1 1 1 11 	I 	1 	1 	1 	1 	1 I 1_, 

o° A • • _ 
S.  _ 

• . 	S. 

\\ 
.v 

*T • 

I 	1 	1 	1 1 1 11 	1 	1 	1 	1 	1 	1 1 1 1 	1 	1 	1 	1 	1 1 1 1 

•  
\ O 	o 	,  

Figure 52. 

Sr/La versus Ba/La ratios of north Tonga lavas. ( • ) N-type MORB (Langmuir 

et al., 1977; Frey et al., 1974), ( 0) E-type MORB (Sun, 1980; Le Roex et 

al., 1985), (0) R198 Rapa Island (see also Fig. 49), (OD) Toro Ankole 

C4802 (see also Fig. 49), (OD) Batu Tara B4155 (see also Fig. 49), (V ) 

ocean island basalts (Sun, 1980), (*) T, P Tonga and Pacific authigenic 

mean weighted sediment respectively (see also Fig. 49), (1k) continental 

ultrapotassic lava EL7WAK17 (Jaques et al., 1984). Arrow points in 

direction of high Sr, Ba/La component. 
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APPENDIX 1 

REPRESENTATIVE RESIDUAL PHASE COMPOSITIONS FROM SANDWICH EXPERIMENTS 

ON MORE PYROLITE, HAWAIIAN PYROLITE AND TINAQUILLO LHERZOLITE 

all analyses are normalised to 100%, OL =olivine, OPX= orthopyroxene, CPX 
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=clinopyroxene, 

Run no. 	Phase 

SP =spinel, 

SiO2 	TiO2 

PLG =plagioclase, GA =garnet 

Al203 FeO 	MgO 	CaO 	Na20 

T -1511 OL 	I 40.31 12.15 47.54 

OPX 	I 53.52 0.30 6.31 7.35 29.01 2.66 

CPX 	I  51.61 0.35 6.28 4.67 18.79 17.09 0.39 

SP 	I 55.76 10.19 20.59 

T -1472 I 	01 	I 40.74 0.22 11.22 47.60 0.24 

OPX 	I  53.53 5.61 6.80 30.33 2.82 

SP 	I 0.50 54.50 9.50 17.00 

T -2123 OL 	I 40.51 11.51 47.76 0.21 

OPX 	I 53.56 0.19 5.45 6.93 30.12 2.92 

CPX 	I 51.03 0.31 7.04 4.92 19.95 16.69 0.32 

T - 1493 I 	OL 	I 40.26 • 11.47 47.85 0.22 

OPX 	I 53.47 5.52 7.00 30.29 2.85 • 

CPX 	I  51.07 0.36 7.52 • 4.93 19.11 16.69 0.32 

T - 1478 I 	OL 	I 40.40 10.81 48.20 0.29 

OPX 	I 54.38 3.80 6.84 31.05 2.79 

CPX 	I 52.26 0.24 5.86 5.44 21.67 13.28 0.24 

T -2140 I 	OL 	I 40.79 10.68 48.02 0.28 

OPX 	I  54.24 4.89 6.49 30.38 2.64 

CPX 	I  52.14 0.21 5.96 4.82 20.67 14.58 

SP 	I 0.22 36.12 11.10 18.58 

T - 1461 I 	OL 	I 40.59 10.39 48.57 0.21 

OPX 	I 54.64 4.14 6.49 31.18 2.51 
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T - 1480 I 	OL 
OPX 

I 

I 

40.52 

55.03 2.98 

10.32 

6.67 

48.68 

31.82 

0.21 

2.35 

0.27 

1.15 

0.894 

0.895 

T - 1464 I 	CL I 40.44 10.19 48.97 0.20 0.20 0.895 

OPX I 55.51 2.98 6.53 32.13 2.17 0.86 0.90 

T -2113 CL I 40.73 9.82 48.84 0.40 0.22 0.899 

OPX 54.89 4.02 5.58 31.41 2.73 1.36 0.909 

CPX I 51.96 0.19 5.83 4.57 20.84 15.03 1.59 0.891 

T - 2117 I 	CL I 40.22 12.84 46.67 0.27 0.866 

OPX I 54.53 0.59 4.12 7.22 29.87 2.53 1.15 0.881 

CPX 51.13 1.40 5.92 5.64 19.46 14.57 0.37 1.57 0.86 

T -2133 I 	CL I 40.84 10.08 48.65 0.21 0.22 0.896 

OPX I 54.06 0.22 7.26 6.33 29.19 2.51 0.43 0.892 

CPX I 51.29 0.30 7.00 4.05 19.18 16.81 0.24 1.14 0.885 

SP 48.39 9.46 20.58 21.57 0.795 

T -2121 I 	CL I 40.21 12.37 47.22 0.21 0.872 

OPX I 52.82 7.57 6.11 30.27 2.25 0.98 0.898 

CPX 51.03 0.65 7.08 4.78 18.57 16.44 0.44 1.00 0.874, 

SP 0.67 0.34 44.19 11.39 19.49 23.92 0.753 

PLG I 52.21 30.61 0.19 13.60 3.39 

T -2078 I 	CL I 40.63 10.44 48.66 0.27 0.891 

OPX I 54.01 0.23 5.88 6.16 30.14 2.93 0.66 0.897 

CPX I  51.68 0.25 6.45 4.22 19.80 16.05 0.35 1.19 0.873 

SP I 0.89 0.19 54.00 8.67 21.36 0.15 14.75 0.815 

T -2138 I 	CL I 41.18 10.03 48.53 0.27 0.896 

OPX I  53.99 6.63 5.92 29.97 2.60 0.88 0.90 

CPX I 51.76 0.27 6.68 4.59 21.23 13.71 1.51 0.892 

SP I 2.00 0.34 43.47 9.75 19.59 0.34 24.51 0.782 

T -2136 I 	CL I 40.96 9.22 49.59 0.24 0.906 

OPX I 53.77 3.74 5.48 33.54 2.22 1.24 0.916 

CPX I 51.52 0.26 6.65 3.92 20.06 15.64 0.31 1.63 0.901' 

SP 0.18 43.29 9.20 20.39 26.94 0.798 

T - 1516 I 	CL I 40.23 10.78 48.51 0.24 0.24 0.889 



OPX I  54.23 4.01 6.76 30.91 2.96 1.13 0.89 

CPX I  51.42 0.29 5.66 4.33 19.36 17.05 0.24 1.64 0.888 

T - 1512 I 	OL I 40.68 10.11 48.70 0.19 0.32 0.896 

OPX I 55.00 3.42 6.66 31.40 2.30 1.22 0.894 

T - 1479 I 	OL 40.79 10.12 48.88 0.32 0.19 0.902 

OPX I 53.91 4.07 6.45 31.89 2.66 1.02 0.898 

T - 1994 I 	OL  I  41.24 9.43 48.82 0.32 0.19 0.902 

OPX I  53.87 5.74 5.42 30.81 2.46 1.69 0.91 

CPX I 52.81 0.19 6.16 4.92 23.70 10.69 1.54 0.896 

T -2189 I 	OL 41.31 8.94 49.29 0.25 0.21 0.908 

OPX I 53.45 3.96 5.70 33.38 2.13 1.38 0.913 

T - 1989 I 	OL I 41.72 10.31 44.83 0.34 0.886 

OPX I  53.10 0.24 7.31 6.35 29.70 2.63 0.68 0.893 

CPX I 51.05 0.42 9.10 4.61 18.17 16.10 0.55 0.875 

SP I 0.38 57.57 9.86 23.70 8.47 0.811 

T - 1999 OL I 41.10 9.18 48.75 0.27 0.24 0.45 0.904 

OPX I 53.16 0.20 6.65 5.39 30.15 2.68 1.77 0.909 

CPX 52.65 0.17 6.94 5.22 23.39 10.05 0.44 1.14 0.889 

T-2192 I 	OL I 41.36 8.53 49.94 0.17 0.913 

OPX I 54.89 5.07 5.05 31.32 2.44 1.3 0.917 

T-2056 I 	OL I 41.41 7.54 50.73 0.32 • 0.923 

OPX I 55.05 4.26 4.77 31.79 2.72 0.922 

T -2029 I 	OL I 40.93 11.35 47.49 0.14 0.882 

OPX I  53.25 8.17 5.95 29.36 2.48 0.79 0.898 

CPX 51.78 0.32 8.36 5.50 22.16 10.75 0.40 0.73 0.878 

T -2031 I 	OL 41.01 9.24 48.83 0.23 0.26 0.43 0.904 

OPX I  54.11 6.22 	• 5.06 30.75 2.61 1.25 0.915 

CPX 52.13 7.66 4.27 21.66 12.67 •1.61 0.90 

SP I 0.22 52.37 8.14 21.37 • 17.41 0.824 

T -2069 I 	OL I 41.29 8.16 50.07 0.20 0.29 0.916 
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OPX I 54.78 4.13 5.28 32.18 2.63 1.00 0.916 

T-1515 I 	CL  I  40.12 11.60 48.10 0.18 0.881 

oPx I 53.90 5.23 6.24 30.86 2.79 0.99 0.898 

CPx I 51.97 6.94 5.13 21.18 13.22 0.63 0.94 0.88 

SP I 58.04 9.52 21.50 10.93 0.801 

T-1501 I 	CL  I  40.21 10.88 48.34 0.24 0.20 0.888 

OPX I. 53.98 5.64 5.90 31.38 2.35 0.75 0.904 

CPx I 53.91 4.88 5.82 25.39 8.93 0.40 0.67 0.886 

T-1513 I 	CL  I 40.39 10.76 48.39 0.27 0.889 

OPX I  53.97 5.63 5.96 31.01 2.40 1.03 • 0.903 

CPX I  53.91 4.88 5.82 25.39 8.93 0.40 0.67 0.886 

T-1499 I 	CL  I  40.80 10.19 48.60 0.20 0.22 0.895 

OPX I 53.84 6.33 5.99 30.40 2.68 0.77 	• 0.90 

T-2207 I 	OL  I  41.02 • 9.25 49.30 0.20 • 0.23 0.905 

OPX I  54.83 5.00 5.89 31.03 2.07 1.17 0.904 

T-2086 I 	CL  I 41.48 7.71 50.61 0.20 0.921 

OPX 54.00 6.03 4.82 31.71 2.49 0.95 0.921 

CPX I  52.80 7.52 4.03 24.40 9.80 0.34 1.10 0.915 

T-2065 I 	CL  I  41.51 7.49 50.60 0.19 0.21 0.923 

OPX 54.86 5.77 4.31 31.71 2.37 0.97 0.929 

CPX I 53.25 _ - 	6.85 4.07 25.34 8.73 0.53 1.24 0.917 

T-2075 I 	CL  I  41.35 • 7.08 51.13 0.20 0.23 0.928 

OPX I 55.65 4.65 4.23 32.60 2.15 0.72 0.932 

T-2087 I 	CL  I  41.35 7.97 50.47 0.21 0.919 

OPX I  55.82 4.76 4.60 32.03 2.14 0.64 • 0.925 

CPX I  53.82 0.23 6.47 4.21 24.22 9.47 0.99 0.59 0.911 

GA I 42.23 0.47 22.95 5.88 22.06 5.12 1.29 0.87 
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Sample no. 	Ref no. Si02  TiO 2  Al 2 0 3  FeO MgO CaO Na20 K20 P 205  MnO Cr203  Total Mg# 

504B 35-1, 	15 1 49.32 0.82 17.22 8.67 9.36 12.97 2.16 0.01 0.08 100.60 0.68 

504B 35-1, 	81 1 48.87 0.83 16.98 8.43 9.21 12.97 2.12 0.02 0.07 99.50 0.68 

504B 35-1, 	108 1 49.33 0.81 16.99 8.60 9.31 12.86 2.13 0.05 0.06 100.14 0.68 

SD-7ED 4980 2 49.15 0.96 17.58 8.01 9.58 12.14 2.38 0.04 0.10 99.94 0.70 

DS-3-3A 3864 2 49.31 0.98 17.60 7.95 9.06 12.37 2.44 0.04 0.09 99.84 0.69 

DS-3-38 3865 2 49.10 0.98 17.48 7.98 9.17 12.32 2.42 0.04 0.08 99.57 0.69 

1607 3-14 3 49.97 0.73 17.26 8.39 9.51 12.92 1.99 0.01 0.05 100.81 0.69 

1608 3-14 :3 50.02 0.81 17.62 8.35 9.24 12.88 2.02 0.01 0.05 101.00 0.69 

3-14 	. 4 49.99 0.77 17.44 8.37 9.37 12.90 2.00 0.01 0.04 100.89 0.69 

3-14 5 50.00 0.79 18.20 8.21 9.99 12.80 1.99 0.03 102.01 0.71 

3-14-10-1, 	40 6 50.00 0.79 17.40 8.22 9.81 12.90 2.28 0.02 0.13 101.55 0.70 

3-18-7-1, 	10 6 50.30 0.73 16.60 7.99 10.20 13.20 2.00 0.01 0.12 101.15 0.72 

3-18-7-1 7 49.70 0.72 16.40 7.90 10.10 13.10 2.00 0.01 0.12 0.07 100.12 0.72 

3-18 5 49.90 0.70 17.40 7.78 10.40 12.80 1.89 0.01 0.12 101.00 0.73 

72-17-44 8 49.68 0.86 16.75 7.67 9.19 12.23 2.31 0.05 0.10 0.13 98.97 0.70 

72-17-31 8 49.77 1.12 16.77 8.51 9.31 12.06 2.63 0.14 0.08 0.14 100.53 0.68 

T3-71D 159-10C1 9 47.28 0.97 14.48 10.98 12.52 10.78 2.38 0.04 0.09 0.19 99.71 0.71 

T3-71D 159-10C4 9 48.61 1.00 14.65 10.28 10.83 10.78 2.35 0.04 0.07 0.17 98.78 0.70 

A36.80 Ni 10 49.54 0.74 16.62 8.74 9.43 12.84 2.08 0.09 0.08 100.16 0.68 

A36.81 N1 10 49.00 0.86 16.37 8.88 9.55 12.38 1.96 0.10 0.09 99.19 0.68 

A36.81 Ni 10 49.52 0.85 16.04 8.96 9.86 12.39 2.07 0.17 0.09 99.95 0.69 

335-6-6 22-24 11 49.30 1.20 15.50 9.40 10.10 11.70 2.50 0.20 0.10 100.00 0.68 

3328 36-3 12 49.56 0.67 15.90 8.29 9.19 13.57 2.15 0.07 0.17 99.57 0.69 

ARP73 10-3 13 48.75 0.64 16.59 8.00 10.17 13.22 1.98 0.14 99.49 0.72 

ARP73 10-3 14 48.80 0.63 16.60 7.90 10.50 13.40 1.98 0.07 0.14 0.03 100.05 0.72 

519-2-1 15 49.24 0.78 16.53 8.77 9.69 12.07 2.15 0.07 0.17 0.10 99.57 0.69 

519-2-3 15 48.48 0.75 16.39 8.86 9.81 12.37 2.14 0.09 0.16 0.03 99.08 0.69 

519-4-1 15 49.07 0.74 16.44 8.86 10.15 11.65 2.13 0.07 0.16 0.03 99.30 0.69 

519-4 - 1 16 49.10 0.78 16.60 8.04 9.51 12.47 2.08 0.08 0.14 0.06 98.86 0.70 

519-4-2 15 48.81 0.73 16.34 8.92 9.91 11.99 2.16 0.08 0.16 0.04 98.86 0.70 

520-2-1B 15 49.64 0.78 16.34 8.72 9.82 11.76 2.25 0.09 0.15 0.06 100.03 0.69 

522-2-1 15 49.65 0.87 16.05' 8.72 9.82 11.76 2.25 0.09 0.15 0.06 99.42 0.69 

525-5-2 14 48.90 0.84 16.10 8.74 10.50 11.80 2.41 0.09 0.15 0.09 99.62 0.70 

525-5-2 15 48.95 0.84 16.14 8.75 10.49 11.84 2.41 0.09 0.15 0.09 99.73 0.70 

525-5-2 16 48.80 0.83 16.00 8.51 9.94 12.00 1.98 0.13 0.15 0.04 98.38 0.70 

528-4-1 15 49.93 0.72 15.82 8.37 9.78 12.67 1.96 0.05 0.15 0.08 99.53 0.70 

528-4-1 16 49.00 0.75 16.60 7.68 9.73 12.38 2.07 0.06 0.16 0.06 98.49 0.71 

525-5-3 15 48.96 0.82 15.75 8.52 9.79 11.92 1.97 0.11 0.13 0.08 97.55 0.69 



527-1-1 15 48.82 0.66 16.54 8.77 9.74 12.45 2.23 0.06 0.18 0.13 99.58 0.69 

527-1-1 17 48.20 0.73 16.30 8.92 10.70 12.00 1.95 0.09 0.25 0.05 99.19 0.70 

527-1-1 16 48.30 0.65 16.70 8.70 9.65 12.50 2.04 0.08 0.15 0.04 98.81 0.69 

527-1-2 15 49.50 0.66 16.51 8.76 9.86 12.68 2.08 0.04 0.17 0.11 100.37 0.69 

525-5-1 15 49.19 0.85 16.12 8.74 10.41 11.91 2.35 0.09 • 0.14 0.08 99.93 0.70 

528-1-1 15 48.83 0.84 16.17 9.00 9.76 12.43 2.35 0.09 0.16 0.09 99.72 0.68 

528-2-1 15 49.44 0.81 15.92 9.18 10.03 12.28 2.08 0.09 0.13 99.96 0.68 

528-3-2 15 49.75 0.84 15.92 8.67 9.43 12.45 2.07 0.07 0.17 0.09 99.46 0.68 

ARP74-10-16 18 50.00 0.86 15.50 8.05 10.50 12.20 2.10 0.13 0.14 0.17 99.65 0.72 

ARP74-10-16 18 49.47 0.82 15.23 8.15 10.66 12.21 1.94 0.16 0.10 0.14 98.88 0.72 

530-3-1 15 49.98 0.77 15.24 8.60 10.11 12.45 2.23 0.07 0.13 99.58 0.70 

534-2-1 15 50.30 0.84 15.99 8.70 9.91 12.33 2.16 0.09 0.13 0.08 100.53 0.69 

534-2-1C 15 50.33 0.84 15.89 8.72 9.70 12.49 2.13 0.09 0.09 0.10 100.29 0.69 

534-2-2A 15 50.37 0.84 15.86 8.57 9.82 12.33 2.18 0.09 0.16 0.09 100.31 0.69 

- ARP74-14-31 14 48.20 0.51 17.00 8.51 10.10 12.70 2.30 0.04 0.16 99.56 0.70 

ARP74-14-33 14 48.20 0.50 16.90 8.50 9.91 12.80 2.30 0.04 0.15 0.01 99.31 0.70 

CYP31-35 18 49.57 0.85 15.26 8.15 10.63 12.11 2.11 0.19 0.11 0.14 99.12 0.71 

CHAIN • 3-23 19 49.50 0.81 15.70 7.45 10.00 13.00 1.95 0.17 0.08 0.15 0.14 98.95 0.73 

All 32 11-37 20 50.73 0.92 15.61 7.97 9.34 13.29 1.94 0.24 0.10 100.14 0.70 

All 32 11-90 20 50.41 0.92 15.64 7.95 9.09 13.35 2.05 0.28 0.11 99.80 0.69 

CHAIN 21 D20-29 19 48.26 0.89 16.80 9.32 10.48 11.23 2.40 0.03 0.06 0.17 99.64 0.69 

4833 32-2, 	141 21 51.00 1.30 15.60 7.30 8.10 13.20 2.50 0.10 0.10 0.10 99.3 0.69 

3-18-7-1, 	30-35 6 50.40 0.79 17.10 7.97 9.88 12.90 1.62 0.02 100.68 0.71 

3-18 22 50.40 0.79 17.09 7.97 9.88 12.93 1.62 0.02 0.08 100.78 0.71 

3-18 3 .50.14 0.74 16.81 8.25 9.59 13.01 1.71 0.04 100.29 0.70 

3-18 3 50.73 0.73 16.88 8.22 9.84 13.33 1.68 0.04 0.05 101.50 0.70 

3-18 3 49.95 0.69 17.29 7.91 9.14 13.23 1.76 0.04 100.01 0.70 

3-18 4 49.86 0.71 16.93 8.12 9.49 13.23 1.76 0.02 0.04 100.04 0.70 

A36.82 Ni 10 49.82 0.85 16.11 8.48 9.11 13.00 1.85 0.13 0.10 98.95 0.68 

A36.82 Ni 10 51.14 0.95 16.28 8.29 9.40 12.26 2.06 0.16 0.12 100.40 0.68 

A36.83 Ni 10 50.89 0.89 16.21 8.29 9.40 12.26 2.06 0.16 0.12 100.28 0.69 

529-3-2 15 50.82 0.92 15.92 7.91 9.38 12.07 2.30 0.16 0.13 0.06 99.67 0.70 

822-8 23 49.99 0.82 16.25 8.42 8.97 13.34 2.01 0.10 0.09 99.99 0.68 

826-1 23 50.10 0.78 16.42 8.23 8.82 13.38 1.84 0.07 0.06 99.70 0.68 

826-2 23 49.69 0.71 16.48 8.26 8.98 13.79 1.88 0.05 0.10 99.94 0.68 

828-1 23 49.20 0.74 16.05 8.46 9.12 13.48 1.83 0.05 0.07 • 99.00 0.68 

E203 3 50.41 0.92 15.64 7.95 9.09 13.35 2.05 0.28 0.11 99.80 0.69 

E202 3 50.73 0.92 15.61 7.97 9.34 13.29 1.94 0.24 0.10 .100.14 0.70 

4 50.57 0.92 15.62 7.96 9.21 13.32 1.99 0.26 0.10 99.95 0.70 

TR-154 140-1 24 51.36 1.29 16.48 7.64 8.39 12.02 2.49 0.25 0.09 0.06 100.07 0.68 

TR-138 10-2 24 51.15 1.15 16.14 7.74 8.37 12.23 2.71 0.22 0.16 99.87 0.68 



212 3 51.33 0.61 15.60 7.86 8.97 13.48 1.42 0.05 0.03 99.35 0.69 

526-1-1B 15 51.36 0.78 15.03 7.86 9.01 12.38 2.04 0.10 0.10 0.11 98.77 0.69 

All 77 37-1 14 51.40 0.95 14.80 8.48 9.30 12.70 1.84 0.11 0.18 0.05 99.81 0.68 

All 77 76-61 14 51.20 0.84 15.00 7.98 9.02 13.30 1.89 0.08 0.16 0.08 99.55 0.69 

All 77 76-71 14 51.40 0.83 15.00 8.05 9.15 13.20 1.97 0.09 0.16 0.07 99.92 0.69 

KN42 129-16 14 51.00 0.99 15.30 8.31 8.96 12.00 2.00 0.32 0.13 99.01 0.68 

TR 154 13D-1 24 51.64 1.10 15.61 7.16 8.51 12.55 2.33 0.13 0.05 0.08 99.16 0.68 
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APPENDIX 3 

GEOCHEM/CAL ANALYSES OF DREDGED IGNEOUS ROCKS FROM THE 1984 CRUISE 

OF THE 'MATSUSHIMA' 

A3.1 Major element geochemistry 

major elements in wt%, LOI =loss on ignition total iron as Fe 203 

no. Si02  TiO2  Al203  Fe203  MnO MgO CaO Na20 K20 P 205  LOI Total 

1-30 53.22 1.24 15.56 11.05 0.18 4.45 8.92 2.90 0.59 0.09 1.54 99.74 

1-31 53.27 1.27 15.47 10.80 0.17 4.02 8.46 2.91 0.84 0.11 2.52 99.84 

1-33 52.76 1.21 15.68 11.13 0.17 4.48 8.82 2.86 0.56 0.10 1.85 99.62 

1-34 51.64 1.04 16.50 8.66 0.15 5.38 10.13 3.01 0.66 0.12 2.08 99.37 

1-38 52.22 0.94 16.52 9.20 0.16 5.94 10.59 2.52 0.47 0.10 1.15 ,99.81 

1-39 49.91 1.40 15.19 12.38 0.18 5.43 8.50 3.25 0.47 0.62 2.60 99.93 

1-35 50.87 0.97 16.68 8.70 0.14 7.46 8.64 3.07 0.28 0.11 2.59 99.51 

3-21 53.05 0.22 12.57 10.72 0.16 10.34 9.63 1.52 0.43 0.04 1.07 99.75 

3-49 51.20 0.21 10.86 10.36 0.18 14.53 9.76 1.38 0.20 0.05 1.46 100.19 

3-51 52.67 0.22 12.57 10.64 0.16 10.15 10.25 1.56 0.44 0.03 1.33 100.02 

3-44 53.66 0.20 10.53 10.32 0.19 14.80 8.55 1.13 0.35 0.03 0.05 99.81 

3-39 53.46 0.22 11.21 10.13 0.18 13.08 9.34 1.07 0.33 0.03 0.36 99.41 

3-45 54.37 0.28 10.65 10.77 0.18 11.83 9.19 1.45 0.47 0.05 0.59 99.83 

3-47 54.18 0.30 10.74 10.91 0.19 11.92 9.07 1.45 0.47 0.05 0.98 100.26 
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3-22 55.32 0.29 13.71 10.65 0.19 7.68 9.86 1.61 0.46 0.06 -0.15 99.68 

3-24 58.36 0.25 10.81 9.67 0.18 10.65 7.67 1.35 0.55 0.07 0.01 99.57 

3-25 54.69 0.29 11.22 10.75 0.18 10.86 9.11 1.39 0.57 0.05 1.08 100.19 

3-34 58.34 0.34 13.13 10.03 0.18 6.18 9.02 1.76 0.63 0.09 -0.04 99.66 

3-41 55.07 0.33 14.27 10.78 0.19 6.83 9.84 1.72 0.60 0.07 0.50 100.20 

3-46 54.71 0.24 10.41 10.90 0.19 12.34 9.33 1.01 0.35 0.04 0.28 99.80 

3-26 54.71 0.29 15.05 10.50 0.17 6.28 10.39 1.43 0.46 0.06 0.45 99.79 

3-28 53.86 0.27 14.66 11.03 0.17 7.74 10.58 1.37 0.40 0.04 0.04 100.16 

3-31 56.13 0.33 15.08 10.17 0.17 5.05 9.53 1.82 0.66 0.08 0.13 99.15 

3-40 56.14 0.34 16.01 10.31 0.15 4.50 9.85 1.96 0.63 0.09 0.04 100.02 

3-52 56.52 0.30 14.53 10.31 0.18 6.39 10.30 1.51 0.46 0.09 0.03 100.62 

3-53 56.85 0.29 13.03 10.13 0.18 8.05 9.42 1.33 0.53 0.06 -0.07 99.80 

3-27 54.66 0.30 15.25 10.73 0.17 5.91 10.53 1.39 0.42 0.04 0.30 99.70 

3-29 58.52 0.41 14.78 9.66 0.14 3.24 7.46 2.71 1.14 0.14 1.73 99.93 

3-30 58.87 0.42 14.48 9.38 0.15 3.01 7.24 2.77 1.31 0.14 2.23 100.00 

3-36 58.89 0.41 14.96 9.82 0.15 3.22 7.53 2.78 0.98 0.15 0.86 99.75 

3-36b 58.81 0.41 14.87 9.67 0.15 3.27 7.51 2.89 0.99 0.14 0.83 99.54 

3-36c 58.08 0.40 14.72 9.53 0.15 3.27 7.39 2.76 1.20 0.14 2.25 99.89 

3-32 58.34 0.40 14.89 9.59 0.15 3.26 7.43 2.77 1.21 0.14 2.02 100.20 

3-42 59.83 0.42 15.04 9.53 0.14 3.09 7.34 2.95 0.98 0.15-0.03 99.44 

4-11 53.97 0.55 15.21 7.82 0.15 5.11 6.02 4.29 0.25 0.04 	6.76 100.17 
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4-12 53.19 0.43 14.65 9.12 0.17 8.43 10.40 1.80 0.13 0.03 1.25 99.60 

4-15 49.73 0.31 13.65 11.07 0.18 7.84 9.51 1.78 0.17 0.03 5.15 99.42 

4-14 72.69 0.11 14.27 1.97 0.03 0.60 7.40 2.28 0.07 0.04 0.52 99.98 

5-24 52.39 0.15 7.84 10.67 0.21 20.67 7.10 0.84 0.14 0.01 0.13 100.15 

5-25 52.91 0.35 9.47 10.61 0.19 16.02 8.36 1.25 0.16 0.04 0.24 99.60 

5-28 53.07 0.14 8.17 10.60 0.20 19.41 7.45 0.68 0.12 0.02 -0.02 99.84 

5-20 55.36 0.61 14.95 10.68 0.17 5.24 10.03 2.05 0.24 0.07 0.71 100.11 

5-21 55.00 0.47 16.29 10.16 0.17 4.67 10.62 1.77 0.19 0.04 0.18 99.56 

5-23 55.53 0.38 16.49 9.64 0.16 5.02 10.92 1.56 0.19 0.04 0.20 100.13 

5-27 56.19 0.43 14.47 10.50 0.17 5.24 9.88 1.63 0.24 0.06 0.57 99.38 

6-2 54.16 0.29 9.85 9.07 0.16 14.91 8.57 0.94 0.39 0.06 1.78 100.18 

6-3 54.66 0.30 10.34 9.17 0.17 13.28 8.94 1.11 0.42 0.07 1.87 100.33 

7-9 53.53 0.42 10.59 9.32 0.15 12.91 9.45 1.38 0.59 0.27 1.45 100.06 

7-11 53.12 0.44 10.59 9.36 0.16 12.89 9.32 1.41 0.66 0.24 1.64 99.83 

7-12 53.39 0.44 10.68 9.24 0.16 12.93 9.40 1.42 0.58 0.26 1.33 100.03 

7-14 53.30 0.42 10.49 9.40 0.17 12.94 9.26 1.53 0.60 0.27 1.75 100.13 

7-15 53.35 0.43 10.61 9.17 0.15 12.74 9.39 1.45 0.58 0.27 1.45 99.77 

7-16 53.50 0.41 10.65 9.20 0.16 12.58 9.43 1.39 0.58 0.27 1.58 99.75 

7-18 52.97 0.44 10.55 9.31 0.16 12.56 9.34 1.47 0.69 0.25 1.69 99.43 

11-3 48.95 0.71 15.01 10.73 0.18 9.15 13.09 2.84 0.02 0.03 -0.72 100.00 
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A3.2 Trace element geochemistry 

Trace elements in ppm 

no. Ba Rb Sr Zr Nb Y Sc V Ni 

1-30 28 9 130 74 30 39 349 23 46 

1-31 29 13 131 78 31 33 357 20 33 

1-33 24 9 133 76 1 30 39 349 25 43 

1-34 26 10 158 87 1 32 34 244 39 131 

1-38 29 9 132 59 1 29 40 259 52 204 

1-39 16 10 156 94 45 32 267 18 27 

1-35 29 4 136 57 22 39 257 109 234 

3-21 112 4 172 10 5 48 326 . 122 435 

3-49 98 2 264 9 8 45 253 233 935 

3-51 104 5 175 9 6 53 343 123 445 

3-44 106 6 151 12 7 50 247 275 1095 

3-39 86 7 161 11 2 7 51 261 215 814 

3-45 108 7 177 18 1 9 48 247 150 729 

3-47 113 7 172 20 8 51 259 153 762 

3-22 131 7 236 14 1 10 49 281 78 281 

3-24 140 10 175 19 2 7 43 251 117 605 

3-25 117 9 190 18 1 10 46 252 132 607 

3-34 163 10 223 19 11 47 275 47 196 

3-41 161 12 271 18 1 9 47 292 67 196 

3-46 93 5 156 11 8 53 256 143 774 

3-26 123 8 212 16 2 10 50 345 64 159 

3-28 107 3 118 15 1 11 51 323 99 287 

3-31 170 12 260 23 2 11 45 333 43 94 

3-40 180 9 319 20 1 11 42 288 40 88 

3-52 116 10 206 14 2 8 52 338 63 180 

3-53 140 8 202 17 1 9 50 275 84 365 

3-23 268 20 387 40 4 12 33 305 19 14 

3-27 104 7 196 16 2 9 52 330 150 78 

3-29 270 21 389 43 5 12 32 310 19 13 

3-30 278 21 379 41 4 12 32 274 16 17 

3-36 274 19 399 41 2 12 32 311 17 13 

3-36b 271 19 385 44 4 13 34 309 21 17 

3-36c 267 21 376 39 3 12 33 300 19 14 
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3-32 267 20 384 40 3 13 32 307 17 13 

3-42 274 13 396 41 3 14 32 247 18 16 

4-11 26 5 82 51 1 19 34 203 51 108 

4-12 29 1 74 45 2 21 51 229 93 189 

4-15 37 3 69 57 2 32 61 191 82 187 

4-14 60 550 48 16 7 24 41 5 9 

5-24 34 2 46 5 5 44 191 501 2027 

5-25 41 3 68 20 10 44 252 132 607 

5-28 35 2 48 7 6 43 200 433 1767 

5-20 55 4 126 39 1 17 44 298 37 75 

5-21 50 3 123 25 14 46 270 27 54 

5-23 42 3 118 15 11 44 231 29 94 

5-27 57 4 108 25 13 49 270 40 124 

6-2 104 8 146 32 7 7 39 202 239 952 

6-3 105 8 159 159 8 8 43 214 189 927 

7-9 222 13 348 49 17 8 43 213 204 782 

7-11 229 23 345 50 16 7 42 229 215 805 

7-12 221 12 353 49 18 10 41 227 212 802 

7-14 211 12 347 50 18 10 43 221 224 810 

7-15 11 355 50 18 12 221 200 770 

7-16 228 11 351 50 18 11 40 218 189 743 

7-18 230 12 348 53 16 11 44 223 199 760 

11-3 14 2 48 21 22 51 299 133 350 
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A3.3 REE geochemistry 

REE in ppm 

no. La Ce Pr Nd Sm Eu Gd Dv Er Yb 

1-35 1.98 7.22 1.44 7.34 2.57 0.96 3.37 3.71 2.25 2.06 

1-38 2.84 9.23 1.56 8.40 2.84 1.11 4.04 5.03 3.28 3.20 

1-39 4.73 12.41 2.19 12.24 3.85 1.53 5.50 6.68 4.35 3.86 

3-44 1.77 4.1 2.85 0.82 1.27 1.16 0.80 0.86 

3-49 3.11 5.63 0.72 3.35 0.88 0.32 1.18 1.26 0.85 0.90 

3-47 3.25 6.53 0.82 3.70 1.05 0.39 1.29 1.60 1.01 0.95 

3-51 2.20 4.45 0.63 2.46 0.57 0.19 0.76 0.97 0.63 0.67 

3-27 3.12 6.00 0.72 3.68 0.94 0.36 1.20 1.45 0.90 0.95 

3-24 4.00 8.44 1.06 4.51 1.32 0.50 1.38 1.65 1.20 1.14 

3-53 3.94 7.95 0.94 4.47 1.31 0.49 1.34 1.67 1.19 1.19 

3-36 9.49 20.85 2.57 9.29 2.29 0.67 2.38 2.06 1.33 1.26 

4-14 13.34 30.60 2.96 9.65 1.57 <0.24 1.32 1.07 0.52 0.37 

4-12 1.73 5.24 0.86 4.46 1.53 0.57 2.54 3.20 2.04 2.31 

5-25 1.51 3.34 0.55 2.72 0.89 0.36 1.27 1.62 1.10 1.14 

5-27 1.91 4.43 0.76 3.56 1.24 0.59 1.90 2.46 1.78 1.78 

5-20 2.82 6.44 1.01 5.17 1.72 0.62 2.37 3.10 2.15 2.07 

5-24 0.90 0.28 0.59 0.77 0.46 0.66 

6-3 6.53 14.74 1.73 6.36 1.30 0.45 1.35 1.27 0.63 0.58 

7-18 15.98 37.72 4.48 17.29 3.23 1.02 2.68 1.84 0.93 0.79 

11-3 1.08 0.64 3.48 1.57 0.62 2.74 3.76 2.50 2.37 
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