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ABSTRACT 

Lavas erupted along the Galapagos 95.5°w propagating rift display 

an unusually high petrological diversity and include some of the most 

evolved abyssal lavas known. This diversity is clearly related to the 

tectonics of rift propagation. Lavas erupted closest to the 95.5° W 

propagating rift tip are relatively unfractionated. They are joined 

within 2-3 km by FeTi basalts in an apparently bimodal assemblage. For 

the next 10-15 km the range of lava compositions becomes increasingly 

broad, even including rare andesites and rhyodacites, and then declines 

toward a normal MORB population by about 100 km behind the propagating 

rift tip. 

The observed variation in erupted lava compositions appears to be 

dominated by low-pressure crystal fractionation effects, and to reflect 

the evolution of the rift from zero spreading toward a steady-state 

configuration. During this evolution, the degree to which magmas can 

differentiate by crystal fractionation is controlled by the balance 

between cooling rates of crustal magma bodies and their rates of 

resupply with new magma from below. At one extreme, close to the 

propagating rift tip, high cooling rates and low resupply rates do not 

provide adequate time for magmas to differentiate, while at the other 

extreme, approaching a steady-state configuration, frequent 

replenishment with new, primitive magma will not permit advanced 

degrees of crystal fractionation to be achieved. Between these 

extremes, the evolving rift permits the development of a broad range of 

magma compositions in small, isolated magma chambers. As the cooling 

rate-supply rate balance evolves, there is a gradual increase in size, 

vi 
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longevity and degree of interconnection of crustal magma chambers 

beneath the developing ridge. 

The diversity of lavas from the 95.5°W region is highlighted by 

the positions of liquid (glass) compositions within the pseudo

quaternary di-pl-ol-Q, especially in the projection from pl onto 

di-ol-Q. Quantitative modeling of crystal fractionation paths within 

this system and qualitative observations allow one to see through the 

dominant crystal fractionation effects. Primitive lavas (mg # > 63) 

project in a broad band across di-ol-Q, parallel both to its base and 

to the locus, with changing pressure, of the cpx-opx-ol-pl(sp) 

pseudoinvariant point of Stolper (1980). For the most part, this 

band represents an array of derivatives, by olivine fractionation, of 

primary li~uids derived from similar mantle compositions by similar 

degrees of melting over a range of depths from 9-20 kb for the normal 

rift and 9-14 kb for the propagating rift. Basalt glass Kl2B from the 

propagating rift is exceptional and may have been derived either by a 

high degree of melting (30 i. ?) of similar mantle at 14-15 kb or by 

similar degrees of melting (20-25 % ?) of a more iron-rich mantle at 

11-12 kb. Propagating rift lavas are an unusually diverse group 

comprised of a "cotectic" population dominated by crystal fractionation 

effects, and a "mixed" population which projects mainly in the olivine 

volume and cuts across the curvature of the liquid line on di-ol-Q and 

appropriate binary plots. The mixed population was erupted between 2-3 

km and 75 km behind the propagating rift tip and appears to result from 

numerous, isolated mixing events in keeping with the postulated 

presence in this region of numerous small, ephemeral and variably 
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interconnected magma bodies. With the exception of some incompatible 

element concentrations, individual natural compositions from the 

cotectic population appear to have been derived by varying degrees of 

low pressure crystal fractionation, along sub-parallel paths, from a 

range of primary magmas. This range of primary magmas reflects, in 

turn, a range of source compositions and/or degrees of melting. The 

entire population of naturally occurring "cotectic" compositions and 

their hypothetical parents is bounded by two model liquid paths derived 

from compositions Kl2B, mentioned above, and KllD, which erupted < 1 km 

from the tip and which has one of the shallowest depths of separation 

from residual mantle. Farther behind the propagating rift tip, 

incompatible element concentrations of natural glasses are too high to 

have been derived by crystal fractionation of these parents, suggesting 

an increasing, presumably hotspot-related, incompatible component in 

the source • 
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CHAPTER 1 

INTRODUCTION 

This work began as part of the HIG Galapagos project, an 

interdisciplinary study designed to test and refine the propagating 

rift hypothesis and to determine the petrologic, seismic and magnetic 

character of oceanic crust formed by the 95.5°W Galapagos propagating 

rift system. 

For the most part, data and samples used in this project were 

collected by R/V Kana Keoki during May-June 1979. Additional samples 

from cruises Geometep I and Geometep II of R/V Sonne were provided by 

Preussag AG, West Germany, and samples from an earlier cruise of USNS 

De Steiguer were provided by the Smithsonian Institution. 

1.1 THE PROPAGATING RIFT HYPOTHESIS 

The propagating rift hypothesis was formulated by Hey (Hey 1977a, 

Hey and Vogt, 1977) to explain apparent northward jumps of the 

spreading axis as interpreted from magnetic profiles across the 

Galapagos spreading center near 95°w (Figs 1.1,1.2). Hey recognized 

that the apparent ridge jumps become both younger and shorter as the 

9S.S0 W transform is approached from the east. He postulated that the 

spreading center segment east of 95.5°w is propagating (lengthening) 

westwards into the Cocos plate; keeping pace with this westward 
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Figure 1.1 Generalized regional map showing the north-south trending 

East Pacific Rise, the east-west trending Galapagos Spreading Center 
and the rough-smooth boundary between crust formed along each of the 
two centers. Double lines are spreading centers. Single lines are 
transforms. Shaded area is the Galagagos high-amplitude magnetic zone 
terminating at the 95.5°W and 85.3 W propagating rift tips. Arrows 
indicate directions of motion, relative to the Galapagos hotspot, of 
the Cocos and Nazca plates (modified after Hey, 1977b) • 
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Figure 1.2 Map of the Galapagos region showing the high amplitude 

magnetic zone and the four propagating rift tips. Double lines, 
spreading center; Long dashed lines, pseudofaults (see Fig. 1.3); Short 
dashed lines, boundaries of the high amplitude magnetic zone, not 
necessarily pseudofaults; Dotted line, failed rift; Diagonal shading, 
oceanic crust known to have formed along a propagating rift segment • 
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propagation, the previously active (normal) spreading center to the 

south is gradually becoming inactive. 

1.3): 

Tectonic elements resulting from rift propagation include (Fig. 

i) Propagating rift, 

ii) Normal or dying rift, 

iii) Failed rift, 

iv) Pseudofaults - paired age discontinuities forming V

shaped boundaries between crust formed along the dying 

rift and crust formed along the propagating rift. They 

are recognizable as discontinuities in the seafloor 

magnetic stripes at which crust of different ages is 

juxtaposed, although no actual fault motion has 

necessarily ever occurred (Hey,1977a). 

Data from the 1979 cruise and a subsequent Deep Tow/Seabeam 

magnetic and bathymetric survey have all tended to confirm the 

propagating rift hypothesis (Hey and Sinton, 1979; Wilson and Hey, 

1979; Hey et al., 1980; Millholland and Duennebier, 1980, 1982; 

Christie and Sinton, 1981, Miller and Hey, 1982, 1983; Sinton et al., 

1983; Searle and Hey, 1983; Hey et al., 1983; Kleinrock and Hey, 1983). 

In addition, three new propagating rift systems were recognized between 

95.S0 w and 85°w. These four systems are arranged in two nested pairs 

centered on, and facing away from, the Galapagos Archipelago (hot spot) 

(Fig. 1.2; Wilson and Hey, 1979) • 
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COCOS PLATE 
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Figure 1.3 Simplified tectonic elements of the 95.5°W propagating rift 

as described in text. Stippling outlines model magnetic anomaly 
pattern (stippled, normal; white, reversed polarity) • 
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A more complex nested sequence of at least five propagating rift 

systems has also been recognized in the Juan de Fuca area (Hey,1977a; 

Hey and Sinton, 1979; Hey and Wilson, 1982; Wilson et al., 1984) • 

1.2 TECTONIC FEATURES OF TIIE GALAPAGOS SPREADING CENTER 

The Galapagos spreading center trends eastwards from the Pacific

Cocos-Nazca triple junction at about 2°N, l02°w, until its identity is 

lost near the Malpelo Ridge at about 83°w (Fig. 1.1). It separates the 

Cocos plate to the north from the Nazca plate to the south • 

The Galapagos Archipelago lies at about 91°w, slightly to the 

south of the spreading center, at the intersection of the Cocos Ridge 

with the Carnegie Ridge. These two ridges, which trend parallel to the 

present directions of absolute motion of the Cocos and Nazca plates 

(Figs 1.1, 1.2), are believed to represent past traces of a Galapagos 

hot spot (Morgan, 1973; Hey et al., 1977) • 

The four propagating rifts form two nested pairs roughly centered 

on the archipelago (Fig. 1.2); propagating rift tips are at 

approximately 95.5°w, 93°W, 87.3°W and 85.3°w and, relative to the 

oceanic crust, all four have propagated away from the hot spot. Three 

of the four are actively propagating; the 85.3°w propagating rift 

ceased continuous propagation when it intercepted the long 85.3°w 

fracture zone within the last 2 m.y. (Wilson and Hey,1979), although 

there appear to have been some subsequent abortive attempts to resume 

propagation (Embley et al., 1984) • 
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Because the absolute movement directions of the Cocos and Nazca 

plates have large eastward components (approximately 40 mm/yr) (Figs 

1.1, 1.2; Hey, 1977a), the entire spreading ridge system is moving 

eastward relative to a fixed hot spot or sub-lithospheric reference • 

This is particularly important at the 85°w propagating rift tip which, 

although stationary in a crustal frame, is actually moving relatively 

rapidly (60-90 rmn/yr) away from the hot spot. 0 Conversely, the 95.5 W 

propagating rift tip, propagating at about 50 rmn/yr through the crust, 

is nearly stationary relative to the hot spot • 

1.3 OCCURRENCE OF ABYSSAL FERROBASALTS 

Mid-ocean ridge basalts (MORB) are remarkable for their overall 

compositional uniformity, particularly with respect to major elements 

(e.g., Engel et al., 1965; Kay et al., 1970; Melson et al., 1976), 

although subtle regional (e.g., Melson and O'Hearn, 1979; Morel and 

Hekinian, 1980; Schilling et al., 1983) and local (e.g., Bryan and 

Moore, 1977; Bryan, 1979; Bryan et al., 1981; Stakes et al., 1984) 

variations have been documented. Furthermore, in several well 

documented areas (e.g., FAMOUS-AMAR area: Bryan and Moore, 1977, 

Stakes et al., 1984; Siquieros area: Natland and Melson, 1980; 

Galapagos area: this work, see Chapter 2) the local compositional 

variability approaches that of the entire mid-ocean ridge system. 

Of particular relevance to this study is the distribution of 

unusual iron- and/or titanium-enriched abyssal ferrobasalts (Fig. 1.4) • 

FeTi-basalts (Fe0>12 wt.%, Ti0 2>2 wt%) occur as widespread, but 

volumetrically insignificant, isolated occurrences along the East 
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Figure 1.4 World-wide distribution of abyssal ferrobasalts. Solid 

circles, FeO* > 12 wt.%; Half-filled circles, FeO* 11-12 wt.%, Ti02 > 
2 wt.%; Open circles, FeO*, 11-12 wt.%, TiO < 2 wt.%. Data sources: 
Melson et al., 1977; Delaney et al., 1981; ~cheidegger and Corliss, 
1981; LeRoex et al., 1982; Schilling et al., 1982b. Base map after 
Taylor and Karner (1983). 
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Pacific Rise (EPR) and in drill-cores from older crust of the Pacific 

and Indian oceans. They also occur in relative abundance in several 

provinces where they are associated with enhanced magnetic anomaly 

amplitudes (Vogt and Johnson, 1973, 1974; Vogt, 1979) • 

In all, five major abyssal ferrobasalt provinces are recognized 

and, in each, the normal mid-oceanic spreading regime is disrupted by 

either or both of rift propagation and ridge-centered hot spot activity 

with its associated crustal thickening. 

i) Reykjanes ridge (Vogt, 1979, Schilling et al., 1983). 

Associated with the Iceland hot spot. No documented 

rift propagation. 

ii) Spiess ridge (Le Roex et al., 1982). Associated with 

the Bouvet hot spot. Newly established, possibly 

propagating, spreading center. 

iii) S.E. Indian ridge near 130°w (Anderson et al., 1980; 

iv) 

Cherkis et al., 1982). No identified hot spot. Rift 

propagation recognized. 

Juan de Fuca ridge (e.g., Delaney et al., 1981, 1982; 

Hey and Wilson, 1982; Sinton et al., 1983; Wilson et 

al., 1984). Nested propagating rifts. Hot spot lacks 

a chemical signature (Delaney et al., 1981; Eaby et 

al., 1984) and its bathymetric expression is 

insignificant relative to Galapagos or Iceland • 
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v) Galapagos spreading center, 85-95°w (this work) • 

Nested propagating rifts, well developed hot spot. 

In addition, subaerial ferrobasalt provinces in the Afar area (Red 

Sea) (Barberi et al., 1970; Courtillot et al., 1980) and Iceland (Meyer 

and Sigurdsson, 1982; Schilling et al., 1982b; Meyer et al., 1984) are 

associated with rift propagation or similar phenomena, while a 

petrologically similar province in the Galapagos Islands (McBirney and 

Williams, 1969; Swanson et al., 1974; Lindstrom, 1975; 1976) is not. 

In all these cases, ferrobasalts and associated differentiates 

appear to have formed by shallow fractionation of normal tholeiitic 

parent magmas. While some chemical imprint of the hot spot is present 

in several cases, the hot spot does not appear to have directly 

influenced the formation of ferrobasalts. Rather, enhanced magma 

supply from the hot spot and the associated crustal thickening interact 

with thermal and magma supply effects associated with rift propagation 

to disrupt the steady-state balance of magma supply rate and cooling 

rate of a normal mid-ocean ridge. This disruption allows fractionation 

.to proceed beyond normal limits without interruption by new influxes of 

magma and/or eruptive episodes (Christie and Sinton, 1981; Le Roex et 

al., 1982; Sinton et al., 1983; see also Chapters 2 and 3). 

Isolated occurrences of FeTi basalt are widespread, though 

volumetrically insignificant, along the East Pacific Rise (EPR), but 

virtually absent from the Mid-Atlantic Ridge (MAR). The distribution 

of east Pacific ferrobasalts is not random; apart from those of the 

Galapagos and Juan de Fuca areas, the majority appear to occur close to 

transform faults. Fig 1.5, modified from Scheidegger and Corliss 
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Figure 1.5 FeO*/MgO ratios of basalt glasses plotted against distance 

from the nearest transform for the East Pacific Rise (EPR) and 
Galapagos spreading center (GSC) after Scheidegger and Corliss, 1981. 
Long dashed line at FeO*/MgO • 1.75 is the arbitrary boundary between 
"normal" and iron-enriched basalts used by Sinton et al.,1983 • 
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(1981) shows (despite the authors' assertion to the contrary), that the 

majority of ferrobasalts from Nazca plate boundaries (EPR and GSC) are 

within 75 km of transform faults. Similar relationships appear to hold 

for the northern part of the EPR and, if a lower threshold (FeO> 

llwt.%) is taken, for the MAR (Fig 1.4). 

These observations accord with one of the main theses developed in 

this study, that unusual degrees of fractionation of MORB magmas can 

only develop when the characteristic steady-state balance between magma 

supply and cooling rate beneath the mid-ocean ridge is perturbed by 

proximity to transform faults, notably in the special case of rift 

propagation, or by excess magma supply and crustal thickening 

associated with ridge-centered hot spots • 

1.4 PREVIOUS AND CONCURRENT PETROLOGIC STUDIES 

1.4.1 Early studies 

Vogt and Johnson (1973, 1974; see also Watkins, 1974) recognized 

the presence of a zone of high amplitude magnetic anomalies (H-zone or 

HAM zone) along the GSC in the vicinity of the Galapagos Islands and 

predicted the occurrence of ferrobasalts within this RAM zone. This 

prediction was borne out by rocks recovered in Southtow dredge haul Sl7 

(Anderson et al., 1975) and in several dredge hauls by USNS De Steiguer 

(Byerly et al., 1976; Vogt and de Boer, 1976). These rocks included a 

variety of FeTi-enriched basalts as well as some unusual andesites and 

rhyodacites, all from within the HAM zone. Soon after, Schilling et 

al. (1976) suggested that light REE-enriched basalts, interpreted as 
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having a hot spot signature, occurred within a radius of 450 km from 

the Galapagos Islands. 

All these authors, and subsequent more detailed studies by Byerly 

(1980) and by Clague et al. (1981) recognized that the iron- and 

silica-rich lavas were derived from normal MORB tholeiitic parents by 

unusually high degrees of low pressure crystal fractionation. Although 

the great majority of the early samples were taken near the apices of 

the HAM zone, the concept of "magnetic telechemistry" (Vogt and 

Johnson, 1973) was used either implicitly or explicitly to infer the 

occurrence of fractionated lavas throughout the HAM zone (this 

inference has subsequently been shown to be invalid; see Christie and 

Sinton, 1981; Sinton et al., 1983, and data of Schilling et al., 

1982a). Following from this assumption, early suggestions as to 

mechanisms by which the FeTi-enriched basalt(s) may have formed 

concentrated on the proximity of the hot spot, although Hey (Hey, 

1977b; Hey and Vogt, 1977) suggested an association between 

differentiated lavas and propagating rifts. Vogt (1976) suggested that 

iron enrichment of basalts from spreading ridges near hot spots results 

from the "subaxial" flow of magma away from the hot spot. This theory 

was modified to account for the absence of a hot spot chemical 

signature on both Juan de Fuca (Vogt and Byerly, 1976) and Galapagos 

(Byerly et al., 1976) FeTi basalts. These authors retained the idea of 

subaxial flow and suggested that crystal fractionation is enhanced by 

ponding of this flow against transform fault "dams". Byerly (1980) 

suggested a less direct link between enhanced differentiation and the 

presence of the Galapagos hot spot. Noting the axial topographic high 

which exists along most of the HAM section of the spreading center 
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(Vogt and de Boer, 1976), and following the model of Sleep and 

Rosendahl (1979), he suggested that the HAM zone lavas may be produced 

from larger magma chambers than are present beneath normal spreading 

ridges. These large, broad chambers should lose heat more efficiently, 

thereby enhancing differentiation. 

1.4.2 Detailed Studies at 95.5°w 

In the first phase of this work (Christie and Sinton, 1981; 

Chapter 2) we demonstrated that oceanic crust generated by the 

propagating rift is characterized, not simply by high degrees of 

fractionation, but by unusually high petrological diversity. This 

diversity is, moreover, highly structured and the structure is clearly 

related to the tectonics of rift propagation. 

Lavas erupted closest to the 95.5° W propagating rift tip are 

relatively unfractionated. They are joined within 2-3 km by FeTi 

basalts in an apparently bimodal assemblage. The range of lava 

compositions becomes increasingly broad, even including rare andesites 

and rhyodacites, for the n·ext 10-15 km, and then declines toward a 

normal MORB population by about 100 km behind the propagating rift tip. 

The observed variation in erupted lava compositions appears to 

reflect the evolution of the rift from zero spreading toward the 

steady-state configuration of a normal ridge. During this evolution, 

the degree to which magmas can differentiate by crystal fractionation 

is controlled by the balance between cooling rates of crustal magma 

bodies and their rates of resupply with new magma from below. At one 

extreme, close to the propagating rift tip, high cooling rates and low 

resupply rates do not provide adequate time for magmas to 

differentiate, while at the other extreme, approaching a steady-state 
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configuration, frequent replenishment with new, primitive magma will 

not permit advanced degrees of crystal fractionation to be achieved. 

Between these extremes, the evolving rift permits the development of a 

range of fractionated magma compositions in small, isolated magma 

chambers. As the cooling rate-supply rate balance evolves, there is a 

gradual increase in size, longevity and degree of interconnection of 

crustal magma chambers beneath the developing ridge. Variations of the 

95.5° geochemical anomaly pattern are observed along other propagating 

rifts in the Galapagos and Juan de Fuca areas and have been described 

and discussed in relation to a number of tectonic variables by Sinton 

et al. (1983). 

1.4.3 Detailed Studies at 85°w 

Specific studies of the 85°w area include a number of small 

studies related to DSDP leg 54 (Fodor et al., 1980; Fodor and 

Rosendahl, 1980; Joron et al., 1980; Mattey and Muir, 1980; Natland, 

1980; Natland and Melson, 1980; Srivastawa et al., 1980), and an 

extensive study by Fornari, Perfit and co-workers (Fornari et al., 

1983; Perfit and Fornari, 1983; Perfit et al., 1983; Embley et al., 

) 
0 0 1984 of samples collected between 85 W and about 86 W by the 

submersible Alvin. They divided the Galapagos Spreading Center near 

85°w into three domains: 

i) A normal domain, beginning 60 km west of the 85.3°W 

transform and characterized by a normal MORB population 

and, hence, by normal, steady-state processes • 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

ii) 

17 

A transitional domain encompassing the 60 km of ridge 

adjacent to the 85.3°w transform and characterized by 

high petrologic diversity from normal MORB through FeTi 

basalt to andesite • 

iii) A ridge-transform domain located within and slightly 

east of the 85.3°w ridge-transform intersection and 

characterized by the exclusive presence of FeTi 

basalts. 

Perfit and Fornari (1983), showed that the fractionated lava 

compositions were controlled predominantly by shallow crystal 

fractionation with only minor magma mixing. In the case of the 

transitional domain, Perfit et al. (1983) proposed a model, whereby 

fractionation occurs in small, detached magma chambers above a larger, 

more normal, steady-state chamber. This type of magmatic system owes 

its existence, in their view, to the "increased thermal budget provided 

by rift propagation." Within the ridge transform domain, exclusive 

eruption of FeTi basalts is attributed to raised isotherms "provided by 

attempted rift propagation", rapid fractionation due to the presence of 

thicker, colder lithosphere east of the transform and frequent eruption 

due to tectonic stresses in the ridge-transform intersection. This 

model is similar to that proposed by Natland (1980) who offered an 

alternative explanation, that down-ridge (i.e., eastward) migration of 

magma beneath the ridge causes inflation of the magma chamber in the 

vicinity of the transform and thereby encourages formation of small, 

isolated chambers above or at the edge of a broad, flat-toppped magma 

chamber and, presumably, also in the ridge-transform intersection • 
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A third interpretation was offered by Sinton et al., 1983, who 

considered all available data from known propagating rifts in both the 

Galapagos and Juan de Fuca areas and examined the effects of a variety 

of tectonic variables on geochemical anomaly patterns in relation to 

the Christie and Sinton (1981) model for 95.5°w. 0 In the case of 85 W, 

Sinton et al. (1983) interpreted the anomaly pattern as having evolved 

from that of an actively propagating rift toward that of a normal, non-

propagating ridge-transform intersection. This evolution results from 

the cessation of propagation within the last 2 million years (Wilson et 

al., 1980; Embley et al., 1984). 0 Relative to 95.5 W, the geochemical 

anomaly pattern is also elongated over a much greater length of ridge 

as a result of the rapid migration of the entire ridge-transform system 

over the underlying mantle (see section 1.2). This migration leads to 

diminished magma supply, and hence to enhanced fractionation over a 

greater than normal length of ridge. 

These three interpretations agree in the essential requirement 

that fractionation occurs in small, isolated magma chambers, but differ 

in their perception of the tectonic factors which bring this about. In 

our view (i.e., Sinton et al., 1983 and this study), down-ridge magma 

migration is neither required nor precluded by available information at 

85°w provided the distance moved by any individual increment of magma 

is small. On the one hand, such migration is precluded by the 

structured variability of lava compositions at 95.s0 w, but on the other 

hand, it provides a simple explanation for excess magmatism within, and 

for diking (attempted propagation) beyond, the 85.3°W ridge-transform 

intersection. Tectonic aspects of the Perfit et al. (1983) model 
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appear to err in considering the 85.3°W rift as currently propagating • 

Their attribution of raised isotherms and excess magma supply to 

attempted propagation implies that propagation is in some way an active 

phenomenon. In our view, however, propagation is an essentially 

passive response to plate driving forces whose origins may be remote 

from the ridge (e.g., Forsyth and Uyeda, 1975; Searle and Hey, 1983). 

If this is the case, raised isotherms must follow from, not precede, 

successful rift propagation. (see also Chapter 3) Furthermore, rift 

propagation, successful or not, should be characterized by an initial 

magma supply deficit later returning to normal, and not at any stage by 

excess supply. 

1.4.4 Regional Petrological Variation 

Despite their overall similarity, significant differences exist 

between the 95.5°w and 85°w fractionated suites. Byerly (1980) and 

Clague et al. (1981) noted differences in the liquid lines of descent, 

requiring different mineral proportions in fractionation models for the 

two areas. Of particular interest is the apparent suppression of oxide 

and apatite crystallization at 85°w resulting in a degree of iron 

enrichment (FeO* = 18 wt.%) unparalleled in abyssal lavas. The 85°w 

region is also more depleted, relative to 95.5°w, in light rare earths 

and other incompatible elements including K2o (K 2o/P 2o 5 ratios at 

95.5°W are almost twice those at 85°W; Clague et al., 1981; Schilling 

et al., 1982a). 

Schilling and co-workers (Fisk et al., 1982; Schilling et al., 

1982a; Verma and Schilling, 1982) investigated samples from dredge 
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sites more or less evenly spaced along the GSC between 82°w and 102°W • 

They showed that virtually all measured element abundances vary 

systematically with distance from the 91°w fracture zone which is the 

closest approach of the ridge to the hot spot. Four types of variation 

may be recognized, apparently depending on the degree to which bulk 

crystal/liquid partition coefficients differ from unity (Schilling et 

al., 1982a, Fig. 2): 

i) Highly incompatible elements (D<<l eg Ba, K, P, Ti, 

LREE) are enriched relative to normal MORB (i.e., west 

of 95.5°w and east of 85°w) and decrease in abundance 

Outward from 91 °w. H 0 d L /S 1 h th . 
2 , an a m a so s ow is 

pattern. 

ii) Mildly incompatible elements (0.1< D <l, e.g., Si, Fe, 

Sc, V, HREE) increase from normal levels near 91°W 

outwards to high levels, then abruptly return to normal 

0 0 across the 85 Wand 95.5 W transforms. Some high 

values near 91°W may reflect fractionation associated 

with this transform. 

iii) Compatible elements (D >l e.g., Mg, Ca, Al, Cr) exactly 

mirror the behavior of the moderately incompatible 

group decreasing outward from normal values near 91°w 

and abruptly returning to normal at ss0 w and 9S.s0 w • 

iv) Elements with D close to 1 (e.g., Co) do not appear to 

vary systematically along the ridge • 
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In all these variation patterns, the effects of high degrees of 

crystal fractionation can be seen superimposed on the regional trends 

near the 85°w propagating rift tip. Similar, but more subdued effects 

are also apparent in 95.5°w data of this and other studies (e.g., Fig • 

2.3) but are not sampled by the Schilling et al. (1982a) data set. 

These superimposed effects, which are local phenomena related to rift 

propagation, are the principal concern of this study • 

Rare earth element abundance patterns are light rare earth element 

(LREE) enriched near 91°w and grade through flat to generally LREE 

depleted patterns east of 87°W and west of 95.5°w (Schilling et al., 

1982a; Fig. 5). This is also illustrated by the more or less 

symmetrical, type (i) variation in La/Sm ratio from about 1.0-1.25 near 

91°w to about 0.3-0.7 east of 85°w and west of 95.5°W (Schilling et 

al., 1982a, Fig. 4) with the western extreme of recognizable hot spot 

influence being close to 96°w. Schilling et al. (1982a) stated that 

the corresponding eastward limit is at 89°w, but their reasoning is not 

clear as "normal" values are not reached until somewhere between 87°W 

and 85°w (Schilling et al., 1982a, Fig. 4) 

Verma and Schilling (1982), reported 87sr/86sr isotopic ratios of 

.7028-.7031 between 89°W and 93°W with a maximum close to 92°W rather 

than 91°w as for the other parameters. 0 0 East of 89 W and west of 93 W 

they report a "normal" range of .7025-.7028; their data, however, 

(their Fig. 2) may equally well be interpreted as ref le ct ing a steady 

westward decrease from .7028-.7031 at 92°w to .7026-.7027 west of 
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0 95.5 W, and a general, but more scattered, eastward decrease to .7025-

·i 028 at about 85°w. Such an interpretation is, in any case, more in 

accord with the interpretation of the entire data set given by 

Schilling et al., 1982a). At 85°w, the picture is complicated by data 

of Perfit et al. (1983) with values of .7024-.7030 close to the 85°w 

transform. East of 85°w, there are insufficient data to establish 

"normal" values • 

Schilling et al. (1982a) argued that, although element variations 

of types (ii) and (iii) above are consistent with increasing crystal 

fractionation outward from 91°w to the boundaries of the HAM zone, type 

(i) variations and REE and Sr-isotope data are not. The latter three 

data sets effectively rule out crystal fractionation as a regional 

control and require that at least two mantle sources or melts derived 

from two sources be mixed prior to shallow fractionation. They favor a 

model whereby variable degrees of mixing of a plume source with a 

normal MORB source are accomplished by variable interf ingering of two 

types of mantle materials, but they also recognize the possibility of 

variable degrees of veining by enriched fluids emanating from a plume 

(hot spot) source. They go on to speculate that temporal fluctuations 

in mantle plume activity (mantle blob model of Schilling et al., 1976) 

have occurred and may have initiated rift propagation. This 

speculation is not, however, well supported by available petrologic 

data. The apparent subdued petrological and geochemical expression of 

the internal (87.3°w, 93°W) propagating rifts and simple monotonic 

variations in chemistry along-ridge away from 91°w argue for a more 
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steady-state interaction, as does the apparent location of the plume-

MORB mixing effects within the mantle, at depths greater than those 

likely to be affected by rift propagation • 

1.5 SAMPLING AND ANALYSIS 

1.5.1 Glass Analysis and Group Recognition 

Locations of 20 R/V Kana Keoki and R/V Sonne dredge sites are 

given in Tables 2.1 and 2.2 and shown in Figs 1.2 and 2.4. Chips of 

fresh glass were removed from all useable pillow fragments and 470 such 

samples were analyzed by Tim O'Hearn for nine major elements using the 

ARL SEMQ 9-spectrometer electron microprobe at the Smithsonian 

Institution (Melson et al., 1976). An additional 40 glasses from 

cruises Geometep 1 and Geometep 2 of R/V Sonne were analyzed using the 

automated, three spectrometer Cameca microprobe at Hawaii Institute of 

Geophysics. Methods and precision are as discussed in Byers et al • 

(1984) except that counting time for FeO and P2o5 was only 10 seconds. 

On the basis of these analyses, Kana Keoki samples were divided 

into 37 MORB groups and 2 transitional-alkalic groups (K2 and K27) with 

each group consisting of 1-40 pieces. Sonne samples yielded another 18 

groups of 1-4 pieces each. 

Groups were determined for each site initially on the basis of 

obvious hand specimen criteria, most notably separation of phyric and 

aphyric groups. However, the main division of groups was accomplished 

empirically by examination of the glass analyses and separation of 

consistent groupings for particular element abundances. The most 

common discriminants are Ti02 and FeO, but MgO, Cao and Na 2o are also 
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important in some cases. Frequently, inter-group differences smaller 

than the analytical precision were used in order to maximize the number 

of groups. Each group is considered to represent a single flow or 

series of closely related flows. This grouping technique produces a 

slightly larger number of groups than the cluster analysis technique 

based on analytical precision described by Melson et al. (1976) and 

used by Byerly et al. (1976) and Byerly (1980) • 

1.5.2 Other Analytical Methods and Sample Preparation 

On the basis of the microprobe glass analyses, a representative 

set of 10 glasses and 29 whole rock samples was selected for further 

analysis. 

The glasses were hand crushed to pass a nylon kitchen strainer (1-

2 mm mesh size), sieved to remove the -100 mesh fraction which contains 

almost all the weathered and oxide crust material, and hand picked to 

eliminate all weathered or altered material and the greatest possible 

amount of microphenocrysts, incipient crystallization (devitrification) 

and vesicle linings. Several grams of this clean glass from each 

sample was then ultrasonically washed in de-ionized water, oven dried 

and hand powdered in a boron nitride crucible • 

Whole rock samples were sawn into slabs using a water-soluble oil 

lubricant, scrubbed and cleaned with silicon-carbide paper and 

hydraulically split to approximately 5 mm cubes. Weathered and altered 

material and material from devitrified pillow margins were discarded, 

samples were washed in distilled water, oven dried and crushed to a 

fine powder in a tungsten carbide ring grinder. Two "bulk" glass 

samples (K17-7, Kl8-22) from clean, almost (<1%) microphenocryst-free 

samples were also prepared in this way • 
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Major element abundances were determined as follows: Na
2
o by 

atomic absorption (analyst, V. Greenberg); FeO by ammonium metavanadate 

oxidation and titration of excess against ferrous ammonium sulfate 

using a eerie sulfate standard (see Byers et al., 1984 for details of 

this method); and the remainder by XRF analysis using lithium 

tetraborate fused glass disks and the method of Norrish and Hutton 

(1969) • 

Volatile contents of a small group of glasses were determined by 

high temperature mass spectrometry. Results and methods are reported 

in Byers et al., 1984. All samples were analyzed gravimetrically for 

H2o by oven drying at ll0°c and for H2o+ and co 2 by heating in a dry 

airstream at approximately 1070°C for 30 minutes, H2o+ being collected 

in a P
2
o

5 
absorption tube and co 2 in a soda asbestos (NaOH) absorption 

tube using "Ascarite" commercial reagent. Comparison of gravimetric 

and mass spectrometric analyses (Appendix A) shows quite good agreement 

in "total volatile" values, but suggests that sulfur is collected with 

H20+ and C0 2 in an undetermined fashion • 

Trace element analyses were carried out by atomic absorption (Li, 

V, Cr, Ni, Cu, Rb, Sr, Ba; analyst, V. Greenburg) and XRF (Ni, Cu, Zn, 

Rb, Sr, Y, Zr, Nb). XRF analyses used 2.3g pressed powder pellets and 

methods of Norrish and Chappell (1977). 

Precision and accuracy of the XRF analyses were monitored by 

frequent re-running of USGS and other standards as unknowns. These 

data were compiled by Diller (1982, Appendix 1) and are well within 

acceptable limits. XRF Rb analytical results for this MORB suite are, 

however, rather variable and sometimes negative because the low 

abundances are at or below the detection limit of the instrument • 
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A wide range of volcanic rock types ranging from normal mid-ocean 

ridge basalts (MORB) through FeTi basalt and andesite to rhyodacite 

(Anderson et al., 1975; Byerly et al., 1976; Schilling et al., 1976; 

Fornari et al., 1981, 1983) have been recovered near the apices of a 

roughly lenticular zone of high magnetic anomaly amplitudes (Vogt and 

de Boer, 1976) on the Galapagos spreading center. While the more 

evolved rocks have received considerable attention in the literature 

(Anderson et al., 1975; Byerly et al., 1976; Schilling et al., 1976; 

Fornari et al., 1981, 1983; Byerly, 1980; Perfit et al., 1981, 1983; 

Clague et al., 1981) coexisting "normal" MORB have received scant 

attention (Schilling et al., 1976; Clague et al., 1981) and the high 

amplitude magnetic (HAM) zone has come to be regarded as dominated by 

1. This chapter is a slightly revised version of Christie and 
Sinton, 1981. Essentially all the revisions are numerical and are made 
to incorporate new data not available at the time of original writing. 
Major sources of new chemical data are R/V Sonne samples provided by 
Preussag AG, and analyses of R/V Trident samples from Fisk et al., 
1982. Locality and distance data are revised in accordance with 
unpublished Seabeam mapping carried out by Hey and others in 1982. 
Table 2.2 is omitted as the data are incorporated in Appendix B. Figs 
2.3, 2.4 and 2.7 contain additional data. Figure 2.1 is incorporated in 
Chapter 1 as Fig. 1.1. Significant text revisions lie in the omission 
of section 2.1.3 "Previous Work" which is treated more extensively in 
Chapter 1 and in numerical revisions to section 2.3.2 where revised 
distances are in accord with the revised Fig. 2.7. No revision of 
discussion or conclusions is required by the new data • 
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evolved, FeTi-enriched basalts (Vogt and de Boer, 1976; Vogt, 1979) • 

Normal MORB are, however, abundant in 20 new dredge hauls from the 

area, indicating that the HAM zones are characterized by high 

petrological variability rather than simply by an abundance of evolved 

rocks. 

In this paper we show that compositions of erupted rocks are 

systematically related to the propagation (elongation) of segments of 

the spreading center and we present a working model to explain this 

relationship. 

2.1.1 Tectonic Features of the Galapagos Spreading Center 

The Galapagos spreading center runs eastward from the Pacific

Cocos-Nazca triple junction at about 2°N, 102°w, until it terminates 

against the Panama Fracture Zone at about 83°W (Fig. 1.1). It 

separates the Cocos plate to the north from the Nazca plate to the 

south. 

0 The Galapagos Archipelago lies at about 90 W, slightly to the 

south of the spreading center, at the intersection of the Cocos Ridge 

with the Carnegie Ridge. These two ridges, which trend parallel to the 

present direction of motion of the Cocos and Nazca plates, are believed 

to represent past traces of the Galapagos hot spot (Morgan, 1972; Hey, 

1977b; Hey et al., 1977). A roughly lenticular area of seafloor, 

symmetrically disposed about the spreading center on either side of the 

archipelago, is characterized by high amplitude magnetic anomalies and 

by the presence of unusually highly differentiated abyssal volcanic 

rocks (Anderson et al., 1975; Vogt and de Boer, 1976). It is with 

this area that our present study is concerned • 
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2.1.2 The Propagating Rift Hypothesis 

The propagating rift (PR) hypothesis was formulated by Hey (Hey, 
• 

1977a; Hey et al., 1980) to explain irregularities in magnetic profiles 

across the Galapagos spreading center near 95°w. These irregularities 

appear as northward jumps of the axis of spreading, with successive 

jumps occurring at progressively younger times over progressively 

greater distances as the 95.5°W transform is approached from the east • 

These apparent jumps are simply explained by westward propagation, into 

the Cocos plate, of the spreading center segment east of the 95.5°w 

transform. As this westward propagation continues, the existing active 

spreading center to the south is gradually becoming shorter and the 

intervening transform is gradually migrating westward (Hey et al., 

1980) • 

Spreading ridge propagation produces a distinctive set of 

tectonic features on the seafloor (Fig. 2.2). These include (a) the 

propagating rift, (b) the normal or dying rift, (c) the failed rift and 

(d) pseudofaults, which are paired age discontinuities forming a V-

shaped pattern of magnetic anomaly offsets separating crust formed 

along the dying rift from crust formed along the PR. The pseudof aults 

are recognizable as magnetic discontinuit .ies and, in theory, but not 

always in practice, by outward facing scarps (resulting from the age 

dependence of seafloor subsidence) • 

Three additional PRs are now known from the Galapagos area 

(Wilson and Hey, 1979) and with the 95.5°W PR, they form two nested 

pairs roughly centered on the archipelago (Fig. 2.3); PR tips are at 

approximately 95.5°w, 93.o0 w, 87.3°w and 85.3°W (Wilson and Hey, 1979). 
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COCOS PLATE 
. . . 

NAZCA PLATE 

Figure 2.2 (a) Interpretive contouring of normal (stippled) and 

reverse magnetic polarity near 95.5°w. Dashed lines are ship tracks. 
(b) Predicted pattern based on analysis of ridge jumps 

from magnetic profiles. Tectonic elements of the propagating rift 
system are shown. (Modified after Hey et al., 1977.) 



30 

Figure 2.3 (a) Dredge and DSDP locations in relation to 

propagating rifts of the Galapagos area. Minimum MgO value for each 
dredge is indicated. Circles indicate abyssal tholeiitic lavas; 
Triangles, lavas associated with Cocos Ridge; Inverted triangles, 
alkali-rich abyssal rocks. Propagating rift elements are shown as 
follows: Double lines, spreading axes; Long dashes, pseudofaults; 
Short dashes, HAM boundaries not coincident with known pseudofaults; 
Small dots, failed rifts; Diagonal ruling, known extent of oceanic 
crust formed by propagating ridge segments. Prefixes: K="Kana 
Keoki", 1979; D="De Steiguer", 1974; S=Southtow 7; C=Cocotow 4; 
RC=R.V. "Charcot". DSDP site locations are shown as open boxes. 

(b) Longitudinal profile projected onto the ridge 
axis showing distribution of FeO*/MgO values of abyssal glasses. 
Arrowheads mark present positions of the PR tips. 

(c) Bathymetric profile along the ridge axis. 
Filled circles, axial ridge; Open circles, axial valley; Half-filled 
circles, no distinct axial feature. Dashed line indicates general 
depth about 15 km from ridge axis. 
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Relative to the oceanic crust, all four have propagated away from the 

hot spot. Three of the four are actively propagating, but the 85.3°w 

PR slowed or ceased propagation when it intercepted the long 85°w 

fracture zone about 2 m.y. ago • 0 Pseudofualts formed by the 95.5 W and 

85°W PRs coincide with the boundaries of the previously known high 

amplitude magnetic (HAM) and geochemically anomalous zone (Sinton and 

Hey, 1979; Hey et al., 1980) • 

2.2 SAMPLING AND ANALYSIS 

Locations of 20 new dredge hauls collected by R/V KANA KEOKI in 

1979 are given in Table 2.1.A and dredges by R/V SONNE in 1980 and 1981 

in Table 2.1.B. These are shown with all previously published sample 

sites in Figs 2.3 and 2.4. Fresh glass was collected from 

approximately 470 KANA KEOKI samples from all dredges except K30, and 

analyzed for major elements using the ARL SEMQ 9 spectrometer electron 

microprobe at the Smithsonian Institution using the methods of Melson 

et al. (1976). In addition, 40 selected samples from SONNE dredges 

provided by Preussag AG, West Germany, were analyzed using the Cameca 

microprobe at HIG. The full set of glass analyses is listed in 

Appendix B. 

We have divided these analyses into 43 groups on the basis of 

chemical composition (mainly MgO and Ti0 2 content), petrography and 

location. SONNE samples form an additional 18 groups. Each group is 

considered to represent a single flow or group of closely related 

flows. This method is more qualitative than that based quantitatively 

on analytical precision (Melson et al., 1976) and produces a slightly 
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Figure 2.4 Dredge locations in the vicinity of the 95.5°w propagating 

rift tip. Short solid lines, Kana Keoki, 1982, C~ristie and Sinton, 
1981; Stars, De Steiguer, 1974, Byerly et al., 1976; Solid circles, 
Triangles with lines, R/V Sonne 1981, 1982, unpublished data of 
Christie and Sinton, samples by courtesy Preussag AG. Double lines are 
spreading axes including possible failed rift positions (see Fig. 2.5); 
Dot-dash lines are pseudofaults. Unpublished Seabeam bathymetry by 
Richard. N. Hey and others, 1983 • 
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Table 2.1 Dredge locations, depths and numbers of chemical groups: 

a. R/V Kana Keoki, 1979 

Dredge Latitude Longitude 
No . 

K2 01°22.70'N 93°43.49'W 

K4 01°48.30'N 93°37.6l'W 

KIO 02°38.27'N 95°29.55'W 

Kll 02°38'34'N 95°29.83'W 

K.12 02°38.57'N 95°28.27'W 

Kl4 02°44.37'N 95°14.66'W 

Kl5 02°35.98'N 95°16.99'W 

Kl6 02°19.58'N 95°18.24'W 

Kl7 02°25.82'N 95°33.03'W 

Kl8 02°36.25'N 95°26.02'W 

K20 01°38.16'N 94°57.17'W 

K21 01°38.32'N 94°58.23'W 

K24 03°19.23'N 94°50.39'W 

K25 03°31.49'N 95°47.17'W 

K26 03°30.09'N 93°39.54'w 

K27 03°20.74'N 93°38.32'W 

K28 03°08.68'N 87°12.73'W 

K29 01°52.53'N 86°32.70'W 

K30 01°36.16'N 88°46.47'W 

K32 03°54.05'N 90°19.96'W 

aK20 and K21 form a single group 

b No glass 

Depth No. of Chem. 
(m) Groups 

2650 1 

2520 4 

2370 2 

2440 4 

2650 5 

2780 1 

2875 2 

2375 1 

2750 3 

3220 3 

2880 la 

3000 la 

3000 1 

2760 1 

2900 4 

2980 2 

2640 7 

2850 1 

2440 b 

2530 1 

34 
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Table 2.1 b. Dredge locations, depths and numbers of chemical groups: 

• R/V Sonne 1981, 1982 • 

Dredge Latitude Longitude Depth No. of Chem. 
No. (m) Groups 

• 8012 {Geomete~ 1) 

143D 2°37 .OS'N 95°16.58W 3196-3125 1 

155D 2°47 .90'N 95°08.llW 2914-3115 2 

• 157D 2°42.30'N 95°13 .8ow 2804-2693 1 

159G 2°38. l 9'N 95°16.57W 3025 1 

162D 2°40.03'N 95°15.06W 3000-2600 2 

• 165D 2°18.31 'N 96°0l.03W 2900-3000 1 

8022 {Ggomete~ 22 

• 31D(H8) 2° 42.60'N 95°13. 79W 1 

32D(Hl) 2° 42. 25'N 95°14.39W 1 

33D(H2) 2°37 .81 'N 95°03.95W 1 

• 34D(H3) 2°39.03'N 95°07 .46W 1 

35D(H4) 2°38.97'N 95°21.08W 1 

36D(H9) 2°37 .50'N 95°22.2ow 1 

• 37D(H5) 2°09.62'N 95°11.90W 1 

10D(H6) 2°24. 95'N 95°30.84W 3 

12D(H7) 2°37 .18'N 95°26.61W 1 

• 

• 

• 
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larger number of groups. Average analyses of 33 MORB groups and two 

"alkali rich" groups (K2, K27) are listed in Appendix B. Dredge K32 

from the Cocos Ridge is not considered here • 

2.3 COMPOSITIONAL VARIABILITY OF BASALT GLASSES 

2.3.l Relationship to Propagating Rift Tectonics 

The compositional variability of KANA KEOKI and DE STEIGUER 

glasses (Byerly et al., 1976; Byerly, 1980) is illustrated by Figs 2.5 

and 2.7. Some important features of this variation are discussed 

below. 

Lavas with less than 7.8 wt.% MgO have been erupted only along 

propagating rift segments; that is, they are confined to the HAM zones 

(Figs 2.3, 2.4). Within the HAM zones, however, basaltic glass, and 

hence liquid, compositions cover a considerable range, from primitive, 

highly magnesian compositions (MgO, >9%; FeO*, 12-16%, Ti02, 1.7-2.5%) 

(Fig. 2.5). These may be compared to glasses from nearby normal ridge 

segments (MgO, 7.8-10.0%) and to Mid-Atlantic ridge glasses which are 

strongly concentrated between 7.0 and 8.5% MgO (Melson et al., 1976; 

Bryan, 1979; Byerly and Sinton, 1979; Melson and O'Hearn, 1979). 

In addition to its tectonic significance, the 7.8% MgO boundary 

is also petrologically important. It is close to the change in slope 

of MgO variation diagrams for FeO* and Ti02 (Fig. 2.5) and to the point 

at which plagioclase joins or replaces olivine as the petrographically 

determined liquidus phase in all but strongly plagioclase phyric 

glasses (Fig. 2.6). A second boundary at about 6.2% MgO marks the 

entry of clinopyroxene, alone or with plagioclase, as a near-liquidus 
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Figure 2.5 MgO-TiO and MgO-FeO* variation diagrams incorporating 
2 . 

approximately 600 analyses of basalt glasses from the Galapagos area. 
Shaded fields are individual compositional groups of 1-60 analyses. 
Unshaded field is that of basalt glasses from the FAMOUS area. Dashed 
lines connect groups from the same dredge. Based on unpublished 
analyses of Kana Keoki 1979 glasses (Appendix B) plus those of Melson 
et al. (1977) Extreme FeTi-enriched basalts of dredge Dl are not 
shown • 
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Figure 2.6 Petrographically determined liquidus phases of all MORB 

groups from Table 2 are shown on a MgO-Ti0 2 plot. Note that for 
aphyric lavas plagioclase joins or replaces olivine at about 7.8% MgO. 
Squares, spinel and olivine; Circles, olivine; Triangles, plagioclase; 
Hexagons, clinopyroxene and plagioclase; Triangle in circle, olivine 
and plagioclase. Open symbols, aphyric lavas; Closed triangles, 
plagioclase phyric lavas • 
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phase. Lavas from group 18C are anomalous, as olivine is the liquidus 

phase at only 7% MgO. This may be a cooling-rate effect (Grove, 1978; 

Coish and Taylor, 1979) or, more likely, a mixing effect (see section 

3.3) • 

2.3.2 Relationship to the 95.5°w Tip 

The relationship between lava composition and PR tectonics may be 

further defined by considering individual sites from the closely 

sampled 95.5°w PR system in relation to the position of the PR tip at 

the time of eruption. Within the HAM zone, the distance between any 

sample site and the PR tip at the time of eruption is preserved as the 

distance from the site to the pseudofault measured parallel to the 

ridge. For most sites outside the HAM zone this simple relationship 

does not apply, but the relationship can be calculated from known 

spreading and propagation rates. Relationships between lava 

compositions and their distance from the PR tip are shown in Fig. 2.7. 

0 Within the 95.5 W PR system, the greatest range of lava compositions 

occurs between 5-25 km behind the PR tip; beyond this distance, the 

range of compositions reduces until, at 50-100 km (1-2 m.y.), the 

variability is similar to that of the normal ridge. These distant PR 

glasses are, however, systematically richer in Tio 2 and FeO than 

glasses from the normal ridge (see also Schilling et al., 1982a). This 

decrease is also apparent behind the 85°w PR tip (Fig. 2.3) and in the 

Juan de Fuca area (Sinton and Hey, 1979; Delaney et al., 1981; Sinton 

et al., 1983). 

If we assume that present sampling accurately reflects the actual 

distribution of lava types, a more complex pattern emerges. Lavas 



• 

• 

• 

• 

• 

• 

• 

• 

• 

3 

8 I 

6 

I 

.I I I 

0 ~ 

I 
I 

• 
~ ·-----=-----tl 

4 '"'-'-'-..................... .Jl...l..L..U..L.U.U..il.U..L.u.JU.U.U..U.U.U.il.U..L.u.JU.U.U.U..U.U.Ul.UL..U..L.U.U.l.J.il.il.U..L.u.JU.U.llUJ..U.U.........., 

-100 -50 0 50 100 

Distance O<m> 

40 

Figure 2.7 Relationship between basalt glass chemistry and 

distance from the 95.5°w propagating rift tip at time of eruption. 
Vertical lines join maximum and minimum values for individual dredges 
or compositional groups. Data sources: Cross, Kana Keoki, 1979, 
Christie and Sinton, 1981; Triangle, Trident 164, Fisk et al., 1982; 
Square, De 5teiguer, 1974, Melson et al., 1977; Cross, circle, Sonne 
5012, 5022, this study • 
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erupted closest to the PR tip are relatively unfractionated (Kll). By 

2-3 km from the tip (Kl2), a bimodal variation in Tio2, FeO* and, to a 

lesser extent, MgO has emerged. By approximately 15 km, the range of 

lava compositions reaches a maximum, extending to rare andesites and 

rhyodacites. From this point on, the compositional range reduces to 

approach that of a normal ridge segment by 50-100 km (1-2 m.y.) behind 

the tip, although the actual compositions are more iron-rich than those 

of the normal rift (Fig. 2.7 and Schilling et al., 1982a). This iron-

enrichment appears, however, to be related to Galapagos hotspot effects 

and not an intrinsic feature of the PR. (see also section 3.3). The 

compositional variation of 95.5°w lavas has been shown (Byerly et al., 

1976; Byerly, 1980; Clague et al., 1981) to be primarily attributable 

to shallow level crystal fractionation (but see Chapter 3). However, 

existing explanations of why this fractionation occurs do not satisfy 

all the data. The distribution of 95.5°w lava compositions described 

above is not readily explained by subaxial magma flow which should lead 

to a steady increase in fractionation to a maximum at the PR tip • 

(Subaxial flow close to the tip is more strongly ruled out in Chapter 

3.) Nor is it explained by the existence of a large magma chamber. 

The presence of such a chamber is, in any case, incompatible with a 

pronounced bathymetric low [Sleep, 1975) such as that along the 95.5°w 

segment (Fig. 2.4) • 
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2.4 MAGMATIC EVOLUTION AT THE 95.5°W PROPAGATING RIFT TIP 

• Any petrogenetic model based on the 95.5°w PR tip must first 

• 

• 

• 

• 

• 

• 

• 

• 

• 

satisfy the observed compositional variations, important aspects of 

which are: 

i) 

ii) 

iii) 

iv) 

The largely unfractionated nature of lavas erupted 

nearest the active tip of the PR. 

The wide, possibly bimodal, compositional range of 

lavas erupted within a few kilometers of the PR tip. 

The development of both maximum degree of fractionation 

and maximum compositional diversity between 5-25 km 

behind the tip. 

The apparent decrease toward a normal MORB range at 

about 100 km behind the PR tip • 

In developing a petrogenetic model, we begin with the premise 

that the relatively restricted range of lava compositions erupted at 

normal spreading centers reflects the existence of a complex, steady 

state magmatic system in which magma mixing, combined with relatively 

constant resupply and eruption rates, effectively buffers the range of 

possible major element compositions (O'Hara, 1977; Rhodes and Dungan, 

1979). Petrological variations in the vicinity of the PR tip can be 

related to the evolution of the PR toward this steady state. 

The geometry of the developing sub-volcanic magmatic system can 

be constrained if we assume that development of the isotherms beneath 

the PR is consistent with Sleep's (1975) mathematical models relating 

thermal regime to spreading rate. As the rift propagates into older, 

colder lithosphere in front of its tip it appears to evolve from zero 

to its full spreading rate (30 mm/yr, half-rate) relatively rapidly 
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(less than 0.7 m.y., Hey et al., 1980). Thermal evolution of the new 

rift, however, may occur much more slowly and a steady state may not be 

reached for some considerable distance behind the tip. In considering 

this thermal evolution, we take the configuration, if not the precise 

position, of Sleep's basalt solidus to define an upper limit for the 

existence of discrete magma bodies within the lithosphere. 

Finally, we consider the manner in which cooling rates and magma 

supply rates must change as the magmatic system evolves, and the 

effects of these changes on shallow fractionation processes. The 

hypothetical cooling curves of Fig. 2.8 show the stages through which 

we believe the evolving magma system must pass. Initially, magma 

volumes are too small, and cooling too rapid (Curve a) to allow magma 

to pass through the crust without solidifying, and no eruption is 

possible. Gradually increasing magma supply and flattening of the 

cooling curve (Curve b) results in initial eruptions of unfractionated 

lavas with little or no residence in the crust. As the curve 

approaches an asymptotic relationship to the basalt solidus (Curve c), 

fluid magma may reside in the crust and shallow fractionation becomes 

possible. When an asymptotic curve (d) is reached, extensive 

fractionation capable of producing silicic melts may occur in isolated 

bodies. Such extreme fractionation can only occur in regions where 

there is an appropriate balance between cooling rate and magma supply 

rate. As supply rate continues to increase, magma mixing is more 

likely to occur before extremes of fractionation are reached. The 

onset of magma mixing results in a variety of irregular, saw-toothed 
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BASALT LIOUIDUS ········································································································· 
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·e 

TIME ... 
D No eruption filIIIl FeTi basalts 

D Normal MOAB ml Silicic differentiates 

Idealized cooling paths for crustal magma bodies. 

Selected cooling curves are shown and discussed in text: a•cooling 
rate too high for eruption; b=eruption of unfractionated lavas; 
c=optimum for FeTi basalt; d•optimum for high-Si differentiates; 
e=increasing supply gives increased probability of mixing; f•steady 
state mid-ocean ridge • 



I 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

E 

E t f 

T 

1-

t r--:· .......... e D 8--------~~;-e 
T ___________ d 

1-

s 

10 

' I 
I 

A 

I 
I 

I 
I 

0 10 20km 

45 

5 

10km 

Figure 2.9 Schematic block diagram showing the evolution of the 

magmatic system beneath the 95.5°W propagating rift. Cooling curves 
from Fig. 2.8 appropriate to each cross section are inset. Arrowheads 
indicate magma bodies. Stippling, region in which basalt magma may 
remain liquid. For explanation, see text • 
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cooling curves (Curves e) which gradually evolve toward a more regular 

configuration (Curve f) as a steady state is approached. 

We have incorporated the foregoing considerations into a model 

that is best described by reference to Fig. 2.9, which shows a series 

of diagrammatic sections based on the 9S.S0 w PR system: 

Sections A, B. The established, steady state magmatic system of 

the normal ridge is represented by a large, single magma chamber. This 

configuration is chosen to simply represent the buffered, steady-state 

system previously described. Single chambers of other shapes, or more 

complex situations involving multiple chambers, or processes such as 

dynamic melting (Langmuir et al., 1977) are not precluded by the model. 

Section C. As the isotherms gradually rise, they reach a point 

at which the first unfractionated magmas are erupted at the PR tip • 

Within 2-3 km (50,000 yr), heat released by cooling and crystallization 

of ascending magma is sufficient to cause the development of a shallow 

region, of lenticular cross section, in which temperatures exceed the 

basalt solidus. In this region small, probably ephemeral bodies of 

magma may fractionate along cooling curve c (Fig. 2.8) to produce FeTi 

basalts. Eruption of unfractionated lavas with effectively no 

residence in the crust may also occur, resulting in a bimodal 

distribution of erupted compositions. 

Section D. With further rise of the isotherms toward a normal 

configuration and increasing magma supply, the lenticular region is 

gradually enlarged and transformed into the apex of a larger triangular 

region. As this occurs, the probability of small isolated magma bodies 

residing and fractionating within the crust is gradually increased 
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(cooling curved). We suggest that between about 5-15 km (100,000-

300,000 yr.) behind the tip there is a transition from the small, 

ephemeral magma bodies of Section B to an increasing number of 

increasingly interconnected magma bodies. At this stage, the balance 

between magma supply rate and cooling rate is such that a broad range 

of magma compositions, from most to least fractionated, may be formed. 

This compositional diversity is maintained, at least initially, by 

physical isolation of small magma bodies, but fluid dynamic effects, 

such as density separation of FeTi-enriched and normal basalt magmas, 

may become important as magma volumes and supply rates increase • 

Section E. As magma supply rate and the degree of 

interconnection of magma bodies continue to increase, the likelihood of 

highly fractionated magmas developing without first mixing or erupting 

is reduced (Curve 3). Ultimately, this development leads to the normal 

steady state magma system previously described • 

2.5 DISCUSSION 

2.5.1 Magma Genesis at Other Ridge-Transform Intersections 

While the details of our model are based on the 95.5°w PR tip, 

the underlying principle, that optimum conditions for crystal 

fractionation depends on a delicate balance between cooling rate and 

magma supply rate, has much wider applicability both to other PR 

systems and to other ridge-transform intersections. Magmatic evolution 
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HOTSPOT EFFECTS PROPAGATION RATE (MANTLE) ...,...,.. ~ .,..._. ~ 

..,...,. ... ,.. SUPPLY RA TE 

SPREADING RATE l l 
..., ___ PROPAGATION RATE CHANGES 

~COOLING RATE~ 

TRANSFORM LENGTH PROPAGATION RATE (LITHOSPHERE) 

Figure 2.10 Tectonic variables influencing magmatic evolution at 

ridge-transform intersections. Solid arrows indicate increased 
fractionation with increased effect of variable. Dashed arrows 
indicate decreased fractionation with increased effect of variable. 
Changes in propagation rate affect the balance between supply rate and 
cooling rate (see text) • 
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at ridge-transform intersections, of which propagating rifts are a 

special case, will be affected by a number of tectonic variables. 

These variables, and their effects on cooling rate, supply rate and/or 

the complex interaction of these two are summarized in Fig. 2.10 and 

discussed below (for a more extensive discussion, see Sinton et al., 

1983): 

i) Transform length controls the age and temperature 

ii) 

contrast across the transform. Longer transforms 

produce higher cooling rates. 

Spreading rate determines the flux of magma through the 

system from source to eruption. 

iii) Proximity to hot spots may produce a regional 

oversupply" of magma. Possible effects of this 

oversupply are shoaling of the ridge approaching the hot 

spot, formation of hot spot ridges (Sleep, 1975) that 

have axial horsts over large magma chambers at 

anomalously low spreading rates, and subaxial magma 

flow. 

iv) Propagation rate of the rift through the surrounding 

lithosphere should have a dominant effect on cooling 

rate, effectively stretching the distance over which 

evolution toward a normal subaxial magma system occurs • 

v) Propagation rate of the rift with respect to its 

underlying mantle source region will have a significant 

effect on supply rate in areas where net plate motions 

over the mantle are oblique to the spreading axis 

(Wilson et al., 1980). In such areas, there will be a 
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lag between rifting and the onset of melting, and the PR 

will effectively "outrun" its magma source, producing a 

deficiency of magma supply. 

Changes in propagation rate in either reference frame 

will cause rapid expansion (increased rate) or 

contraction (decreased rate) of the length of ridge over 

which the magmatic system evolves. This, in turn, may 

give rise to fairly localized occurrences of anomalous 

rocks. 

2.5.2 Magma Genesis at Other Galapagos Propagating Rift Tips 

The tectonic variables discussed above vary independently of one 

another and may be opposite in their effects on magmatic evolution. 

Hence, no two ridge-transform intersections, whether propagating or 

not, need produce identical abundances or distributions of volcanic 

rocks • . As an example of how these complex interactions may be 

assessed, we briefly consider the 85°w PR system • 

Relative to 95.5°w, tectonic variables affecting the 85°w system 

include (1) greater transform length, (2) similar spreading rate, (3) 

visible hot spot effects in the form of an axial high or hot spot ridge 

(Sleep, 1975) that persists very close to the PR tip (Fig. 2.3), (4) a 

negligible (or zero) propagation rate through the lithosphere for the 

last 2 m.y. (approx.), preceded by an overall slightly higher 

propagation rate, and (5) a much higher propagation rate with respect 

to the mantle resulting from the large eastward components of movement 

of the Cocos and Nazca plates (Hey et al., 1977). Within the 85°w PR 

system, rock types similar to those from the 95.5°w PR system, 
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including siliceous varieties, have been collected by the submersible 

ALVIN close to the PR tip; and a decline in compositional range from 

85°w to 86°W has also been noted (Fornari et al., 1981, 1983). Dredge 

Sl7 (Anderson et al., 1975: Byerly et al., 1976) and DSDP holes 424 and 

425 (Mattey and Muir, 1980; Srivastawa et al., 1980) (Fig. 2.3) contain 

FeTi basalts erupted as much as 100 km behind the PR tip. 

From these observations we conclude that at 8S0 w, the effects of 

increased transform length or increased propagation rate over the 

mantle, or both, have predominated over the contrary effects of low 

lithospheric propagation rate and hot spot related enhancement of magma 

supply resulting in enhanced fractionation over a greater length of 

ridge. 

Finally, we note that magnetic anomalies associated with the 

internal (87.3°w, 93°W) PR tips are smaller than those of the outer 

tips (Wilson et al., 1980), suggesting smaller geochemical effects. 

This is consistent with the short associated transforms and with a 

greater magma supply resulting from their proximity to the hot spot. 

2.6 CONCLUSIONS 

Oceanic crust formed by propagating rifts along the Galapagos 

spreading center is characterized by high magnetic anomaly amplitudes 

and by high petrological diversity. Volcanic rocks erupted along 

propagating ridge segments range from relatively undifferentiated MORB 

through highly fractionated abyssal FeTi basalts to andesites and 

rhyodacites. This variability can be explained by shallow level 

crystal fractionation (Byerly, 1980; Clague et al., 1981). Normal, 
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non-propagating ridge segments in the area erupt a limited range of 

normal MORB compositions. 

New dredge samples from the 95.5°w propagating rift (PR) system 

show that lava compositions grade from unfractionated types near the PR 

tip, through bimodal normal and FeTi basalts, to a broad range, 

including siliceous compositions, within the first 15 km (300,000 yr) 

behind the PR tip. Subsequently, the compositional range gradually 

narrows towards that of normal non-propagating rift segments in the 

area, but these compositional variations reflect the development of the 

subaxial magmatic system as the newly formed spreading center develops 

from zero to its full spreading rate and continues to evolve towards a 

normal steady-state mid-ocean ridge. The first lavas erupted at the PR 

tip are relatively unfractionated because rapid cooling rates do not 

allow significant residence times for magmas at shallow depth. 

Subsequently, coexistence of unfractionated and highly fractionated 

magmas seems to require the existence of small, possibly ephemeral, 

isolated magma chambers. Continuing development of the new spreading 

center gradually allows for slower cooling rates and longer residence 

times for small isolated magma bodies within the crust. At the same 

time, increasing magma supply rates result in increased communication 

between such chambers and hence in increased opportunities for magma 

mixing. This trend toward establishment of a steady-state thermal 

regime continues with greater distance from old, cold crust and causes 

a decrease in the range of erupted compositions. As a normal steady

state ridge system becomes established, least fractionated magmas are 

seldom erupted without first mixing with more fractionated material, 
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while very highly fractionated magmas can seldom develop without first 

mixing. 

In essence, this model states that unusual degrees of crystal 

fractionation are permitted, not by rapid cooling, but by the 

establishment of a delicate balance between cooling rates of crustal 

magma bodies and resupply rates of primitive magma to these bodies. 

These principles may be extended to other propagating and non

propagating ridge-transform intersections, provided a number of 

tectonic variables including transform length, spreading and 

propagation rates are taken into account • 
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In order to understand the melting and crystallization behavior of 

basalt systems, it is helpful to reduce the ten or more principal oxide 

or element components to three or four mineral or mineral-like 

components. A quaternary system so derived may be represented 

graphically by perspective drawing of a tetrahedron having the selected 

components as apices, or by projections of points within the 

tetrahedron onto the bounding ternaries or some internal plane. For 

tholeiitic systems, end members equivalent to clinopyroxene, olivine, 

plagioclase and quartz (or tridymite) are commonly used. These end 

members encompass the major minerals involved in tholeiite petrogenesis 

(with the exception of oxides and apatite) and allow ready comparison 

with experimental studies in the simplified system Ca0-Mg0-Al 2o3-sio2• 

Recent discussions of MORB petrogenesis have employed two basic 

types of recalculation of major element analyses into ''mineral" end 

members, those based on the CIPW norm and those based on the CMAS 

system of O'Hara (1968) • 
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3.2 PROJECTIONS IN TIIE DI-PL-OL-Q PSEUDOQUATERNARY 

3.2.1 Types of Projection 

a) Normative Projections 

i) Px-Pl-01. Miyashiro et al. (1970) and Shido et al. (1971) 

examined the locations of MORB from the Mid-Atlantic Ridge in the CIPW 

normative (weight %) ternary, pyroxene (cpx + opx) - plagioclase

olivine. (This method of computing pyroxene is in contrast to the more 

usual practice of recalculating opx to olivine and silica). They 

showed that plagioclase-phyric MORB (PL-tholeiites) are separated from 

olivine-phyric MORB (OL-tholeiites) by a line resembling the olivine

plagioclase cotectic in the experimental system di-an-fo, and suggested 

that this distinction is related to distinct primary magmas. Actually, 

few MORB glasses (i.e., liquids) plot in the PL-tholeiite field and it 

is now apparent that most compositions in this field do not lie on the 

liquid line of descent; rather, they are compositions which include 

both liquid and plagioclase (e.g., Bryan, 1983). 

Bryan and Dick (1982) have demonstrated that suites of samples 

from different sections of the Mid-Atlantic Ridge define separate, 

generally sub-parallel cotectic trends in this system. They believe 

that these differences, related to the degree of plagioclase saturation 

of the parent magmas, must represent subtle, but distinct, differences 

in chemistry of the mantle sources. More recently Dick et al. (1984) 

recognized a regional correlation between clinopyroxene contents of 

abyssal peridotites and proximity of the cotectic trends for basaltic 

lavas to the pl apex. This relationship suggests that degree of melting 
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is the overriding control on the cotectic position, a conclusion 

supported by an increase in Na/Ca ratio with proximity to the pl apex. 

When plotted in this system (Fig.3.1), normal and propagating rift 

glasses from the 95°w region occupy overlapping fields, but appear to 

define separate, sub-parallel trends, with the normal rift trend lying 

closer to the pl apex. In detail, however, the normal rift population 

and, to a lesser extent, the propagating rift population appear to be 

complex and made up of a number of separate trends. the variability of 

these populations is, however, much more clearly displayed using 

projections in the pseudo-quaternary system di-pl-ol-Q discussed below • 

Furthermore, the usefulness of the system is impaired because more 

fractionated rocks plot along the px-pl sideline, and because it is not 

readily comparable with experimental studies in di-fo-an owing to the 

incorporation of hypersthene with diopside. 

ii) Di-Pl-01-Q (CIPW). Presnall et al. (1979) and O'Donnell and 

Presnall (1980) used CIPW normative projections in cpx-ol-pl-Q (weight 

%, hy distributed to ol and Q) to facilitate comparison of real MORB 

compositions with experimental data in the simplified system di-fo-an

Si02 and to demonstrate the relevance of this system to natural 

compositions. This type of projection cannot be used graphically in a 

rigorous way, however, because components with significant solid 

solution such as olivine and hypersthene plot at different points 

depending on composition. 

iii) Cpx-01-Pl-Q (Cation norm). Problems with solid solutions are 

simply removed by use of mole fractions rather than weight fractions of 

the end members. Irvine (1970, 1979) used similar projections based on 

a cation molecular norm to evaluate fractionation paths in layered 
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Figure 3.1 CIPW normative pyroxene (cpx+opx)-plagioclase-olivine plot 

of Bryan and Dick (1982). Shaded fields enclose all glass analyses 
from the 95.5°w system. (a) Normal rift. (b) Propagating rift. 
Solid lines are estimated best fit to the data. Long dashed lines are 
normal rift trends from (a). Short dashed lines are calculated best 
fits to data from Kane Fracture Zone (K) and FAMOUS area (F) after 
Bryan and Dick (1982). All Fe is expressed as FeO* for these 
calculations • 
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intrusions as well as in some MORB and Hawaiian tholeiitic suites • 

These projections, however, suffer from the disadvantage that 

hypersthene plots closer to ol than to Sio2 , causing crowding of the 

volume in which most MORB plot, and obscuring some of the more subtle 

relationships. (Compare Fig. 9-12 of Irvine (1979) with Figs 3.2 and 

3.4). This projection system is not used here but because its 

potential for some problems, particularly those involving phenocryst 

addition, is high and because the method of calculation is not readily 

extracted from the source references, a brief description of the method 

is included in Appendix C. 

b) CMAS Projections 

i) O'Hara's System. O'Hara (1968) developed conventions for 

recasting major and minor element analyses into four structurally 

similar components equivalent to weight % Ca0-Mg0-Al 2o3-sio 2 • These 

components combine to form "minerals" such that mo st so 1 id solutions 

(e.g., plagioclase, olivine) or structurally equivalent minerals (e.g., 

various spinels) plot at single points, while more complex solid 

solutions (notably clinopyroxene) are reduced to a single line within 

the four-phase system. The conventions are listed and explained by 

O'Hara (1968) and by Cox et al. (1979, p.244). Unfortunately, this 

system suffers from being overly broad in its compositional coverage • 

Useful compositional planes and tetrahedra are irregular in shape and 

some of the projection directions are oblique to the projection planes. 

Consequently, CMAS projections have not been widely used in MORB 

studies (but see Malpas, 1978 and Nisbet and Fowler, 1978 for 

examples). 
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ii) Modified System of Walker et al. Walker et al. (1979), 

eliminated many of the problems with CMAS by using similar combining 

conventions to construct a di-pl-ol-Q quaternary (see caption to their 

Fig. 2 for conventions) based on molar, rather than weight, 

proportions. They showed that MORB from the Oceanographer Fracture 

Zone (and, indeed, most MORB) are close to saturation with plagioclase, 

and therefore their crystallization paths can be readily displayed 

using a projection from pl onto di-ol-Q. In particular, they 

demonstrated, using experimentally determined liquid compositions, that 

the cpx-ol-pl-liquid four-phase univariant curve describes a broad arc 

across this projection; this arc is at a high angle to the olivine and 

olivine-plagioclase control lines followed by MORB liquids prior to 

reaching the curve (see section 3.2.3 for more detailed discussion) • 

These relations, which apply for a wide variety of MORB (e.g., Stolper, 

1980, Bryan et al., 1982, Perfit et al., 1983), allow easy recognition 

of fractionation and mixing trends between tholeiitic liquids at 

different stages of evolution. 

iii) Modified System of Grove et al. Grove et al. (1982,1983) 

(see also Grove and Baker, 1983) further modified the Walker et al. 

(1979) system in order to better present new experimental data for 

compositions near the Si02 apex. At least for MORB, their projection 

is little different from that of Walker et al., although plotting 

positions do vary slightly. (See Appendix C for conventions.) The 

Grove et al. system is preferred, however, because it incorporates new 

phase boundaries for pigeonite and orthopyroxene; it is used through 

the remainder of this study, and described more fully below • 
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3.2.2 Use of the Grove et al. Projection 

a) Reasons For Use 

The great majority of MORB liquids fall within the olivine volume 

of the di-pl-ol-Q quaternary, close to, or on, the ol-pl boundary 

surface (e.g., Walker et al., 1979; Basaltic Volcanism Study Project, 

1981; Bryan and Dick, 1982). Because of this proximity to plagioclase 

saturation, the most useful projection for most purposes is that from 

plagioclase onto the di-ol-Q face. As previously stated, the greater 

projected area of the olivine volume in the Grove et al. and Walker et 

al. projections, the curvature of the ol-pl-cpx-liquid cotectic and its 

high angle to olivine (+ plagioclase) control lines combine to make 

these systems quite sensitive to fractionation and mixing trends. Of 

particular importance is the identification of the ol-cpx-pig-liquid 

reaction point which may control the development of extreme FeTi basalt 

and siliceous liquids (Grove et al., 1982; Grove, 1983). As later 

discussions will show, compositions plotting close to this point also 

appear to be an important end member for mixed liquid compositions in 

the 9S.S0 w suite • 

b) Limitations and Uncertainties of the Projections 

The basis of the projection onto di-ol-Q is shown in Fig. 3.2 • 

Liquidus boundaries within the tetrahedron are sketched in a manner 

consistent with the Grove et al. (1982) projection as well as with 

compilations of 1 atmosphere, experimentally determined boundaries 

(e.g., Presnall et al., 1979, Fig. 7; Irvine, 1979, Fig. 9.2). 

It can readily be seen from Fig. 3.2 that the pl-projection onto 

di-ol-Q is ideal for most of the ol volume and especially for that part 
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Plagioclase 
Silica 

Figure 3.2 Sketch showing approximate phase boundaries in the 

pseudo-quaternary system di-pl-ol-Q. Loosely based on sketches by 
Irvine (1979) and Presnall et al. (1979), the boundaries have been 
modified to conform with the Grove et al. (1982) projection from pl 
onto di-ol-Q shown here as a light dashed line. Open arrows show a 
"typical" MORB fractionation path from the ol volume to the ol-pl 
divariant surface to the ol-pl-cpx univariant curve. Arrows terminate 
at the ol-pl-cpx-pig reaction point. Artwork by Cheney Snow 
Milholland • 
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near the pl-ol plane which contains the majority of MORB liquids. The 

actual proximity of a given sample to this plane can be readily 

determined using the projection from cpx onto pl-ol-Q (e.g., Figs 3.6 

and 3.7) • 

Limitations of the pl projection are also apparent in Fig. 3.2. 

Points close to the pl-ol plane are projected across almost two thirds 

of the tetrahedron, amplifying analytical or other uncertainties which 

move a given point at a high angle to the projection direction. In 

addition, projections of some points in the cpx and pl volumes may be 

misleading. In particular, some points within the pl volume close to, 

or above, the cpx-pl-ol cotectic project above (towards cpx) the 

projection of the cotectic and, hence, appear to be cpx saturated. The 

actual locations of points with this problem cannot be easily 

determined in projections from any of the four apices. 

From a geological point of view, the uncertainty associated with 

any particular point in this or any other projection is a function of 

both the analytical uncertainty and the extent to which the analyzed 

sample represents a particular flow or other magma batch. The use, in 

this and earlier studies (Byerly et al., 1976; Melson et al., 1977; 

Christie and Sinton, 1981), of compositional groups based on analyses 

of all available glass pieces from a given dredge provides an empirical 

demonstration of the magnitude of these uncertainties. In Fig. 3.3, 

this is illustrated for the worst available case, group DS of Byerly et 

al. (1976) and Melson et al. (1977). This group has by far the 

broadest scatter in projection of any of the groups used; differences 

between analyses from opposite extremes of the range could, if 

considered in isolation, be interpreted as having considerable genetic 
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Figure 3.3 (a) Projection from pl into di-ol-Q of the 76 glass 
analyses of group DS (Byerly et al., 1976; Melson et al., 1977), by far 
the most diverse of all the groups considered. (b) Light solid line 
encloses 50 of the 76 analyses; dotted line encloses the remainder. 
Note suggestion that at least two groups are identifiable. Heavy solid 
lines show the effect of adding to and subtracting from the median 
value for each oxide in turn, an amount equal to one standard 
deviation, based on all 76 analyses. Elements not shown have 
insignificant effects • 
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Table 3.1 Standard deviations for group DS and analytical 

uncertainties 

1 2 3 4 

Si02 0.5 0.35 0.55 0.44 

Ti02 
0.1 0.12 0 .15 0.06 

Al 2o3 0.2 0.15 .040 0.28 

FeO* 0.3 0.35 0.30 0.11 

MgO 0.1 0.20 0.50 0.18 

cao 0.2 0.30 0.30 0.18 

Na2o 0.1 0.08 0 .15 0.05 

K2o 0.03 0.04 0.04 0.02 

P205 0.06 0.04 0.04 0.02 

1. HIG Probe - 1 standard deviation (Byers et al., 1984) 

2. Smithsonian Probe - 1 standard deviation (Melson et al., 1976) 

3. Tolerance limits for groups formed by cluster analysis (Melson et 
al., 1976). Value given is half maximum allowable range for a single 
group. 

4. One standard deviation for group DS of Byerly et al. (1976), as 
used in Fig 3.3 • 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

65 

significance. In order to assess the contribution of analytical 

uncertainty to this scatter, oxide standard deviations are compared in 

Table 3.1 with those determined by replicate analyses of single samples 

for both Smithsonian Institution and RIG microprobes and with tolerance 

limits used by Byerly et al. (1976) and Melson et al. (1976) in 

defining compositional groups. Analytical uncertainty is illustrated 

by the heavy lines in Fig. 3.3.b which illustrate the effect of adding 

to and subtracting from the median value, for each oxide in turn, an 

amount equal to one standard deviation. 

Together, Table 3.1 and Fig. 3.3 show that the greater part of the 

observed variation is indeed attributable to analytical uncertainty, 

particularly in Sio2 and Cao. Moreover, the variation defined by the 

fifty most densely packed analyses is comparable in extent and 

direction to that of most other large groups (e.g., Figs 3.6 and 3.7) 

and the elongation direction is not readily explained by geological 

processes such as flow differentiation during eruption (e.g., Bryan et 

al., 1982) which might be expected to produce intra-group variability • 

Comparison of group DS with other groups (see Fig. 3.7) also shows 

that differences between group means are clearly different from intra

group differences and may be expected to have geological significance. 

Conversely, points representing randomly (or otherwise) selected single 

analyses must be regarded as having a wide margin of error in this 

projection. 

c) Limitations of the Analogy to Quaternary Systems 

In formulating coordinates within di-pl-ol-Q, as many as ten 

relatively independent components are combined to form these four 
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artificial components. This is not, therefore, a true quaternary 

system and care must be taken both in interpretation and with 

terminology. The tetrahedron may properly be referred to as a pseudo

quaternary liquidus diagram and its internal boundaries should, 

presumably, also be prefixed by "pseudo-" or some other modifier. Such 

a practice is, however, cumbersome and terms such as eutectic and 

cotectic are retained in the ensuing discussion with the understanding 

that they are not strictly appropriate. 

Similarly, terms such as univariant or invariant are misleading in 

this diagram; higher degrees of freedom than those predicted by analogy 

with true quaternary systems may result from "unseen" compositional 

effects • 

3.2.3 Generation of MORB Liquids in Di-Pl-01-Q 

a) Potential Parental Liquids 

By definition, a magmatic liquid is parental to a given igneous 

rock suite if all other members of the suite are derived from it by 

crystal fractionation or other petrogenetic processes. Such a liquid 

need not necessarily be "primary" (i.e., an unmodified derivative, by 

partial melting, of the mantle), or even the most "primitive" (i.e., 

closest to primary; normally equated with the highest mg #) member of 

the suite in cases where olivine may have been added to the liquid. In 

the case of tholeiite suites in general, and MORB suites in particular, 

differences between primary and parental compositions are likely to be 

solely due to olivine fractiona~ion and the opposing effects of olivine 

addition and subtraction are extremely difficult to distinguish (see 

Irvine, 1979 for further discussion) • 
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MORB glass and aphyric rock compositions, when plotted in di-pl

ol-Q, show a fairly wide scatter in a plane normal to the projection 

direction from pl, but lie on or close to the ol-pl divariant surface. 

In the projection onto di-ol-Q, by far the greatest number cluster 

close to or below the 1 atmosphere di-pl-ol cotectic between the di-by 

and di-ol joins (e.g., Stolper, 1980, Figs 8, 9). This is taken as 

evidence (e.g., Walker et al., 1979; Stolper, 1980; but see also 

Wilkinson, 1982, for an alternative view) that the majority of MORB 

liquids have attained their present compositions by low pressure 

crystal fractionation and are therefore not primary. Liquids which 

have been considered as potentially parental to the MORB cluster plot 

in the ol volume towards the left-hand end of the MORB cluster and have 

the following characteristics: 

(i) high mg #, 

(ii) high Cao, 

> 70 

> 12% 

(iii) low Ti02, approx 0.7% 

(iv) high Ni > 250 ppm 

(e.g., Bender et al., 1978; Rhodes and Dungan, 1979; Basaltic Volcanism 

Study Project, 1981, p. 523). Such liquids can evolve at low pressure 

by fractionation of ol, ol+pl and, ultimately, of ol+pl+cpx to produce 

liquids on the ol-pl-cpx cotectic. In this study (section 3.3), the 

range of potential parental liquids is shown to extend across the 

entire base of the MORB cluster and those which plot closest to the 

Si0
2 

apex may have mg # as low as 68 and Ni contents as low as 200 ppm • 
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b) Nature of Primary Liquids 

In contrast to parental liquids, whose nature can be readily 

agreed upon, there is controversy as to the nature of primary MORB 

liquid(s) at the point of separation from the mantle. This subject is 

well reviewed by Stolper (1980), Basaltic Volcanism Study Project 

(1981, section 3.3.8) and Elthon and Scarfe (1984) 1 , and only a brief 

outline of the more recent work in the field is given here • 

Controversy exists over the question of whether recognised parental 

MORB compositions are also primary, or at most slightly fractionated, 

or whether they have lost significant amounts of olivine prior to 

eruption onto the seaf loor. 

On the one hand, Presnall and co-workers (Presnall et al., 1978, 

1979; O'Donnell and Presnall, 1980) argued from the simplified di-fo-

an-Q system that large volumes of primitive MORB magma could be 

produced by melting of peridotite at around 9 kb. Melting would occur 

at a thermal "cusp" in the (dry) peridotite solidus at its intersection 

with the plagioclase-spinel subsolidus phase boundary. Although 

liquids formed at the cusp in the simplified system are not appropriate 

parents for the majority of MORB (they plot too far to the right in the 

di-ol-Q projection), O'Donnell and Presnall (1980) argued that the 

additional components of the natural system would move the composition 

to the left, and that further movement to the left could be 

accomplished by higher pressure fractionation. Kushiro (1973) and 

1. This paper became available too late for its data to be 
incorporated in this study • 
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Fujii and Kushiro (1977), in melting experiments on two moderately 

fractionated MORB, showed that they were saturated with both ol and opx 

at their liquidus at about 8 kb and argued that these were primary 

melts separated from a harzburgite residue at that pressure (8 kb, 

approx 25 km). While the possibility exists that these are indeed 

primary liquids derived from a mantle more iron-rich than is normally 

assumed (see also Wilkinson, 1982), the relatively low mg # of these 

starting compositions may make them inappropriate as parental MORB or 

as direct derivatives of a magnesian mantle (Basaltic Volcanism Study 

Project, 1981, p. 576) • 

On the other hand, O'Hara (1968), Bender et al. (1978), Green et 

al. (1979) and Jaques and Green (1980) have argued that naturally 

occurring primitive MORB do not appear to have opx on the liquidus at 

any pressure and therefore cannot have been in equilibrium with 

residual harzburgite at any pressure. This is not the . case, however, 

if 5-20% olivine is added to the original parental basalt composition • 

A major flaw in this argument is that orthopyroxene, if it is in 

reaction relationship with liquids at> 10 kb (Stolper, 1980), need not 

appear as a liquidus phase in melting studies of glasses even if it is 

a residual phase (e.g., Basaltic Volcanism Study Project, 1981, 

section 3.1.4). Nevertheless, the view that most primitive MORB are 

not primary is supported by experiments of Stolper (1980) who examined 

compositional effects, on a primitive MORB glass, of saturation with 

olivine and orthopyroxene at various pressures. Using these 

experiments, Stolper determined the position in di-ol-Q, at 10, 15 and 

20 kb, of a pseudoinvariant point at which ol, opx and cpx coexist with 

an aluminous phase and liquid (such a point is invariant at fixed 
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' pressure only in a true four component system) (Fig. 3.4). He then 

showed that generally recognized parental MORB could be derived by ol 

fractionation from liquids generated at such an invariant point at 

about 20 kb. More complex polybaric fractionation paths are also 

possible (Fig. 3.5). In either case, parental MORB, are required to 

have undergone substantial crystal fractionation prior to eruption. 

More recently, Takahashi and Kushiro (1983) have conducted melting 

experiments on a Ti0 2 and K2o rich lherzolite, with added basaltic 

material, at various pressures. Their data show trends passing very 

close to the appropriate pseudoinvariant points of Stolper (1980) 

(Fig. 3.4), but they reject the concept of an invariant point in favor 

of continuous variation of melt composition with degree of melting. 

Unfortunately, neither study provides data on melt percentage, and the 

determination of equilibrium assemblages is highly subjective, so it is 

not possible to assess or reconcile these differences at present. (For 

further discussion see section 4.10.) 

Finally, it must be pointed out that the pyrolite melting curves 

of Jaques and Green (1980; see Fig. 3.4.1), the 10 kb invariant point 

of Stolper (1980) and the 8 and 10 kb melting paths of Takahashi and 

Kushiro (1983), all intersect the MORB field shown in Fig. 3.4. This 

observation allows, but does not require, that at least some primitive 

MORB could be virtually unmodified partial melts of reasonable mantle 

material. 

Resolution of this controversy requires considerably more 

experimental work on a variety of potential mantle compositions • 

Indeed, like the blind men and the elephant, the various parts to this 

controversy may not be as far apart at they seem. Each of the studies 
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Q 

Figure 3.4 Projection from pl onto di-ol-Q showing field of all 

available glass analyses from 93°W-98°w (stippled). Inset triangle 
shows the area used in subsequent figures. Heavy solid lines are 1 
atmosphere phase boundaries (after Grove et al., 1982, 1983) and 10, 15 
and 20 kb phase boundaries after Stolper (1980). Light solid lines are 
univariant melting curves for 8, 10 and 15 kb after Takahashi and 
Kushiro (1983). Long dashed lines are pyrolite melting curves and 
short dashed lines are depleted Tinaquillo lherzolite melting curves 
after Jaques and Green (1980); Filled stars, 15 kb; Open stars 10 kb • 
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Figure 3.5 Projection onto di-ol-Q showing generalized trends for 

depth and degree of (%) melting (stippled arrows) and for shallow, deep 
and polybaric crystal fractionation • 
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described above appears to seek a unique, or at least rather limited, 

description of a single MORB parent in terms of P, T and composition, 

whereas it is clear from this study (see also Chapter 4) and from 

concurrent studies of Bryan (1983) and Grove and Bryan, 1983 that 

parental magmas may separate from the mantle at a variety of pressures 

with a variety of compositions requiring a variety of degrees of 

fractionation to reach the MORB field • 

c) Relevant High Pressure Phase Relations 

Peridotite compositions lie within the low-P olivine volume of di

pl-ol-Q and project close to the ol corner of di-ol-Q. Equilibrium or 

batch melting of such compositions will initially produce liquids close 

to the ol-opx-cpx-pl(sp) pseudoinvariant point and at higher degrees of 

melting, with only residual ol and opx (+Al-phase), along the ol-opx 

univariant curve. Knowledge of the positions of the pseudoinvariant 

points and their associated univariant curves is therefore critical to 

an evaluation of primary MORB liquids • 

i) Variation with Pressure. Stolper (1980) deduced the positions 

of the 10, 15, and 20 kb cpx-ol-opx(-Al-phase) pseudoinvariant points 

from his own and others' experimental data (Fig. 3.4; see also Fig. 

4.10) and compared them with positions derived from data of Green et 

al. (1979) and Presnall et al. (1979). In each case, increasing 

pressure results in a shift of the invariant composition to the left, 

towards less silica saturated compositions. Stolper attributed the 

difference between his own data and that of Green et al. to differences 

in pressure calibration, but there may be a compositional effect as 

well. Invariant points of Presnall et al. (1979) plot well to the 

right of those of the other two studies, probably as a result of the 
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compositional differences between their simplified system (di-an-fo) 

and the natural systems. 

These invariant points can also be compared with cpx-out points on 

the experimental melting curves of Jaques and Green (1980) (Fig. 3.4) • 

In this figure it can be seen that 10 and 15 kb cpx-out points in the 

projection onto di-ol-Q are close to those of Stolper for the depleted 

Tinaquillo lherzolite but not for pyrolite, whereas in pl-ol-Q, the 

Tinaquillo "invariant" points plot at more (ol + opx)-rich compositions 

while the pyrolite points closely match Stolper's. Taken together, 

these projections indicate that partial melts of depleted lherzolite 

compositions are appropriate parents only for relatively Q-rich MORB 

liquids~ in general agreement with the conclusions of Jaques and Green 

(1980) and of Duncan and Green (1980) • 

Despite their differences, each of these data sets shows a 

movement of the invariant point, and hence of potential primary magmas, 

to less silica-saturated compositions with increasing pressure, perhaps 

becoming critically undersaturated in the vicinity of 20 kb. These 

relationships contrast with those summarized by O'Hara (1968) who 

suggested (on the basis of projections in CMAS) that the invariant 

point would be silica undersaturated between about 10-20 kb, returning 

to saturated compositions as garnet becomes stable between 20-30 kb. 

This observation led him to propose that MORB magmas are generated at 

much greater depths than indicated by more recent studies. 

1. This conclusion is not apparent from di-ol-Q alone. Indeed 
the opposite may be surmised. This emphasizes the need to maintain an 
awareness of the third dimension in this type of projection • 
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ii) Variation With Source Composition. Although in a true four-

component system, the composition of the invariant point is fixed for a 

given pressure, in a real system additional components may potentially 

have drastic effects. Presnall, 1979 considered this problem from a 

theoretical standpoint and concluded that, at least for source 

compositions appropriate to tholeiites, the "invariant" point variation 

should be small and it should therefore be possible to produce large 

volumes of compositionally uniform magma. 

This assessment appears to be borne out by data of Jaques and 

Green (1980) plotted in Fig. 3.4. The melting paths do not show an 

initial constant composition, but appear to evolve relatively slowly up 

to the cpx-out point and more rapidly thereafter. In the four-

component system, this change represents the movement of the liquid 

composition from the invariant point onto the ol-opx cotectic. When 

the cpx-out compositions for pyrolite and "depleted" Tinaquillo 

lherzolite are compared, that for pyrolite is enriched in the diopside 

and particularly plagioclase components, apparently primarily 

reflecting the greater abundance of Na2o in the pyrolite. At pressures 

of 15-20 kb, where plagioclase is no longer stable, the greater 

abundance of Na 20 would presumably enlarge the stability field of 

clinopyroxene. 

iii) Variations with Degree of Melting. As discussed above, the 

degree of melting appears to have little effect on melt composition 

until cpx is no longer a residual phase. Past this point, melt 

compositions move rapidly towards the ol-opx join as indicated by the 

Jaques and Green (1980) melting paths (Fig. 3.4). Olivine control 

lines drawn on this figure show that the potential effect on the liquid 
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line of descent of a 10 wt.% increase in melting is roughly equivalent 

to a pressure change of 5 kb. 

d) A Working Synthesis 

Although it is not possible at present to reconcile the various 

studies discussed above into a single comprehensive picture, there does 

seem to be some convergence in the more recent studies. Both the 

direction and the general magnitude of the trend to less saturated 

primary liquids with increasing pressure of equilibration with residual 

harzburgite seems clear. Stolper himself states (Stolper, 1980) that 

there is no particular reason to prefer his determination of the 

invariant points over some of the other studies. Nevertheless, his 

determinations provide a useful basis for consideration of petrogenetic 

paths of MORB and, in the end, they seem to allow a satisfactory 

explanation of the data. In any case, the conclusions reached in the 

remainder of this chapter can easily be modified to accommodate 

improved determinations of the P, T, compositional relationships of the 

mantle souree. 

3.3 DISTRIBUTION OF 95°W GLASSES IN DI-PL-OL-Q 

3.3.1 General 

Glasses from the 9S.s0 w propagating rift system, including the 

adjacent normal rift, project onto di-ol-Q (Fig. 3.4) on and below the 

four-phase cotectic, predominantly in the left half of the triangle • 

This field is similar to the generalized field of approximately 2,000 

MORB analyses plotted by Walker et al. (1979, Fig. 2). Not present in 
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the Galapagos suite are compositions in the pyroxene volume projecting 

above the four-phase cotectic; undersaturated, transitional-alkalic 

compositions of dredges K2 and K27 which plot near the di-ol sideline 

are omitted from the figure. The Galapagos population also includes 

compositions more evolved than normal, including ferrobasalts at the 

quartz-rich end of the main cluster and andesites and rhyodacites 

which form separate fields closer to the Q apex • 

This distribution conforms with and strengthens the conclusions of 

this and other studies (see Chapter 2) that this is essentially a MORB 

population dominated by shallow-level crystal fractionation processes • 

Considerably more information is available, however, if the 

distribution of the data is examined more closely, particularly in 

terms of their other tectonic, petrologic and geochemical parameters • 

3.3.2 Liquidus Phases 

In most cases the near-liquidus phase(s) of a given lava can be 

determined by petrographic examination of pillow rinds or other glassy 

material. Phases present in clear glass as well-formed 

microphenocrysts are likely to be in equilibrium with their host liquid 

at, or close to, the liquidus temperature. Complex, fine-grained 

aggregates and overgrowths or highly elongate needles are likely to be 

quench products and may not truly reflect liquidus phase relations • 

Rounded, resorbed or zoned phenocrysts may reflect a complex history 

and possibly disequilibrium with their present host liquid. 

Occasionally, textural relations may even suggest a crystallization 

sequence. Despite their subjective nature, liquidus phase 

determinations can generally be made with some confidence; 
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determinations made during the course of this study (Fig. 3.6) are 

consistent with the experimentally determined phase relations (compare 

Fig. 3.2) and have been used to help define cotectic positions. 

Important features of this distribution are: 

i) The broad band of relatively primitive liquids which 

lies within the olivine volume, parallel to the base of 

the tetrahedron and at an oblique angle to the four-

ii) 

phase cotectic. 

The presence of spinel in only those lavas of the above 

group which plot in positions appropriate for liquids 

on the surface of the spinel volume (i.e., close to the 

pl-ol join, see Fig 3.2) • 

iii) The band of plagioclase and olivine saturated 

compositions parallel to, and below, the four-phase 

cotectic, on or adjacent to the pl-ol surface. The 

distribution of these groups in the pl-ol-Q and di-pl

ol projections is the basis for the curvature of the 

pl-ol plane shown in Fig. 3.2 • 

iv) The cluster of clinopyroxene saturated compositions at 

the quartz-rich end of the array and the absence of 

clinopyroxene saturated compositions farther away from 

quartz on the four-phase cotectic. 

Petrographic evidence for magma mixing is very limited and occurs 

in only three groups (Fig 3.7.a). Lavas of group K4C contain rare, 

rounded clinopyroxene microphenocrysts with sharp grain boundaries in 

contrast to the rounded, irregularly bounded, internally complex forms, 
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Figure 3.6 Three projections in the di-pl-ol-Q tetrahedron showing 

fields of all Kana Keoki glass groups from the 95.5°w propagating rift 
system. Fields are shaded according to petrographically determined 
(near-) liquidus phases. Light lines oblique to triangle sidelines are 
olivine or pllagioclase control lines. (a) Projection from pl onto 
di-ol-Q. (b) Projection from di onto pl-ol-Q. (c) Projection from Q 
onto di-pl-ol • 
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often associated with plagioclase, of pyroxenes which appear to have 

formed at, or close to, the liquidus in these rocks. Clinopyroxenes of 

the first type appear to be resorbed and may be indicative of mixing. 

Lavas of groups 18B and 18C are moderately fractionated (approximately 

7% MgO) but appear anomalous in containing only well formed 

microphenocrysts of olivine (Kl8B) or olivine plus plagioclase (K18C), 

interpreted as near-liquidus phases (Fig. 2.6). The positions of these 

groups in the di-pl-ol-Q tetrahedron are, however, consistent with the 

phase boundaries and seem to require their formation by mixing of 

evolved liquids at or close to the reaction point, with primitive 

liquids in the vicinity of group KllD (Fig. 3.6). This mixing is 

discussed in more detail in later sections. 

A remarkable feature of the mixed liquids Kl8C and especially Kl8B 

is their aphyric nature. Indeed, Kl8B liquids appear to be completely 

crystal free; several samples in this group are slab-like pieces of 

solid glass, 2-3 cm thick with cooling surfaces on both sides. Fine 

olivine microphenocrysts are confined to a narrow central zone within 

these slabs which are otherwise completely crystal-free. Thus, during 

or prior to mixing, the end-member liquids must have been completely 

separated from their phenocrysts, or the phenocrysts have been totally 

resorbed since mixing occurred. 

Comparison of Fig. 3.6 with Fig. 3.7 emphasizes that those normal 

ridge lavas that overlap the propagating rift field on di-ol-Q, are 

actually closer to (or on) the pl-ol surface than the propagating rift 

lavas which are plagioclase-free. This observation emphasizes again 

the need to maintain an awareness of the third dimension and not to 

rely solely on di-ol-Q • 
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3.3.3 Contrasts Between Normal and Propagating Rift Lavas 

Lavas of the propagating rift are distinguished from those of the 

normal rift in Figs 3.7 and 3.8. In contrast to the MgO variation 

diagrams of Chapter 2 (Fig. 2.5), which show almost complete overlap of 

the normal rift glasses with those of the propagating rift, the 

projections in di-pl-ol-Q show very little overlap in this three

dimensional space. This observation is consistent with the conclusions 

of Chapter 4 and of Elthon (1983) that the position of a liquid in the 

tetrahedron is not strongly correlated with mg # and, hence, with 

degree of fractionation • 

Important features of the normal rift are: 

i) The almost complete lack of clinopyroxene saturated 

compositions • 

ii) The broad spread of the bulk of the data parallel to the 

base of the tetrahedron. 

iii)The distribution of lavas of high mg # across the base of 

the composition field (Fig. 3.8). 

The spread of data parallel to the base of di-ol-Q cannot be 

produced by crystal fractionation at any pressure. It might, at first 

sight, be attributed to magma mixing, but the spread of high mg numbers 

across the diagram precludes this; mixing would be expected to produce 

a monotonic decrease in mg # from left to right. The spread of highly 

magnesian liquids parallel to the base of the tetrahedron must reflect 

an array of primary liquids derived by similar degrees of melting from 

a similar mantle source over a range of pressures. Consideration of 

the olivine control line orientations and the positions of Stolper's 

(1980) pseudo-invariant points suggests a range of separation depths 
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Figure 3.7 Normal rift and propagating rift glasses: 

(a) projected from pl onto di-ol-Q; (b) projected from di onto 
pl-ol-Q. Fields are those of Kana Keoki (this study) and De Steiguer 
(Melson et al, 1977) glasses. Small circles represent single analyses 
of Trident (Fisk et al., 1982), Sonne (this study) and De Steiguer 
(Clague et al., 1981) glasses • 
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Figure 3.8 Distribution of mg :fl in the projection from pl onto 

di-ol-Q for all available glass data between 93°w and 98°w. Data 
include group means and single analyses of this study, Byerly (1980), 

Clague et al (1981), Fisk et al., 1982. Light lines at base of 
triangle are olivine control lines. Also shown are 10 and 15 kb 
pseudo-invariant points of Stolper (1980) • 
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(i.e., depth of final equilibration of liquid and residual mantle; 

actual melting may occur over a range of depths) from approximately 20 

kb to 10 kb. Less magnesian liquids interspersed with these may be 

derived by higher degrees of melting, producing primary magmas closer 

to the base of the tetrahedron, by isolated magma mixing episodes, or 

possibly by melting of a more iron-rich mantle. 

The existence of a variety of primitive liquids, the lack of 

evolved compositions and the concentrations of data well below three

phase saturation would be consistent with numerous single episodes of 

magma mixing, but not with steady-state mixing in a long-lived, 

periodically replenished magma chamber which should give rise to a 

relatively tight grouping of liquid compositions. While isolated 

examples of mixing are not ruled out, however, the distribution of 

similar mg numbers across the diagram (see next section) precludes 

mixing as the predominant effect. A more satisfactory explanation is 

that the observed lava compositions evolved along parallel, olivine

controlled crystal fractionation paths from a range of parental magmas 

at a range of pressures and/or by a range of degrees of partial 

melting • 

By contrast with lavas of the normal rift, propagating rift lavas 

are commonly pyroxene saturated and extend to much more evolved 

compositions than those of the normal rift. It should be noted that 

pyroxene saturation is characteristic of lavas throughout the HAM zone 

(Schilling et al., 1983) and may be related less to rift propagation 

than to the effects of the Galapagos hot spot (see also section 4.7 and 

Bryan, 1983). Compositions plotting below the four-phase cotectic 

overlap only with the more quartz-rich part of the normal ridge 
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population and appear to be confined to separation depths less than 15 

kb. In addition, there appears to be a significant mixed population 

plotting below the four-phase cotectic, well towards the quartz-rich 

end of the compositional field (see discu•sion in section 3.3.2) • 

Magnesium numbers of these mixed lavas are all less than 60 (Fig. 3.8), 

too low for primary or near-primary liquids. In any case, primary 

liquids at this position in the tetrahedron would require separation 

from the mantle at unusually shallow (<5 kb) depths. 

3.3.4 Magnesium Number 

The most important aspect of the distribution of magnesium numbers 

is the spread of high values across the base of the compositional 

field. As pointed out in the previous section, this spread virtually 

requires an array of primary liquids separated from the mantle at 

various depths. Lower values interspersed with these high values may 

reflect higher degrees of partial melting, minor magma mixing or a more 

iron-rich source. 

Otherwise, the general decrease in mg # upwards and to the right 

in the di-ol-Q projection (Fig. 3.8) is consistent with increasing 

degrees of shallow crystal fractionation. This distribution, and those 

of a number of major and trace element abundances, are examined in the 

light of fractionation modeling in Chapter 4 • 

3.3.5 Distance to Propagating Rift Tip 

e For HAM zone lavas, distance from the point of eruption to the 

• 

propagating rift tip, at the time of eruption, can be simply measured 

as the distance along an isochron to the pseudofault. For normal ridge 
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samples, the distance must be computed using seafloor age, spreading 

rate and propagation rate data. In Figs 3.9 and 3.10, such distances 

are indicated on the di-ol-Q projection for all available propagating 

and normal rift glasses from the 95°w region • 

Changes in the compositional field for propagating rift glasses 

with distance behind the propagating rift tip are shown in a series of 

triangles in Fig. 3.9 (see also Fig. 2.7.). 

for <l km is reproduced in all triangles. 

propagating rift segment are also included. 

For reference, the field 

Glass data from the 91-93°W 

Figure 3.9, in conjunction 

with Figs 3.6 to 3.8, illustrates a number of points: 

i) <l km The four groups of dredge Kll are all quite 

primitive (mg # >66) and occupy a very restricted 

field • 

ii) 1-5 km Lava compositions in this interval appear to be 

bimodal confirming a previous tentative conclusion 

(Chapter 2). Liquids at the left hand end of the more 

primitive field must have evolved from a deeper 

separation depth than those of dredge Kll, closer to 

the tip (see also Chapter 4). Compositions plotting 

below the four-phase cotectic in the more evolved group 

indicate the onset of magma mixing. 

iii) 5-25 km Lavas from this interval span the widest 

compositional range and extend to the most fractionated 

compositions (including siliceous varieties). There is 

a significant mixed population in this interval as 

well • 
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iv) 25-75 km There are only four samples in this interval, 

too few for definite conclusions to be drawn. The 

compositional range appears to have narrowed, however, 

and mixed compositions are still present • 

v) 75-200 km The compositional range from this interval 

vi) 

is much reduced, confined to the four-phase cotectic 

and displaced away from Q relative to the closer 

groups. The condensed range may indicate the 

establishment of a steady-state magma chamber. This 

possibility is further supported by the absence of 

mixed compositions of the type seen closer to the tip 

which require both very evolved and very primitive end 

members. Mixing along or close to the cotectic is not 

precluded, however. Finally, the displacement of the 

field further away fr0m quartz, in conjunction with the 

similar range of mg ff, requires an increasing depth of 

separation of primary liquids from the mantle. 

91°W - 93°W Tholeiitic lavas from this ridge segment 

display a compositional range similar to that of the 

previous interval but displaced slightly farther away 

from Q and hence requiring a slightly greater 

separation depth. Transitional and alkalic lavas 

(group B of Fisk et al., 1982) appear to have had a 

rather different history, involving fractionation of 

clinopyroxene at high pressure (Fisk et al., 1983) • 
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From 5 km to 200 km behind the propagating rift tip, and beyond to 

0 the 91 W transform, the compositional field appears to move gradually 

up the cotectic, away from Q. This movement, together with the 

relatively constant range of mg I, requires a steady increase in the 

depth at which primary magmas separate from equilibrium with residual 

mantle. These effects are discussed in more detail in Chapter 4. 

Perhaps not surprisingly, compositions of lavas erupted along the 

normal rift do not appear to show any relationship to distance from the 

transform zone (PR tip) on the scale sampled (Fig. 3.10). Adequate 

samples do not exist, however, to test for variations on the scale of a 

few km across the point, or zone, of rift failure. 

3.4 SUMMARY AND DISCUSSION 

Projections in the pseudo-quarternary di-pl-ol-Q, are particularly 

useful for displaying the variability of MORB major element 

compositions. This is especially true when the projections, 

particularly that from pl onto di-ol-Q, are used as a base on which to 

display the variability of other geochemical, petrologic or even 

geographic and tectonic parameters. The use of any single projection 

is inadvisable and may lead to serious errors in interpretation; an 

awareness of the third dimension is essential. For most MORB the 

projection from di onto pl-ol-Q is a useful adjunct to the more 

familiar di-ol-Q projection. 

Basalt glasses from the Galapagos region in the vicinity of the 

95.5°w propagating rift system display, as do most MORB populations, an 

overall control by shallow crystal fractionation. Observed liquidus 
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phases are consistent with experimentally determined phase boundaries • 

The less evolved glasses with magnesium numbers greater than about 63 

form a band across the olivine volume parallel to and slightly above 

(towards di) the locus, with changing pressure, of the ol-opx-cpx

pl(-sp)-liquid pseudo-invariant point determined by Stolper (1980). 

This distribution cannot have been produced solely by crystal 

fractionation at any pressure and the non-systematic distribution of 

magnesium numbers across the olivine field precludes its production by 

magma mixing. Rather, small degrees of olivine fractionation from a 

range of primary magmas separated from the mantle at pressures between 

20 kb and approximately 10 kb are required. 

Parental magmas for normal rift glasses appear to have been 

derived over almost the entire depth range, while those of the 

propagating rift tip may have separated from the mantle at depths as 

shallow as 8-9 kb. Behind the tip, separation depth appears to 

increase gradually to a maximum of approximately 15 kb • 

The majority of normal ridge lavas are relatively unfractionated 

and are fairly widely scattered below the four-phase cotectic, perhaps 

reflecting their relatively broad spacing both in time and in terms of 

length of ridge sampled. Pyroxene saturated lavas are rare on the 

normal ridge. The broad scatter of the data and of similar mg numbers 

across the olivine volume requires the evolution of much of the 

population along separate, sub-parallel liquid paths from a range of 

parental magmas. The range of parental magmas, in turn, requires a 

range of separation depths and/or degrees of partial melting. These 

relationships would not be observable if the erupted liquids had all 

passed through a single, long-lived, well-mixed, periodically 
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replenished magma chamber. The permissible extent of such a chamber is 

therefore limited to something less than the sample spacing, perhaps a 

few tens of kilometers in general agreement with the observation of 

Searle and Hey (1983), that the normal rift west of 95.5°w is broken 

into short (10-20 km) segments. Nevertheless, the apparent lack of a 

permanent magma chamber extending beneath the entire length of sampled 

ridge strongly constrains our perception of the nature of the "steady

state" responsible for the apparent uniformity of normal ridge lava 

compositions in particular, and of MORB liquids in general• 

Along the propagating rift, a significant mixed population is 

developed within a few km of the rift tip. This population, formed by 

single episodes of mixing between primitive MORB liquids and highly 

evolved ferrobasalts, falls below the four-phase cotectic in a volume 

not accessible by crystal fractionation of reasonable primary magmas. 

Its existence in this region is in accord with the conclusions of 

Chapter 2, and it is not present beyond 75 km from the propagating rift 

tip. From 75-200 km and along the adjoining 91-93°W ridge segment, 

glass compositions occupy a reltively restricted field on the four

phase cotectic, possibly resulting from mixing in a steady-state, 

periodically replenished magma chamber as opposed to the isolated 

mixing events observed closer to the propagating rift tip. 

These conclusions are examined in more detail in the light of 

model studies in Chapter 4 • 
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MODELING CRYSTAL FRACTIONATION WITH PROGRAM "MIXING" 

4.1. INTRODUCTION 

94 

Diller (1982) developed a computer program for modeling crystal 

fractionation by calculating derivative liquid compositions using input 

distribution coefficients and equations of Takahashi and Irvine (1981) 

which assume stoichiometric control of mineral/melt partition 

coefficients. A modified version of his program is used here • 

This approach to fractionation modeling differs from "least 

squares" methods now in widespread use in not requiring mineral 

compositions as input and in allowing essentially continuous variation 

of mineral composition as fractionation proceeds. This is a 

considerable advantage as it allows rigorous calculation to be carried 

through compositional "gaps" where no natural samples are available and 

in cases (such as MORB) where available mineral data may be subject to 

disequilibrium or other effects. Other potentially useful applications 

include olivine addition to define the range of possible primitive 

compositions for liquids in the olivine volume, calculation of possible 

end members for suites dominated by mixing effects and, probably, 

modeling of reaction relationships by simultaneous addition and 

subtraction of appropriate minerals. 

An additional important feature of this type of modeling is its 

ability (essential for realistic results) to follow experimentally 

determined phase boundaries or other crystallization paths. This 

contrasts with the "straight line" approach implicit in least squares 

models which are frequently used to cut across the more complex 

fractionation paths required by known phase relationships and which 
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may, theretore, provide geometrically possible, but not necessarily 

geologically "correct'' solutions. This feature becomes, however, 

something of a disadvantage where phase relationships are less well 

known, or subject to more variables than can be handled by a simple 

stoichiometric approach as in the case with oxide mineral 

fractionation. 

4.1.1 Partition Coefficients and Exchange Reactions - Conventions and 

Terminology 

Unfortunately there is neither a standard, nor an obvious 

consensus, for notation and nomenclature describing partitioning of 

elements between coexisting phases. Those given here are relatively 

easy to write, unambiguous and in conformity with at least some recent 

petrological literature. Derivations of the equations and discussions 

of their use are common in the literature and are not given here (e.g., 

Gast, 1968, but see Shaw, 1970; Wood and Fraser, 1977; Langmuir and 

Hanson, 1980; Takahashi and Irvine, 1981). 

For calculations used throughout this chapter, element 

concentrations must be expressed as single cation mole fractions e.g., 

Nao0 •5 , Alo 1 • 5 • Fe is expressed as total FeO (FeO*) except for 

calculating mg I (Mg/(Mg + Fe)) where FeIII/FeII is set at 0.15. 

a) Terminology 

i, j 

M 

are components (elements or oxides) 

refers to some mineral phase 

refers to liquid 

is mole fraction i in M (equations 1-3 

remain valid if C is wt. fraction) 
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is mole fraction M in total solid 

TSC is total solid composition 

• c (i) 
0 

is mole fraction i in parent liquid 

F is weight fraction liquid remaining after 

crystallization 

• s is mole fraction, relative to total 

formula cations for a given mineral, of 

cations in a given site (stoichiometric); 

• e.g., for Mg in olivine, S=0.667, Ca in 

anorthite, S=0.2. 

b) Definitions 

• For reactions of the type: 

~ = iL ' jM = jL ' •• 

where i, j •• are cations or metal oxides (components), Mis a mineral 

• (phase) and L is liquid, the following definitions apply: 

i) Partition coefficient (also single component distribution 

coefficient) directly relates concentrations of component i in 

mineral(M) and melt(L). 

(1) 

• 
Kd is frequently given as Dor Di • 

• 

• 

• 
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ii) Distribution coefficient (also two-component, or exchange-

reaction distribution coefficient) relates component ratios in mineral 

and melt. 

(2) 

= 

iii) Bulk distribution coefficient relates component 

concentrations in bulk (total) solid and derivative liquid • 

= (3) 

4.2 THE PROGRAM MIXING 

The present program MIXING is a revised version of that developed 

by Diller (1982). Ideal fractional crystallization is approached 

through the calculation, for successive small increments, of 

equilibrium mineral and derivative liquid compositions. Required 

inputs are a parental liquid composition, mole fractions of minerals to 

be extracted and KD(i/j) values for each element and mineral of 

interest, where "j" is the principal cation for the site into which 

each of the cations "i" is most likely to substitute. Partition 

coefficient data are input in this form because ~ values are much less 

variable, over a range of temperatures and compositions, than are the 

associated single element Kd values (e.g., Takahashi and Irvine, 1981) • 
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Given this input, the following calculation sequence is followed for as 

many cycles as desired • 

i) Kd values are calculated for each element and mineral of 

interest using equations of Takahashi and Irvine (1981). 

For each cation site in each mineral, 

(4) 

and 

( 5) 

where "S" is mole fraction, relative to the total number of cations in 

the mineral, of cations attributable to that site, "j" is the principal 

cation for that site and "i" represents all substituting cations. 

ii) For major elements, mineral compositions in equilibrium with 

the parent liquid are calculated using these Kd values and the 

derivative liquid composition is obtained by subtraction of the 

designated mole fraction of each mineral from the parent liquid. 

iii) For trace elements, bulk distribution coefficients (DB) are 

calculated for the total extracted solid composition (TSC) and 

abundances in the derivative liquid are calculated using the Nernst-

Berthelot equation: 

= l/[DB(i).(1-F) +F] (6) 

Here, because CL(i) is unknown, we make the approximation 
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= (7) 

instead of the correct formulation which is 

= (8) 

This approximation is strictly invalid and can lead to significant 

errors unless individual fractionation steps (1-F) are kept 

sufficiently small. Experience with the program and comparison with 

hand calculations show the error to be vanishingly small if the total 

extracted solid is kept to about 1 mole %. This problem is clearly 

amenable to an iterative solution, but this has not been pursued 

because the desired approach to ideal fractional crystallization also 

requires that individual equilibrium steps be left small • 

iv) The derivative liquid composition now becomes the parent 

composition for the next cycle and the process is repeated for as many 

cycles as may be required • 

F (wt. fraction residual liquid) is simply tracked through the 

calculation using a dummy trace element for which the initial 

concentration (C
0

) is 1 ppm and all values of KD are zero. In this 

case, equation (6) reduces to 

(9) 
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4.3. ASSUMPTIONS AND PROBLEMS 

The fundamental assumptions underlying this method are, (1) that 

input ~ values are both appropriate to, and constant for, the range of 

compositions under study, and (2) that the relevant phase boundaries 

are sufficiently well known. The general paucity of satisfactory 

experimental, or even observational, data leave the first assumption 

open to some doubt, though with some selection reasonable solutions may 

be derived. For MORB the second assumption is reasonably secure with 

respect to the ol-pl-cpx cotectic (e.g., Walker et al., 1979, Grove et 

al., 1982) but less so with respect to the pl-ol surface • 

A further assumption and minor source of error is the use in all 

model calculations of total Fe expressed as FeO (FeO*). 

Major problems include, (1) the use of inappropriate bulk 

distribution coefficients (DB) in the Berthelot-Nernst equation (see 

previous section), (2) coupled substitutions requiring adjustments to 

stoichiometric values for sites in plagioclase and clinopyroxene, (3) 

inability to account for variable oxidation states, (4) and the failure 

of Onuma diagrams to predict KD values when the preceding problems 

occur (Diller, 1982). In particular, severe problems may arise when 

modeling fractionation of oxides, which do not appear to conform to 

simple stoichiometric and size requirements of the method and of the 

Onuma diagrams (Diller, 1982). Oxide fractionation has not been 

explored in this study, and attention has been confined to the 

evolution of Galapagos magmas from primitive MORB to ferrobasalts where 

it is clear (Byerly, 1980; Clague et al., 1981; Perfit and Fornari, 

1983) that oxides are not a fractionating phase • 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

101 

Finally, it must be realized that the model takes no account of 

phase boundaries, and compositions of designated minerals are 

calculated without regard to their stability. These problems must be 

addressed separately, and the appropriate phase chemistry known, before 

modeling can begin. (A program which incorporates equations relating 

Kd and temperature, and hence determines whether or not a phase is 

stable, is described by Langmuir and Hanson (1981) and Langmuir and 

Weaver (1982) .) 

4.3.1 Selection of Appropriate K Values 
~~~~~~~~~~~~~ D 

Distribution coefficients may be taken or recalculated from 

published experimental studies supplemented by data from natural rocks. 

Experimental data are subject to analytical inaccuracies related mainly 

to small sample size and uncertainties as to whether equilibrium is 

achieved. Natural data may also have large uncertainties because of 

possible non-equilibrium, due primarily to cooling rate effects or to 

the presence of xenocrystal material. Perhaps not surprisingly, data 

in the literature are seldom plentiful and often contradictory. 

Although the ultimate test of "correctness" of the ~ values must 

lie in their ability to reproduce observed trends, use of such a test 

can lead to circular arguments, and an independent test is desirable. 

Data may be checked for consistency using Onuma diagrams (Onuma, et 

al., 1968; Jensen, 1973; Philpotts, 1978) in which log KD (or Kd) is 

plotted against ionic radius. Such plots show distinct peaks at 

preferred ionic radii appropriate to different cation sites, with 

symmetrical, log-linear arms sloping to lower KD on either side. 

Different valences display regularly shaped, sub-parallel trends for 
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each site. In addition to testing for consistency, such plots allow 

interpolation of additional unknown KD values for elements of known 

ionic radius and, in some cases, provide an indication of the most 

likely site for a particular species. They are not, however, useful 

for tetrahedral sites or elements with high valence numbers (e.g., v5+) 

because there are too few competing elements to define the curves. 

Onuma diagrams from Diller (1982) and tables of ~ values used here are 

reproduced in Appendix D • 

Values selected by Diller (1982) appear to work well for most 

major and trace elements in olivine and plagioclase, but problems arise 

with solid solution of Fe/Mg and in minerals (notably clinopyroxene) 

with more complex, charge-coupled substitutions. 

For olivine in MORB, ~(Fe/Mg) values are widely accepted to be in 

the vicinity of 0.28-0.30 (e.g., Roeder and Emslie, 1970; Irvine, 1979; 

Bender et al., 1978; Basaltic Volcanism Study Project, 1982; Takahashi 

and Irvine, 1981; Grove et al., 1982), but this value is lower than 

that predicted by the appropriate Onuma line (see Appendix D), possibly 

because of the use of total iron, not ferrous iron values. For 

clinopyroxene, the simple stoichiometric approach fails to account for 

charge-coupled substitutions and variable oxidation state leading to 

problems with Ca, Al, Ti and Cr concentrations and with ferric/ferrous 

ratios. Ferric/ferrous ratios cannot be incorporated in the modeling 

owing to a complete lack of data, but satisfactory model compositions 

for the other components can be derived if KD values are calculated 

from experimental data for appropriate compositions, without regard to 

the Onuma diagrams. Calculated KD(Fe/Mg) and KD (Si/Al) for 

clinopyroxene, based on available experimental clinopyroxene-glass 
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pairs, are plotted against mg # in Fig 4.1 where 1S>(Fe/Mg) for MORB is 

fairly constant between 0.25 and 0.30 for mg I between 40 and 80, while 

~(Al/Si) ranges between about 0.1 and 0.4 with no consistent overall 

variation. However some specific studies suggest variation with l/T 

(e.g., Nielsen and Drake, 1979) and data of Walker et al., 1979 suggest 

a decrease in both~ values with decreasing mg I and hence with T • 

The higher values of Walker et al. were not used, however, as they 

result in clinopyroxene Al 2o3 contents of approximately 5 wt.% which is 

higher than most published values (e.g., Schweitzer et al., 1978; 

Byerly and Sinton, 1979; Sinton and Byerly, 1979; Byerly, 1980; Mattey 

and Muir, 1980), and in slightly high FeO/MgO in calculated 

clinopyroxene. "Best" values for the MORB clinopyroxene data were 

chosen as ~(Fe/Mg)=0.25 and, 1S>(Al/Si)=0.26. 

Problems encountered in trace element modeling are discussed in 

section 4.8.1 • 

4.3.2. Charge-coupled Substitutions 

The charge-coupled substitution of Al for Si as Na substitutes for 

Ca in plagioclase, and the more complex substitutions in clinopyroxene 

can be accounted for, at least in part, by modification of the 

Takahashi and Irvine equation • 

In the case of plagioclase, the ratio of Si/Al in tetrahedral 

sites is controlled by Ca/Na in octahedral sites, so the substitution 

can be simply accounted for by treating Si and Al as belonging to 

separate tetrahedral sites, for which the S-values vary according to 

Na/Ca, but always sum to 0.8. As the plagioclase formula varies from 

CaA1 2si
2
o

8 
to NaA1Si

3
o

8 
, S for the Si "site" varies from 0.4 to 0.6 
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Figure 4.1 Clinopyroxene distribution coefficients for Al/Si and Fe/Mg 

calculated from published experimental data. 
Walker et al, 1979; Open circles, MORB from Ho, 
and Drake, 1979; Small dots, lunar basalts from 
and Nielsen and Drake, 1979 • 

Large dots, MORB from 
1973 quoted by Nielsen 
Akella and Boyd, 1973, 
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and S for the Al "site" varies from 0.4 to 0.2. Hence, for plagioclase 

of composition N~Ca 1 _XA1 2_Xsi 2+XOS , equation (4) gives: 

= [0.4 + X/5]/CL(Si) 

= 

= ( 9) 

where Kd(Na)PL can be determined by the Takahashi and Irvine equations 

(4 and 5) • 

Similarly, 

= [0.2 + (1-X)/5]/CL(Al) 

= (10) 

In the case of clinopyroxene, potentially troublesome 

substitutions by, for example, Ti and Fe(III) are small in MORB and do 

not appear to require specific treatment. Serious errors arise 

however, if Ca, the principal cation for the X-"site", is assigned its 

full S-value of .25 as this leads to significant over-estimation of Ca 

content. This problem is overcome by assigning S a lower value of 

0.20, equivalent to 0.8 Ca cations per formula unit, a value 

appropriate to most MORB (e.g., Schweitzer et al., 1978), including 

analyzed samples from the Galapagos Spreading Center (Byerly, 1980; 
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Mattey and Muir, 1980; Perfit and Fornari, 1983). Concurrently, S for 

• the Y-site is set to 0.30, equivalent to 1.2 cations of (Mg, Fe, Ti 

etc). Finally, the distribution of Al between the Y-site and the 

tetrahedral (Si) site must be accounted for. Site assignments for Al in 

• MORB clinopyroxenes vary widely (e.g., Byerly, 1980; Mattey and Muir, 

1980; Perfit and Fornari, 1983), and an approximate median value of 50% 

of Al cations in each site was adopted • 

• 
4.4 OBTAINING CORRECT PHASE PROPORTIONS 

• The identities of phases crystallizing from a given liquid may be 

determined by considering its position in the di-ol-pl-Q 

pseudoquaternary. Phase proportions are dictated by the configurations 

• of phase boundaries within the tetrahedron, and may be determined by 

trial and error using the model. Reaction relationships are not dealt 

with in this study, but they could be handled by an appropriate 

• combination of phase addition and subtraction • 

The modeling procedure is best illustrated by reference to Fig. 

4.2 which shows an actual computed example. The phase boundaries in 

• the projection from Pl onto di-ol-Q are those of Grove et al. (1982, 

1983) and that on the projection from cpx onto pl-ol-Q is interpolated 

from experimental data of Walker et al. (1979), Grove et al. (1982) and 

• from natural glass data of this study and of Melson et al. (1977) • 

i) Parental liquid (P ) KlOB lies in the olivine liquidus 
0 

volume and may therefore be expected to crystallize 

only olivine, which is extracted in 0.5% (molar) steps • • 

• 
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Figure 4.2 Part of projection from pl onto di-ol-Q showing liquid 
lines of descent for the four crystal fractionation models. Stars in 
circles are parental compositions, triangles mark the point at which pl 
joins ol as a crystallizing phase. Heavy solid line is cpx-pl-ol-liquid 
pseudo-univariant curve (cotectic) and continues as light solid line • 
Models paths are: Long dashes, KlOB; Long-short dashes, Kl7C; Solid 
line, Kl2B; Short dashes, KllD. Note that dashed cotectic paths are 
artificially offset vertically for clarity. Numbers are wt% residual 
liquid (lOOF). Large star is reaction point of Grove et al, 1982. 
Open circles are samples referred to in text. P , P

1 
etc. are referred 

to in text. 0 
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After 8 steps, 98 wt.% liquid remains and the olivine

plagioclase divariant surface is intersected at P1 • 

The calculation is restarted with P1 as parent and pl 

and ol are extracted in molar proportions 0.81:0.19, 

determined by trial and error as appropriate to keep 

the liquid composition on the projection of the pl-ol 

surface onto pl-ol-Q. After a further 30 steps of 1 

mole% each, 77% liquid remains and point P2 on the di-

e ol-pl univariant (cotectic) line is reached. 

• 

• 

• 

• 

• 

• 

• 

iii) P2 is now taken as parent and pl, ol and cpx are 

extracted in proportions .48:.05:.46 which maintains 

the liquid composition close to the univariant line in 

both di-ol-Q and pl-ol-Q, and hence in three-

dimensional space. After a further 50 steps of 1 mol%, 

51 wt.% liquid remains and the calculated liquid path 

begins to diverge from the cotectic at composition P
3

• 

iv) The procedure is repeated with P3 as parent and 

v) 

pl:ol:cpx proportions of .49:.07:.45. After a further 

50 steps, 34 wt.% liquid remains, MgO concentration 

reaches 3.98 wt.% and FeO reaches 18.50 wt.%. As such a 

liquid should have begun to crystallize an oxide phase 

and/or low-Ca pyroxene, the model is terminated at P4 • 

Given appropriate assumptions (or data) as to the 

position of the reaction point (see discussion in 

section 4.6.3), the reaction at this point and the 

liquid path beyond could also be modeled • 
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Olivine addition (Po-PA) is also be modeled to 

constrain the range of possible parent compositions • 

After twenty 0.5 mol% steps, 14 wt.% olivine has been 

added • 

4.5. APPLICATION OF THE MODEL 

For any composition plotting in the olivine volume, calculation of 

the effect of olivine addition and subtraction defines an array of 

potential primary liquid compositions from which the "best" possibility 

may be selected on geological grounds or on the basis of appropriate 

assumptions. Further crystal fractionation calculations complete a 

unique array of possible derivative compositions - a model liquid line 

of descent. Different parental compositions plotting at the same point 

will generate different model liquid paths. 

Unfortunately, for evolved compositions on the pl-ol surface or 

the di-pl-ol cotectic, the model calculations cannot be simply inverted 

to produce a unique liquid line. However, an empirical approach can be 

used to constrain quite closely the nature of possible parental 

liquids. This approach involves the computation of a number of models 

for a range of potential parent liquids. Model templates displaying 

the variation, along each model path, of mg # or any desired element 

abundance or ratio can then be compared to suites of real data. This 

approach is best used to define relatively broad possibilities, such as 

limiting cases for liquid lines appropriate to a diverse population. 

The precise provenance of a given liquid composition can be defined 

only by trial and error or by chance; individual parent-daughter 
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relationships are probably better obtained by least-squares methods; 

(such calculations could be guided by constraints on the liquid line) 

and by calculated mineral compositions derived from program mixing. 

4.6 MODEL PATIIS FOR GALAPAGOS 95°w LAVAS 

4.6.1 Choice of Parent Compositions 

Parent compositions were chosen to represent a range of 

compositions plotting close to the base of the data array (compare Fig. 

4.2 with Figs 3.7 and 3.8). In three of the four cases, the highest 

available mg # was selected as representing the closest approach to a 

primary liquid; lavas KlOB and Kl7C (mg#, 67, 68) were selected from 

the normal rift population, whereas KllD (mg #, 68) is from the 

propagating rift tip and represents the most primitive composition 

erupted along the propagating rift (see also Chapter 2). A second 

parental composition, Kl2B, was also chosen from the propagating rift 

suite. Kl2B plots at the lower left-hand extreme of the propagating 

rift field in di-ol-Q and fairly close to KllD, but it has a mg # of 

only 64. This combination of "primitive" plotting position with low mg 

# is unlikely to have been brought about by shallow fractionation, 

though it could, in principle, be derived by mixing along a near

horizontal mixing line. Such mixing would, however, require a 

primitive end-member plotting even farther to the left, outside the 

array of propagating rift lava compositions. Independent evidence for 

the existence of such a parent, its fractionated derivatives, or 

similar mixed compositions is lacking along the propagating rift. It 

seems possible, therefore, that Kl2B liquids were derived from a 
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primary magma of unusual composition. Relative to a KllD primary 

magma, a Kl2B primary liquid would be derived by some combination of 

(1) higher degrees of melting at greater depth of a similar source, 

and/or (2) by melting of a more iron-rich source under similar 

conditions • 

The origin of Kl2B is examined further in the light of model 

results in section 4.9. Irrespective of its origin, however, it 

appears to represent an important end-member for the derivation of 

propagating rift lavas. 

4.6.2 Model Paths on Di-01-Q 

Model liquid lines of descent for the four chosen parent 

compositions are shown in Fig. 4.3. Variations in F (weight fraction 

of residual liquid), in mg# and in representative major element 

abundances are superimposed on the liquid lines in successive figures. 

Figures such as these may conveniently be produced by the computer and 

used as transparent templates to rapidly test the fit of a given model 

to some naturally occurring suite. This approach is applied to samples 

from the 95°w region in section 4.7. First, however, it is necessary 

to examine the model paths themselves, as they suggest the existence of 

compositional constraints on magmatic evolution. In the ensuing 

discussion, variations in the model paths are discussed relative to 

KllD in the order KllD, Kl2B, Kl7C, and KlOB. 

a) Variations in Residual Liquid Fraction (F) 

Olivine fractionation paths are roughly the same length in 

projection for each model and each involves a similar number of cycles. 

Consequently, the residual liquid fractions are similar, and still 
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Figure 4.3 Distribution of mg I and representative oxide wt% values 

along model paths on di-ol-Q. For conventions see caption to Fig. 4.2 • 
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large, at the onset of plagioclase crystallization (Fig. 4.2). 

Plagioclase-olivine paths increase markedly in length from KllD to 

KlOB, resulting in significant decreases in the value of F at which 

each liquid reaches clinopyroxene saturation. Perhaps more 

surprisingly, the rate at which F changes along the univariant curve, 

also increases from KllD to KlOB. If rate is measured relative to the 

number of (1 mole %) cycles calculated, there is a monotonic increase 

in the amount by which F decreases during 100 cycles, from 0.44 to 

0.60. If, however, rate is measured relative to distance along the 

cotectic curve, the decrease in F is 0.20 for KlOA and 0.15 for the 

other three models over a distance equivalent to 5 wt.% measured along 

the sides of the triangle. These relationships imply that no two model 

paths derived by this method can produce identical values of F at any 

given point on the three-phase cotectic • 

Finally, it is of interest to compare F values from these models 

with those of other fractionation models. Samples 999 and 998 from 

DeSteiguer dredge D6 have been "derived" from sample DOS of dredge D5 

using least squares methods by Byerly (1980) and by Clague et al., 

1981. Clague et al. (1981) also used a phosphorus fractionation model. 

These studies all calculated F values of 0.45 for 999 and 0.33 for 998 • 

These values may be compared with the significantly higher values of 

0.52 and 0.42 for similar plotting positions from model Kl2B and with 

0.62 and 0.48 from model KllD (Fig. 4.2). In addition, Grove and Baker 

(1984) obtained an F value of 0.49 for the parent-daughter pair (DOS-

999), using a simplified method of calculating mineral compositions 

using only ~(Fe/Mg) for olivine and clinopyroxene and K0 (Ca/Na) for 

plagioclase. The reasons for the discrepancies are unclear, but it 
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should be pointed out that none of these other calculations follows the 

liquid line of descent, although they may possibly represent the sum of 

that path, and that DOS originates on the normal ridge and may not be 

an appropriate parent for any propagating rift lava. 

b) Variations in Magnesium Number 

Because they are at least broadly controlled by F, mg # and major 

element abundances show similar types of variation along the model 

liquid paths (Fig. 4.2a). During olivine fractionation the decrease in 

mg # is 2 for KllD and 3 for the other models. By contrast, during pl-

ol fractionation, the decrease in mg # ranges from 1 for KllD to 6 for 

KlOB. Thus the mg #at which clinopyroxene saturation first occurs, 

decreases from 65 for KllD to 59 for KlOB. Linear rates of change 

along the cpx-pl-ol cotectic increase only slightly from KllD to Kl7C, 

but more sharply from Kl7C to KlOC. This relative increase in the rate 

of change of mg # along the four-phase cotectic, combined with the 

decrease in the mg # at which clinopyroxene saturation is reached, 

reinforces the tendency for each model path to define a unique set of 

mg #'s along the cotectic. Stated differently, the combination of any 

given mg # with a particular point on the cotectic is unique to a 

particular model path provided the assumptions discussed in section 4.3 

remain unchanged. 

c) Variations in Major Element Abundances 

Abundances of major and trace elements also vary in a fashion 

analogous to that of mg # (Fig. 4.3). The value at which each model 

path intersects the four-phase cotectic decreases from KllD to KlOB for 

MgO and K2o, remains relatively constant for Si02, Al 2o3, Cao, Na 2o and 

P2o5, and increases for FeO* and Ti02• The observed behavior of K2o 
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and P2o5 appears inconsistent with their incompatible character and, in 

fact, results from a combination of their decreasing concentrations in 

the parent compositions from KllD to KlOB and their generally low 

abundances. 

As is the case for both F and mg #, the element variations 

described above are all in a sense which enhances the separation of 

values on adjacent model paths and therefore contributes to the 

uniqueness of a given solution. Variation rates along the four phase 

cotectic increase from KllD to KlOB, further enhancing the separation 

of adjacent liquid paths. Moreover most elements and mg I vary in a 

roughly linear fashion along the four-phase cotectic, at least on the 

scale of the figures, and hence, mixing of cogenetic magmas along or 

close to the cotectic will have very little effect on the distribution 

of values. Major element distributions on di-ol-Q contrast markedly 

with those in simple binary plots, such as MgO vs Tio2 (Fig. 2.5). In 

the simple case, inter-element variations for Galapagos lavas are 

remarkably coherent (see Chapter 2), whereas samples with similar MgO 

and Ti02 contents may be widely separated on di-ol-Q. This ability to 

discriminate between superficially similar lava compositions, solely on 

the basis of major element abundances, has great potential as a 

petrologic tool; this potential is more fully explored in the remainder 

of this chapter • 

4.6.3 Implied Contraints on MORB Evolution 

If one assumes that the four model liquid paths approximate the 

behavior of natural systems, the iron, magnesium and titanium 

variations along the paths provide persuasive evidence that the 
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position of the ol-pl-cpx-pig-liquid reaction point is composition 

dependent. This point, invariant in a true quaternary system, actually 

moves to less silica-saturated compositions for the less silica-

saturated model parents. The extent of the movement, and the actual 

factors controlling it, are not apparent at present; more work with 

both real and experimental data is required. 

If the reaction point were fixed at the position given by Grove et 

al. (1982) and shown in all the relevant figures of this study, the 

minimum iron-enrichment for KllD derivatives is less than 14 wt.% and 

that for Kl2B is approximately 17 wt.% (Fig. 4.3.d). These values are 

not unreasonable by comparison with the real data; maximum measured FeO 

of any D6 glass is 15.97% (Melson et al., 1977), and few D6 (or other) 

ferrobasalts plot to the right of the reaction point (Figs 3.4, 3.7). 

By contrast, however, extrapolation of KlOB trends to this fixed 

reaction point would give FeO* in excess of 25 wt.% and Ti0 2 

approximately 5 wt.%, values well in excess of those for any known 

tholeiitic liquid. Kl7C liquids at the reaction point would have 

approximately 18 wt.% FeO* and more than 3 wt.% Ti02 , comparable only 

to the most iron-enriched MORB known, those from DeSteiguer Dl on the 

85.3°w propagating rift (see Chapter 1) • 

These observations imply either, (1) that the reaction point is 

located farther to the left (away from Si02) for less silica-saturated 

liquid paths, or (2) that liquids derived from olivine-control paths to 

the left of K17C cannot reach the reaction point solely by crystal 

fractionation of olivine, plagioclase and clinopyroxene. In the second 

case, the only other mineral likely to crystallize before pigeonite is 

an iron-titanium oxide, which would increase silica saturation and 
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enhance the stability of pigeonite. Thus, it seems highly probable 

that the reaction point for the less silica-saturated compositions is 

situated significantly farther from the silica apex of the di-ol-pl-Q 

tetrahedron. This conclusion cannot be negated by small changes in KD 

or other parameters of the models • 

An interesting corollary of this observation relates to the 

termination of the characteristic tholeiitic iron-enrichment trend at 

the onset of oxide crystallization. This termination occurs at about 

16 wt.% FeO* for the 95.5°w suite, but not until the unusually high 

value of 18 wt.% FeO* for at least some 85°W liquids. If as at 95.5°w 

oxides begin to crystallize at, or close to, the reaction point (Grove 

et al., 1982), then the 18% FeO* lavas at 85°w cannot have formed by 

crystal fractionation of cpx+pl+ol from any parent lying to the right 

of the Kl7C olivine control line. Iron enrichment can, however, occur 

at the reaction point by resorption of approximately 5 wt.% olivine, 

under equilibrium conditions, by the reaction (Grove and Baker, 1984) 

ol + liquid = cpx + pl + pig. 

If crystals are being removed (fractionated), or if all olivine is 

consumed, liquid compositions leave the reaction point along the cpx

pl-pig curve. While iron enrichment at the reaction point cannot be 

ruled out, it is difficult to see, firstly, how a liquid arriving at 

the reaction point along a crystal fractionation path could be carrying 

5 wt.% olivine and, secondly, why equilibrium crystallization should 

suddenly become dominant over fractional crystallization • 
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In either case, it seems clear that iron enrichment is only 

terminated by the onset of oxide crystallization and it has been 

suggested that the extreme iron enrichment at 85°W results from the 

suppression of oxide crystallization as a result of reduced oxygen 

fugacity (Clague et al., 1981; Perfit et al., 1983; Sinton et al., 

1983). Oxygen fugacity need not, however, be the dominant factor 

controlling the onset of oxide crystallization; its importance relative 

to initial (primary) degree of silica saturation (see preceding 

discussion) is unclear. Rather, f0 2 seems to be just one possible 

variable in a complex interplay of factors which control the position, 

FeO* content, degree of silica saturation and other characteristics of 

liquids at the reaction point. 

Experimental evidence bearing on the location(s) and liquid 

composition(s) of the reaction point for MORB is scarce. The original 

experiments of Walker et al. (1979) produced low-Ca pyroxene only from 

their "evolved" starting composition, P22, which lies in the 

plagioclase volume and projects above the four-phase cotectic in di-ol

Q. P22 is not a reasonable composition for parental MORB as it lies 

towards plagioclase away from possible liquid lines of descent. Grove 

et al. (1982) used Walker's data and experimental data from a high-

alumina basalt starting composition to define the position of the 

reaction point. This high-alumina basalt may also be an inappropriate 

parent for MORB, although it plots at the left-hand end of the MORB 

field on di-ol-Q. Subsequently, Grove and Baker (1983) "confirmed" the 

applicability of the point to Galapagos MORB using experimental 

starting composition D08 (from DeSteiguer DS), which plots close to 

KllD at the silica-saturated end of the Galapagos MORB field (e.g., 
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Fig. 3.7), but was actually erupted along the normal rift (Fig. 2.4). 

Dixon and Rutherford (1980) also used D08 as their starting composition 

in experiments which produced ferrobasalt liquids similar to those 

observed at 95°w. 

Natural glass compositions from the 85°w Galapagos propagating 

rift also suggest a shift in the position of the reaction point (Fig. 

14 of Perfit et al., 1983). Perfit et al. (1983) inferred a slight 

shift, towards diopside, in the position of the four-phase cotectic, 

and a pronounced shift away from silica in the position of the reaction 

point. It should be noted, however, that their Fig. 14 shows 

pigeonite-bearing and pigeonite-free lavas coexisting along the segment 

of the four-phase cotectic between their inferred reaction point and 

that determined by Walker et al. (1979) (very close to that of Grove et 

al., 1982). This range of coexistence may, in fact, reflect a range of 

positions for the reaction point, reflecting in turn, a range of 

parental liquid paths and probably of separation depths for 85°w lavas • 

4.6.4. Relating Model Paths to Natural Populations 

The uniqueness of each model path implies that, ideally, any 

natural liquid plotting on or close to the four-phase cotectic can be 

uniquely ascribed to a single liquid path. Other paths may give rise 

to similar compositions or to an identical plotting position, but not 

to an identical composition. For natural populations the usefulness of 

this concept is limited by a number of factors, each of which must be 

dealt with according to the circumstances of the particular case. 
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a) Availability of Model Parents 

Precise modeling of any individual, triply-saturated composition 

depends on the existence (and recognition) in the available data set of 

a second composition on the same liquid path, but within the olivine 

volume. Many natural populations will contain, at best, a few 

appropriate parental compositions on which model calculations can be 

based. In the complete absence of appropriate parents, the model 

calculation could be reversed if assumptions are made as to the mg # 

(or other parameters) at which first clinopyroxene and then plagioclase 

first crystallized. At present, such a calculation would be subject to 

errors of unknown magnitude, but the accumulation of a sufficiently 

large set ot model calculations may eventually permit such reverse 

modeling to be used in some cases. 

b) Nature and Position of Phase Boundaries 

The four-phase cotectic may occupy slightly different positions in 

different populations (e.g., Perfit et al., 1983) or may even be a 

band, rather than a line on di-ol-Q (e.g., Silver et al., 1983). 

Similar considerations undoubtedly apply to the pl-ol plane. In 

sufficiently large data sets, for which petrographic data are 

available, phase boundaries may be inferred from the data. For smaller 

data sets, use of the experimental boundaries will lead to small 

absolute errors in the modeling, but relative differences between 

adjacent model paths will be preserved. 

c) Effects of Other Processes 

Processes other than shallow crystal fractionation, including deep 

or polybaric fractionation, single or multiple episodes of magma mixing 

and Soret diffusion must be taken into account. Isolated instances of 
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any of these processes may well pass unrecognized, or they may simply 

be disregarded as anomalies. The effects of these processes on a 

population, however, can normally be recognized or at least suspected, 

by simple petrological tests. 

Deep-seated or polybaric crystallization is characterized by 

initial clinopyroxene fractionation which produces a characteristic 

initial decrease in Ca/Al with decreasing mg # (see Fisk et al., 1982), 

as well as distinctive trends upward and to the left on di-ol-Q (Fig. 

3.5). "Type B"" liquids from 89-93°w on the Galapagos Spreading Center 

(Fisk et al., 1982; Schilling et al., 1982) are a good example of this 

phenomenon and are plotted in Fig 3.9. This type of fractionation 

could be modeled given appropriate ~ values and suitable assumptions 

for the positions of the relevant phase boundaries. 

Magma mixing, whether in single episodes or in an open-system 

magma chamber (e.g., O'Hara, 1977; O'Hara and Mathews, 1981), will vary 

in its effects depending on the compositions involved. Given a 

sufficiently large and diverse sample population, mixed magmas are 

easily recognizable on binary compatible/incompatible element plots, 

where crystal fractionation paths are strongly curved and mixing lines 

form chords across the curvature (e.g., Rhodes and Dungan, 1979); 

effective plots of this type include Ni vs. mg :ff, Ni vs. Ti and, of 

special interest where only microprobe data are available, Ca/(Mg + Fe) 

vs. mg # (see section 4.8). Some mixed compositions are immediately 

recognizable by their position on di-ol-Q. Propagating rift lavas 

plotting below the cotectic, but to the right of the KllD liquid path 

are one example (see section 3.3.5); compositions plotting above the 

cotectic are another (e.g., Walker et al., 1979). More subtle effects 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

ID 

such as misfits between real and model data for elements, such as Cr 

and Ni, which vary considerably and in a non-linear fashion along the 

cotectic should also become apparent if mixing is a significant process 

in the evolution of a population. 

Lavas produced by mixing in a continuously replenished, steady

state magma chamber should be characterized by relatively restricted 

major element diversity (such as the 50-200 km segment of the 95.5°W 

propagating rift (Fig 3.9) and may have anomalously high concentrations 

of incompatible trace elements (e.g., O'Hara, 1977; O'Hara and 

Mathews, 1981). 

The Soret effect has been shown by Walker and co-workers (Walker 

et al., 1982; Walker and DeLong, 1982) to be potentially important as a 

differentiation mechanism, but its effects have yet to be demonstrated 

in MORB lavas. Significant Soret effects would be readily 

distinguished from those of crystal fractionation in plots of Ca/(Ca + 

Na) against mg #. In such a plot, the variable Ca/(Ca + Na) at nearly 

constant mg # expected of Soret diffusion contrasts with the large 

variation in mg # at nearly constant Ca/(Ca + Na) expected of crystal 

fractionation. 

The extent to which each of the above processes has affected 95°w 

lavas is evaluated in the following section • 
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4.7 MODEL CONSTRAINTS ON EVOLUTION OF 95°W LAVAS - MAJOR ELEME~TS 

The usefulness of this type of modeling lies less in its ability 

to precisely match individual natural compositions, than in its ability 

to produce arrays of derivative compositions with which natural 

populations (or sub-populations) can be compared. Indeed, only a few 

glass compositions from the 9S.S0w propagating rift can be matched with 

any precision to the model-derived compositions (Table 4.1) • 

Before proceeding to compare the model paths with the natural 

populations, however, it is necessary to evaluate, as well as possible, 

whether the models are applicable, following the criteria discussed in 

the previous section (4.6.4). 

4.7.1 Applicability of the Models 

The availability and selection of model parents is discussed in 

section 4.6.1 and the appropriateness of the phase boundaries in 

section 3.3.2. The effects of processes other than shallow crystal 

fractionation remain to be considered. 

i) Soret fractionation appears to be precluded by the absence of 

any horizontal dispersion of data in the Ca/(Ca + Na) vs. mg # plot 

(Fig. 4.4). 

ii) Deep or polybaric fractionation also appears to be precluded 

by the absence of an initial clinopyroxene trend in the binary plot of 

Ca0/Al 2o
3 

against mg# (Fig. 4.5). 

iii) Magma mixing appears to have affected at least two sub-

groups of the propagating rift lavas, but does not appear to be 

significant in the evolution of normal rift lavas (section 3.3). The 
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Table 4.1 Comparison of Natural and Model Compositions 

K12-118G K11D2 K12B2 K4-9 . K11D1 K12B2 K12-8 
(K12C) Fit# F=0.88 F=o.77 (K4c)." Fit# F=0.95 F=0.88 

K11D.3 
(K12A) Fit # F=0.65 

Si02 50.84 - 51. .:O 51.20 50.68 - 50.78 51.~o 50.76 
Ti02 1.15 1 1.07 1.38 1.28 5 0.98 1.26 1.84 

Al20J 15.39 1 15.39 14.49 !4.60 .5 15.63 14.75 13.70 
FeO* 9.54 1 9 .55 . 11. 90 10.82 5 8.99 11.24 12.96 

MgO 7.97 1 8.01 6.60 .. 7. 35 4 8.37 7.03 6.12 

CaO 12.56 1 12.76 11.62 12.10 5 1J.14 12.06 10.64 

Na2o 2.11 1 2.0J . 2.58 2.Js 4 1.93 . 2.45 2.42 

K2o 0.09 1 0.08 0.08 0.11 H 0.07 0.08 0.16 

P205 0.12 1 0.11 0.14 o.1:r 4 0.10 0.12 0.18 

mg# 62.3 1 62.4 52.3 57.4 4 64.8 55!2 48.3 

Cr 394 1 371 189 205 . L 476 255 1.58 
v 315 3 227 427 405 .5 209 391 510 

Sc 39 - 41 43 41 - 41 43 40 
Ni 128 1 122 75 76 5 138 87 87 
Cu 97 H 88 78 106 H 91 82 93 
Zn 76 1 77 112 86 2 73 107 114 
Sr 86 1 82 71 108 H 80 70 86 
y 26 - 2.5 28 JO H· 23 26 44 

Zr 49 L 59 80 71 5 54 74 114 

Model compositions a.re those projecting close to the natural compositions on di-ol-Q 
L - natural composition less than both models 
H - natural composition greater than both models 

- 51.89 

5 4 1.47 

3 14.44 
2 11.67 
1 2? 6.61 
2 11.26 

1 2.40 
H 0.10 

3 0.16 

2 52.9 

H 147 
4 J04 
- 41 
H 76 
H 77 
3 91 
1 88 
H 33 
.5 79 

• 

K12B3 
F=0.55 

52.16 

1.99 
13.23 
14.70 
4.83 
9.64 

3.13 
0.12 
0.20 
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52 
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41 
38 
62 
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Figure 4.4 Atomic Ca/(Ca+Na) vs. mg # for all 95°w area glasses 

(group means). Arrows (after Walker and De Long, 1982) show relative 
effects of Soret and crystal fractionation. Large dots, propagating 
rift; Small dots, normal rift • 
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Figure 4.5 CaO/Al 0 ratio vs. mg I for all propagating rift glasses 

(group means) and tl~D and Kl2B model paths. Inset arrows show general 
trend directions for removal of different minerals. Stippled area is 
that part of Group B field of Fisk et al. (1982) attributable to 
initial deep-seated clinopyroxene fractionation • 
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first sub-group, consisting of propagating rift lavas plotting below 

• the four-phase cotectic, to the right of the KllD liquid path 

undoubtedly results from mixing (sections 3.3.5 and 4.8), perhaps by 

individual mixing events. These compositions are excluded from 

• consideration in subsequent discussion relating model and liquid 

compositions but are discussed separately in section 4.9. The second 

sub-group consists of all propagating rift lavas more than 100 km 

• behind the tip, namely the five least fractionated (farthest from Q) of 

the 50-200 km group. These compositions occupy a relatively restricted 

field, are moderately fractionated and may represent eruptions from a 

• steady-state, periodically replenished magma chamber. Because the 

mixing in this case appears to be along the cotectic, determination of 

parental liquid paths for these lavas may not be subject to large 

• errors (see section 4.6.2) and their compositions might usefully be 

considered relative to the model paths. The question of whether this 

is a mixed population is further discussed in the light of available 

• trace element data in section 4.8 • 

4.7.2 Propagating Rift Lavas 

e Propagating rift lavas are difficult to deal with because their 

• 

• 

• 

geochemical diversity and their geographic and tectonic variability 

must be incorporated into any interpretation of the data. Therefore, 

an empirical method is used to summarize the data. Model liquid paths 

for KllD and Kl2B bound the population quite well (except for K2o and 

Sio2 , which are discussed below), although most of the natural glass 

compositions lie between those of the two model paths and different 

elements commonly display different degrees of similarity to the 
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models. For example, the Ti02 content of sample Kl2-8 (Table 4.1) is 

closest to that predicted by the Kl2B model path for its position in 

di-ol-Q; in contrast, MgO and Na2o are closer to the KllD model path, 

while Al 2o3, FeO* and P2o5 have intermediate values. 

The relationship of any particular element abundance (or other 

parameter) to the two model paths can be conveniently expressed in 

terms of an empirical "fit number" from 1 to 5. A fit number of 1 

indicates a close match to the KllD model path and 5 indicates a close 

match to the Kl2B model path; intermediate fit numbers reflect the 

proximity of intermediate values to one model or the other. Fit 

numbers for those 9S.s 0 w propagating rift glasses that plot on, or 

close, to the four-phase cotectic are given in Table 4.2 and summarized 

graphically in Fig. 4.6. From these compilations a number of 

observations emerge: 

i) The models predict some lava compositions reasonably closely, 

but few natural liquids match either model in all respects. 

ii) Few natural liquids have the same, or even adjacent, fit 

numbers for every element. 

iii) Fit numbers, and hence relative abundances, for Tio 2 are 

consistently higher than those for other elements in the same sample. 

iv) Fit numbers, and hence relative abundances, for Na 2o are 

generally lower than for other elements in the same sample. 

v) Natural abundances of K2o are, in most cases, significantly 

higher than predicted by either model. K2o contents of two samples 

match the KllD liquid path; both plot close to the point at which 

themodel liquid path intersects the four-phase cotectic (i.e., they 

have undergone very little clinopyroxene fractionation.) 
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Table 4.2 Fit numbers for triply-saturated propagating rift glasses 
relative to models KllD (1) and Kl2B( 5). 

• a. 1-5 Km 

Kl2C 155DB Kl2A Kl8A 155D Kl4 CE! Mean 

Ti02 1 2 4 4 5 5 5 3.7 

• A12o3 1 2 3 3 5 5 5 3.4 

FeO* 1 1 2 3 3 3 5 2.6 

MgO 1 1 2 3 3 3 5 2.6 

• Cao 1 1 2 3 5 5 5 3.1 

Na2o 1 1 1 1 1 2 3 1.4 

K2o 1 Ha H H H H H 

P205 1 3 3 4 3 5 1 2.9 

• mg # 1 1 2 3 3 3 5 2.6 

Average 1.0 1.5 2.4 3.3 3.5 3.9 4.3 2.5 

Km to tip 2.8 4.3 2.7 2.2 4.3 2.8 3.5 

• 
b. 5-25 Km 

Hl 162D 999 Kl5B Kl5A C32 157D Mean • Tio2 1 5 4 5 5 4 H >4.1 

Al2o3 2 3 3 3 4 3 5 3.3 

FeO* 1 3 3 3 3 3 5 3.0 

• MgO 1 1 3 1 2 3 5 2.3 

Cao 1 2 2 2 2 2 5 2.3 

Na2o 1 1 1 1 1 1 4 1.4 

• K20 1 H H H H H H 

P205 1 1 4 5 5 4 5 3.6 

mg I 1 3 3 2 2 3 4 2.6 

Average 1.1 2.4 2.5 2.8 3.0 3.0 4.7 2.8 • Km to tip 13.5 19.5 13.7 18.5 18.5 13.7 13.9 

• 
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Table 4.2 continued 

• * c. 50-100 Km (mixed ) 

H2 HS Tl7-l Mean 

Ti02 2 1 5 2.7 • Al2o3 1 1 1 1.0 

FeO* 1 1 3 1.7 

MgO 1 2 2 1.7 

• Cao 1 1 2 1.3 

Na2o 1 1 3 1.7 

K2o 5 5 H >5.0 

P205 3 3 1 2.3 • mg# 1 1 2 1.7 

Average 1.8 1.8 2.6 2.1 

• 
d. 100-200 Km 

K4D Tl6-l K4C K4A Tl5-l Mean 

• Ti02 3 5 5 5 5 4.6 

Al2o3 5 5 5 5 H >5.0 

FeO* 3 3 5 5 5 4.2 

MgO 4 2 4 4 5 3.8 • 
cao 4 4 5 5 5 4.4 

Na2o 4 3 4 3 5 3.8 

K2o H H H H H 

• P205 1 4 5 3.0 

mg I 3 3 4 5 5 3.8 

Average 3.4 3.6 4.5 4.6 5.0 4.2 

• Km to tip 98 120 98 98 164 

H - Natural glass value exceeds both models. 

I - Glass plots below, but close to cotectic (see text) • 

• 
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Figure 4.6.a Distribution of fit numbers with distance (1 indicates 

good fit to KllD model, 5 to Kl2B model) for propagating rift glasses 
plotting on or close to the cotectic in di-ol-Q. Columns A-C show 
frequency distribution of fit numbers for the distance intervals 
indicated. Column D shows the difference (C-A) in frequency of 
occurrence for each fit number (dashed line) and a two point rolling 
aver~~ iheavv line joins mid-points of dashid-line se2111ents) "t _Note steauy incre-ase in tn1s average tor ar eTments- excep T10 2 indicating increasing affinity for Kl2B model with increasing 
distance. 
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Figure 4.6.b Distribution with distance from propagating rift tip of 

average fit numbers for all propagating rift glass groups plotting on 
or close to the cotectic on di-ol-Q. 
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vii) Fit numbers are much more variable within 20 km of the 

propagating rift tip than they are beyond 50 km, although this 

observation may partly reflect the greater abundance of data close to 

the tip. 

viii) For cotectic liquid compositions, average fit numbers for 

all oxides except Ti02 and P2o5 
are lower within 25 km of the rift tip 

than beyond 100 km, suggesting that Kl2B type parental liquids 

predominate once the effects of rift propagation have passed. It 

should be noted, however, that mixed compositions close to the cotectic 

from 50-70 km behind the tip appear to have low fit numbers when 

allowance is made for mixing (Section 4.9). This indicates that the 

KllD type parent remains important for at least 70 km behind the tip. 

4.7.3 Normal Rift Lavas 

Few normal rift lavas are clinopyroxene saturated; the great 

majority project below the four-phase cotectic in di-ol-Q (e.g., Fig. 

3.7). In Fig. 4.7 model templates are superimposed on the distribution 

of available glass data. Element abundances in the glasses are, for 

the most part, consistent with those predicted by the models or by 

interpolation between the model paths. Significant mismatches may be 

due to isolated instances of magma mixing or, possibly, to other 

processes such as deep-seated or polybaric fractionation. 

The observed relationships are generally consistent with 

derivation of normal rift lavas from a broad range of parent liquids 

t~emse 1 ves_ derived from similar source mater ia 1 over a range of 

separation depths between 20 and 10 kb • 
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4.7.4 Discussion 

~ The modeling technique employed here is new and probably not yet 

• 

• 

• 

• 

• 

• 

• 

• 

• 

infallible; problems inherent in the method are discussed in section 

4.3 and potential problems in matching model paths to real data are 

discussed in section 4.7.1. Despite the potential problems, both KllD 

and K12B model liquid paths do match a small number of natural 

compositions (Table 4.1, 4.2) and they bound the propagating rift 

population exceptionally well. These observations imply that both the 

technique and the chosen parent compositions are appropriate and 

provide support for attempts to explain some of the observations in 

geological terms. Before the geological observations are discussed, 

however, it is necessary to consider one remaining problem with the 

modeling technique, that is over-estimation of Sio2 content for evolved 

lavas • 

a) Over-estimation of SiO 
--~~~~~~~~~~ 2 

Model values for Si02 in evolved compositions are as high as 53-54 

wt.% for KllD and Kl2B whereas few natural ferrobasalts exceed 52 wt.% • 

Pyroxenes calculated by the modeling program have Sio2 contents between 

49.0 and 50.5 wt.%, in the lower half of the range for Atlantic deep-

sea pyroxenes (48.9-51.2 wt. %; Schweitzer et al., 1978), or for 

Galapagos 85°w groundmass grains (49.4-52.6 wt. %; Mattey and Muir, 

1980), but below the range for Galapagos 85°w phenocrysts (51-54%; 

Mattey and Muir, 1980; Perfit and Fornari, 1983) or natural and 

experimental compositions from the FAMOUS area (Grove and Bryan, 1983). 

These observations suggest that either (1) the program is correctly 

calculating equilibrium (i.e., groundmass) compositions, but the actual 

fractionating pyroxenes, represented by the phenocrysts formed under 
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plutonic conditions, have slightly different compositions, or (2) that 

the calculated pyroxene compositions are slightly in error. In the 

latter case, no remedy for the problem is apparent. The problem does 

not lie with KD (Si0 2 ) because this value is set at 1 for this 

principal cation in its site (section 4.2). Nor does it lie with the 

omission of ferric-iron from the calculation, as this omission should 

result in increased Sio2 in the pyroxene. Perhaps the most likely 

source of error would be over-estimation of one or more other elements 

through the use of inappropriate~ values, but this is not apparent 

from the data. A final possibility, suggested by the decrease in Sio2 

content of calculated clinopyroxenes as crystal fractionation proceeds, 

is that fractionation is imperfect, with some batch fractionation 

occurring. More work is required to test these possibilities. 

The effect of Sio2 over-estimation is to shift each data point 

towards the Sio2 apex, effectively causing incompatible elements to be 

slightly under-estimated and compatible elements to be over-estimated 

on the model templates. These problems are only severe for elements 

which have a high or variable rate of change along the cotectic, most 

notably Ni and Cr. For major elements, errors due to Sio 2 

miscalculation are not significant. 

b) Geologic Interpretation 

The observations concerning the fit between the models and the 

natural data detailed in section 4.7.2 lead to the following 

conclusions about the evolution of 95.5°w propagating rift lavas • 

i) Presence of Distinct Sources. The spectrum of propagating 

rift glass compositions can be described in terms of two end-member 

populations which are closely approximated by the KllD and Kl2B model 
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paths. Observed liquid compositions could be derived along a range of 

individual fractionation paths from a spectrum of source compositions 

and/or degrees of melting, or from variable mixtures of two distinct 

source materials. Mixing could also have occurred between source 

materials, between primary or near primary liquids or between more 

evolved liquids from any appropriate positions on the two liquid paths. 

Mixing between evolved magmas has been discussed previously (section 

4.7.1) and discounted as a significant process in the development of 

the erupted liquid population, though isolated mixing events are not 

precluded. 

If the model liquid lines are related to the Stolper (1980) high 

pressure, pseudo-invariant points (Fig. 4.2; see also section 3.2.3), 

parental liquids for the propagating rift suite must have separated 

from the mantle at depths ranging from about 9 kb to about 14 kb and 

evolved along liquid paths between those of the two models to produce 

the observed erupted liquid compositions. (see section 4.9 for further 

discussion.) Such a range of liquid paths could result from either (1) 

separation of liquids at various depths from a vertically 

compositionally graded mantle, or (2) mixing in varying proportions of 

two distinct parental liquids derived from compositionally distinct 

sources at different depths. These possibilities are discussed at 

greater length in section 4.9. 

ii) Deepening of Source Behind Tip. Close to the propagating 

rift tip (dredge Kll) only the shallow (KllD) source appears to be 

present, implying that the first lavas erupted by the propagating rift 

are derived from shallow depths. Beyond 1 km, however, the K12B source 

becomes important, and beyond 50 km it is dominant in cotectic lavas, 



• 

• 

• 

• 

• 

• 

• 

• 

• 

1~ 

although some apparently mixed lavas (Tables 4.2 and 4.3.b) which plot 

below the cotectic appear to be dominated by the KllD end member. Thus 

the separation depth of primary magmas from residual mantle is both 

shallow and relatively uniform at the propagating rift tip, but becomes 

more variable with an increasingly dominant deeper component farther 

behind the tip. 

iii) Apparent Na 0 Depletion and Incompatible Element Enrichment 
~~~~~ 2 ~~~~~~~~~~~~~~~~~~~~~~~~ 

For the majority of natural samples, K2o contents are in excess of the 

more K2o rich (Kl2B) model by 15-30% (relative). A few samples with 

low average fit numbers (e.g., H2, H8, 999: Table 4.2) have K2o fit 

numbers of 5, consistent with enrichment of K2o relative to values 

expected on the basis of other elements. Two exceptions are groups 

Kl2C and Hl which have average fit numbers, including K2o, of 1. K2o 

mismatches do not appear to result from modeling problems. 

~(K2o/Ca0)pl is assigned a value 0.1 in the models used, based on 

experimental data for starting composition Pl2 of Walker et al. (1979). 

This value is lower than that for similar experiments on composition 

P22, and towards the low end of a wide range of KD values calculated 

for natural glass-plagioclase microphenocryst pairs from DSDP holes 417 

and 418 in the Atlantic Ocean (data of Sinton and Byerly, 1980, Byerly 

and Sinton, 1980, and unpublished data of J. M. Sinton). A lower value 

of KD seems unreasonable and would not, in any case, completely 

eliminate the problem. Similar behavior is exhibited by the 

incompatible element Zr, even when it is assigned a ~ of zero (section 

4.8) • 

Anomalously high fit numbers observed for Ti02 persist even when 

the lowest available value of K_ (Ti02/MgO) (0.07), calculated from --u cpx 
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experimental data of Ray et al. (1983) in the simplified system 

diopside-anorthite-albite, is used. This value is likely to represent 

a minimum reasonable value, with higher values expected for aluminous 

pyroxenes in more complex systems. A value of 0.2, based on data of 

Walker et al. (1979) is used in the models presented • 

Similarly, Na2o fit numbers are anomalous relative to those for 

other elements, but in this case the natural abundances are lower, not 

higher, than the model values • 

Anomalous incompatible element enrichments may result from their 

concentration in a periodically replenished, steady-state magma chamber 

(e.g., O'Hara, 1977) or from changes in degree of melting and/or source 

concentrations. The presence of a steady-state magma chamber is 

probably precluded, at least within 25 km of the propagating rift tip 

by the rapidly evolving petrologic diversity (Chapter 2, section 3.3) 

of lavas in this region. Changes in degree of melting would affect all 

components to some extent and, while some d_ifferences may be present 

(section 4.8), they do not explain the incompatible element problem • 

Indeed, one might expect lower degrees of melting closer to the 

propagating rift tip resulting in relatively high, not low, 

incompatible element abundances in samples, such as KllD and Kl2B, from 

close to the tip. Thus changes in source composition, perhaps related 

to the presence of the Galapagos hotspot, appear to be the best 

explanation • 

Schilling et al. (1982), Verma and Schilling (1982) and Verma et 

al., 1983) have argued that high La/Sm, high 87 sr/ 86 sr and low 

143Nd/144Nd ratios associated with the hotspot all grade back towards 

"normal" values along the spreading axis between the hotspot and 
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0 95.5 W; they regarded the propagating rift tip as the limit of hotspot 

effects. In addition, Schilling et al. (1982) showed that low (Na + 

K)/(Ti + P) ratios relative to those for the normal rift, are a 

persistent feature of lavas erupted along the ridge between the 85°w 

and 95.5°w propagating rift tips. The ratio (Na +K)/(Ti. + P) in these 

low K, low P rocks is dominated by Na/Ti and is consistent with the Na 

depletion and Ti enrichment observed. These data, then, suggest that 

the actual KllD and Kl2B liquids used for the modeling are free of 

hotspot effects; both were erupted close (<1 km and 3 km) to the rift 

tip. The majority of propagating rift lavas, many from farther behind 

the tip (and closer to the hotspot), are derived from sources with 

minor, hotspot-derived, incompatible element enrichment. 

4.8 MODEL CONSTRAINTS ON THE EVOLUTION OF 95°W LAVAS - TRACE ELEMENTS 

4.8.1 Trace Element Data 

~ The relationships between model paths and natural compositions can 

be extended to trace elements where there are adequate data. More than 

25 reliable analyses are available for eight trace elements, Ni, Cr, 

• Sc, Sr, Zn, V, Y, Zr, ranging from compatible to highly incompatible in 

their partitioning behavior. Nineteen analyses of rocks and six of 

hand-picked glasses are included from this study; the remaining data 

• are from Puchelt and Emmermann, 1980, Clague et al., 1981, and 

Schilling et al., 1982. Data are listed in Appendix E. No consistent 

inter-laboratory or glass-rock bias is apparent in the data, but 
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rigorous checking has not been possible (data from three glass-rock 

pairs from the same pillow may be compared in Appendix F) • 

a) Selection of K Values 
~~~~~~- D 

Trace element KD values were compiled where possible from the 

literature, interpolated from Onuma diagrams and, in some cases, 

selected to fit natural data, by Diller (1982) in order to model 

crystal fractionation in Hawaiian alkalic lavas. In this study, 

however, a number of these values produced significant misfits between 

natural and model compositions. New KD values were, therefore, 

selected as those that best fit the natural data. Except in the case 

of the incompatible elements Zr, Y and V, for which KD values of zero 

fail to match the data (see below), the newly selected values are in 

reasonable agreement with the Onuma diagrams. KD values used are 

listed in Appendix D along with the appropriate Onuma diagrams from 

Diller (1982). 

b) Propagating Rift 

Magnesium number variation diagrams for available basalt data for 

all eight trace elements are shown in Fig. 4.8, along with the KllD and 

Kl2B model paths. As for major element compositions, the greater part 

of the variation appears to be controlled by three-phase fractionation 

(cpx-pl-ol) but the relationships between model and natural 

compositions differ for elements of differing (in)compatibility. 

i) Highly incompatible elements, Y and Zr have bulk distribution 

coefficients, DB(cpx-pl-ol) considerably less than 0.1 and have been 

modeled here with all ~ values set at zero. Even so, most natural 

values plot well above the model paths and, indeed, above any possible 

mixing line associated with these paths. These values cannot have been 
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Figure 4.8.a-h Transition metal variations with mg # for all 

available data from 93°W to 98°W (data are given in Appendix E). 
Circles are propagating rift lavas, triangles normal rift. Closed 
circles fall on or close to the liquid line of descent on di-ol-Q. 
Heavy solid line, Kl2B model liquid path; short dashed line, KllD 
model path; long dashed line, part KlOB model path; long-short dashed 
line, part Kl7C model path; heavy dashed line (g,h only) is a mixing 
line (see section 4.9). Letters on plots g and h identify points 
referred to in text and in Figure 4.9. Letters correspond to samples 
as listed below (see also Appendix E): 

a. D6-998 
b. D6-999 
c. K12-8 
d. Kl8-3 
e. Kl8-2 
f. K18-21G 
g. Kl8-22g 
h. KlS-2 
1. KlS-3 
j. D8-H27 
k. D8-H32 
1. 159G 
m. 143D 
n. Kl4-3 
p. T17-1 
q.T16-1 
r. K4-10 
s. K4-9 
t. TlS-1 
u. Kll-13 

• 

• 

• 

• 

• 
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derived from a parent on either the KllD or the Kl2B liquid paths by 

shallow crystal fractionation, with or without simple mixing. Such 

values could, perhaps, result from accumulation in a periodically 

replenished, steady-state magma chamber (e.g., O'Hara and Mathews, 1981 

and references therein) but the possibility is precluded on other 

grounds (see previous section and later discussion in this section). 

More likely, the behaviour is consistent with the suggestion previously 

made (section 4.7.4) on the basis of similar behavior by Ti0 2 and K2o, 

that many of the propagating rift lavas are derived from a more 

enriched source(s) than either of the model parents. 

For vanadium it is almost impossible at present to choose an 

appropriate KD value. Its variable oxidation state reduces the 

usefulness of the Onuma diagram, and published Kd values range from 10 

to less than 0.1, perhaps decreasing with increasing oxygen fugacity 

(Irving, 1978). In the propagating rift lavas its distribution is 

consistent with moderately to highly incompatible behavior. Model 

curves are given for K_(V/Mg) of 0.0 and 0.2. In the former case 
-1) cpx 

the curves more closely parallel the trend of the population and more 

than half of the evolved population falls between the two model paths 

but in the latter case, only two additional points are excluded. Those 

lavas not plotting between the model paths are enriched in V, as they 

are in Zr and Y. 

ii) Moderately incompatible elements are represented by zinc with 

DB(cpx-pl-ol) of approximately 0.4 based on~ values of Diller (1982) • 

Model paths for Zn bound the natural population with few exceptions. 

Vanadium, discussed above, appears to be transitional between highly 

and moderately incompatible behavior • 
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iii) Elements with D close to 1.0 include Sc (D = 0.8-1.1) and 
B 

Sr (DB = 0.7) for di-pl-ol. For scandium, model paths for a range of 

DB values (0.8-1.2) lie close to the upper bound of the natural 

population, reflecting high Sc contents of the model parents, relative 

to other primitive lavas in the propagating rift suite. Parallel model 

paths derived from available low mg #, low Sc parents would lie close 

to the lower bound of the population. 

For Sr, Diller's (1982) 1),(Sr/Ca)PL value of 1.7 failed to match 

the natural population (Fig. 4.8). However, model paths based on a KD 

of 1.0, which is still permitted by the Onuma digrams (Appendix D), 

bound the greater part of the population. Notable exceptions are the 

only two analyzed samples from the 75-200 km distance interval (K4-9, 

K4-10). Sr values for both these samples appear to be anomalously 

high, perhaps consistent with an increasing component of a Sr-rich 

(hotspot) source eastwards from 95°w • 

iv) Compatible Elements, Ni and Cr (D = 2-3 and 3.5-4.5 
B 

repectively, for cpx-pl-ol) display broadly similar behavior with a 

number of compositions plotting above the model paths. The paths shown 

were selected, by choice of appropriate ~ values for clinopyroxene, to 

follow the lower boundary of the natural glass population. KD values 

used are lower than those of Diller (1982) but are consistent with the 

Onuma diagrams (see Appendix D). KD(Ni/Mg)OL was set at 2.0 rather 

than the 2.3 suggested by Takahashi and Irvine (1981) because the 

higher values produce a steeper olivine control path and cause the cpx

pl-ol curve to fall well below the data. Regardless of the KD values 

chosen for clinopyroxene, however, a significant number of compositions 

plot above the model curves. These relationships are readily explained 
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by magma mixing, with mixing lines forming chords across the curvature 

of the crystal fractionation paths (e.g., Rhodes and Dungan; 1979), a 

conclusion supported by the observation that most of the compositions 

identified as "mixed" by these plots are also identified as mixed from 

the di-ol-Q projection. 

section 4.9. 

c) Normal Rift 

Magma mixing is discussed in more detail in 

Normal rift lavas have only a narrow range of mg# (Fig. 4.8), 

insufficient for useful comparison with the models. Only the 

compatible trace elements, Ni and Cr, show a wide range of values, but 

there is no apparent correlation between high Ni and high Cr. Ni 

appears to increase regularly with distance from the Q apex of the di

ol-Q projection, while high Cr values are randomly distributed. The 

increase in Ni (at relatively constant mg #) corresponds with 

increasing depth of separation of primary magma from the mantle which, 

in turn, corresponds with increasing normative olivine in the primary 

melt (e.g., Jaques and Green, 1980). Both Ni and Cr require a wider 

range of parental abundances than those represented by the models (Fig. 

4.8) 

The other analyzed trace elements have relatively restricted, but 

essentially vertical distributions in Fig. 4.8 in contrast to the 

horizontal distribution expected of crystal fractionation. This is 

consistent with the evolution of normal ridge lavas along parallel 

liquid paths from a range of primary compositions (see section 4.7.3) • 
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4.9 MAGMA MIXING 

In the discussion so far, three specific types of plot have been 

cited as showing evidence for magma mixing. In this section, the three 

types of plot (Figs 4.8.g,h; Fig. 4.9) are compared to determine their 

relative usefulness and to test for consistency. For a plot to 

effectively discriminate the effects of magma mixing from those of 

crystal fractionation, the crystal fractionation path must ideally be 

continuously curved, or at least contain one or more significant 

deflections. These criteria are fulfilled by shallow fractionation 

paths in di-pl-ol-Q and, in general, by binary plots of a compatible 

element against some fractionation index, such as an incompatible 

element abundance (e.g., Rhodes and Dungan, 1979) or mg # • 

Incompatible elements cannot be used for this purpose here because they 

appear to increase in abundance, independently of fractionation, with 

increasing distance behind the propagating rift tip (section 4.7.4). 

Irvine (1979) pointed out the potential usefulness in mixing problems 

of binary plots of mg # against compatible element abundances, provided 

the denominator (Mg +Fe) is made common to both axes. (The common 

denominator is required for mixing lines to be straight and is, of 

course, equal to 1 for simple element-element or oxide-oxide plots.) 

In the present case, a plot of Ca/(Mg + Fe) against mg # is 

particularly useful, having a much greater deflection at the incoming 

of pyroxene and providing a slightly better dispersion of the data than 

a simple Cao vs. MgO plot • 

In general terms, the four plots (Fig. 4.8.g,h; Fig. 4.9) are in 

good agreement. Compositions with mg # > 60 lie between the KllD and 
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Figure 4.9.a Distribution on di-ol-Q of same data set as shown in 

Fig. 4.8. Kl2B (solid) and KllD (short dash) model paths are also 
shown. The mixing line (long dash) is discussed in text. Closed 
circles lie close to liquid line of descent. Squares (above) and open 
circles (below) represent mixed compositions falling off the liquid 
line. Triangles are normal ridge glasses. Letters serve to identify 
points for comparison with other plots. Analyses are listed in 
Appendix E • 
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Figure 4.9.b Atomic Ca/(Mg+Fe) vs. mg #for same data set as (a) • 

Conventions as for (a) • 
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Kl2B model paths in keeping with their proposed derivation from a range 

or mixture between these two par~ntal magmas. More evolved 

compositions (crystallizing cpx-pl-ol) which lie close to or above the 

cotectic on di-ol-Q, with few exceptions, plot close to the liquid 

paths on the binary diagrams; compositions projecting below the 

cotectic on di-ol-Q plot within the concavity of the binary- plots and 

maintain similar 'positions relative to each other and to the model 

paths in each case. Except in the case of Cr, for which this mixing 

line intersects the model paths, the "mixed field" may be closely 

bounded by the model paths and a mixing line such as that shown in Fig. 

4.9 between a KllD-derived composition (F=0.49) close to, but slightly 

beyond the pl-ol-cpx-pig reaction point, and a composition equivalent 

to the KllD model parent with about 5 wt.% added olivine. This implies 

that all the mixed compositions could be generated by mixing of 

basaltic end members from within the spectrum of observed compositions. 

Results of several mixing calculations given in Table 4.3, and mixing 

lines on Figs 4.8.g and 4.9, show that compositions f and j can be 

closely matched, for most elements (Cr is an exception), by simple 

mixtures of natural compositions a and u. Less satisfactory matches 

can also be made to mixtures of · end members from the KllD and Kl2B 

model paths (Table 4.3); this inexactitude is not surprising in view of 

the difficulty of precisely matching natural compositions on the liquid 

line using the models. Precise matching would require either 

fortuitous choice of the one appropriate mixing line from the large 

number of available possibilitites or the use of a complex least

squares technique to select the "best" line. Additional problems wi 11 

occur if, as may be expected, olivine (plus or minus plagioclase) 
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Table 4.3.a Examples of Natural and calculated mixed compositions: 

• natural end members 

End Members 

• Plot Symbol u a 

Sample no. Kll-13 998 

• Si02 50.23 52.35 

Tio2 1.05 2.49 

A12o3 15.46 12.52 

FeO* 9.36 15.72 

• MgO 9.24 4.37 

Cao 12.19 9.16 

Na2o 1.97 2.76 

K2o 0.07 0.38 

P205 0.09 0.25 

mg # 

• 
Cr 451 15 

v 315 360 

• Sc 36 47 

Ni 181 15 

Cu 80 61 

Zn 70 135 

Sr 80 88 

y 26 85 • Zr 60 180 

• 

Mixed Compositions 

f u:a 

Kl8-21G 50:50 

50.72 51.29 

1.76 1.77 

13.93 13.99 

12.43 12.54 

7.08 6.81 

10. 75 10.68 

2.33 2.67 

0.17 0.23 

0.17 0.17 

175 233 

305 338 

42 42 

103 98 

82 71 

114 103 

79 84 

43 56 

112 120 

j 

H27 

50.55 

1.59 

14.35 

11.64 

7.42 

10.98 

2.31 

0.15 

0.13 

240 

355 

115 

73 

105 

78 

49 

90 

u:a 

63:37 

51.01 

1.58 

14.37 

11.71 

7.44 

11.07 

2.26 

0.18 

0.15 

290 

332 

120 

73 

94 

83 

48 

104 
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Table 4.3.b Examples of Natural and calculated mixed compositions : model end members 
model end members 

ling H!:llll1i:n MiJ!;i:d C!!l!!l!Q~itiQnB 

Sample/model no. KllD KllD Kl2B Kl2B Kl8-21G KllD Kl2B Fit H32 KllD Kl2B Fit 

F 1.05 0.51 1.04 0.57 

Proportions 25:75 50:50 40:60 65: 35 

Si02 49.85 52.54 49. 78 52.02 50.72 51.87 50.90 2 50.36 51.46 50.56 

Ti02 0.87 1.76 0.99 1.90 1. 76 1.54 1.45 H 1.61 1.40 1.31 H 

Al2o3 15.00 13.69 15.29 13.44 13.93 14.02 14.37 1 14.42 14.21 14.64 3 

FeO* 9.02 12.93 10.23 14.35 12.43 11.95 12.29 H 11.68 11.37 11.67 

MgO 11.06 5.76 9.65 5.04 7.08 7.09 7.35 1 7 .81 7.88 8.04 

Cao 12.24 10.39 11.77 9.88 10.75 10.85 10.83 - 11.03 11.13 11.11 L 

Na2o 1.78 2.61 2,15 3.06 2.33 2.40 2.61 L 2.21 2.28 2.47 

K2o 0.01 0.13 0.06 0.12 0.17 0.12 0.09 H 0.14 0.11 0.08 H 

P205 0.10 0.19 0.10 0.19 0.17 0.17 0.15 1 0.18 0.15 0.13 H 

mg # 70.8 46.9 65.1 41.0 53.0 54.0 54.2 57 .o 57 .8 57.7 

Cr 498 86 355 60 175 189 208 1 240 251 252 

v 189 360 319 573 305 317 446 1 320 292 408 2 

Sc 37 42 39 42 42 41 41 42 40 40 -

Ni 273 55 207 42 103 110 125 120 142 149 L -

Cu 121 70 115 64 82 83 90 1 74 90 97 L 

Zn 66 100 91 131 114 92 111 5 110 86 105 5 

Sr 75 91 67 76 79 87 72 3 73 85 70 4 

y 21 39 21 37 43 35 29 H 51 32 27 H 

Zr 49 93 60 108 112 82 84 H 110 75 77 R ...... 

~ 
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In some cases there 

The question of whether or not a long-lived, steady-state magma 

chamber is responsible for any of the propagating rift lavas has 

already been addressed in several places and can be raised again here • 

The probable geochemical effects of such a system were proposed by · 

O'Hara (1977) and more thoroughly documented by O'Hara and Mathews 

(1981). These include (1) convergence to a relatively constant major 

element composition and, (2) concentration of incompatible trace 

elements in the liquid in excess of amounts predicted by major element 

based fractionation modeling. The fate of compatible trace elements is 

not explicitly modeled or discussed by O'Hara and Mathews (1981), 

although they state that compatible elements should be concentrated in 

cumulates. In view of the abrupt depletion of Ni and Cr in the liquid 

at the onset of clinopyroxene fractionation (Fig. 4.8.g,h), it seems 

clear that these elements would not concentrate in the liquid portion 

of a steady state system, but it is unclear whether they could be 

depleted below values predicted for simple crystal fractionation. 

Detailed comparison of, for example, Zr and Ni plots of Fig. 4.8 

shows that many of the natural lavas are enriched in both elements • 

This observation, combined with the compositional diversity of 

propagating rift lavas within 50 km of the tip effectively rules out 

steady-state, open-system fractionation in this region. Rather, a 

variety of single mixing events seems to be required; this observation 

is consistent with the interpretation of magmatic evolution behind the 

propagating rift tip presented in Chapter 2 • 
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On the basis of the restricted compositional range of propagating 

rift lavas from beyond 100 km, steady-state fractionation has been 

proposed for this region of the propagating rift (Chapter 2, section 

3.3.5). Unfortunately, a full set of trace element data is available 

only for samples K4-9 and K4-10 (sand r in Figs 4.8 and 4.9). These 

compositions conform fairly closely to the model liquid paths except 

for those elements where the entire population diverges (e.g., Zr). 

Composition r has anomalously low Cr, but q, which comes from the same 

distance interval, has high Cr. These limited data neither support nor 

preclude the existence of a steady-state magma chamber • 

4.10 PRIMARY MAGMAS AND MANTLE SOURCES 

The usefulness of the model liquid paths is not confined to 

interpretation of the predominantly crustal processes of magmatic 

evolution discussed in the preceding sections. Each olivine addition 

path represents, in effect, a unique array of . possible primary magma 

compositions. If appropriate assumptions as to mantle composition and 

the identity of residual phases are brought to bear, then a "correct" 

primary magma may be identified and both depth and degree of melting 

can be quite closely constrained • 

In the following sections, the relationship between the model 

liquid paths and the high pressure phase boundaries of Stolper (1980) 

(see also summary in section 3.2.3) are examined in terms of some 

fairly restrictive initial assumptions, and in terms of changes to 

those assumptions. Differences resulting from an alternative 

interpretation of similar high pressure data by Takahashi and Kushiro 

(1983) then follow, the significance of some independent tests for 
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degree of melting is considered, and a final evaluation of the nature 

(mixed or primitive) of the Kl2B model parent is made • 

4.10.1 Assumptions 

In order to evaluate the relationships of the olivine paths to the 

high pressure phase boundaries, it is necessary to make only two 

assumptions, both of which can be made with reasonable certainty. 

These assumptions are (1) the mg #of residual olivine and hence, by a 

simple partition calculation, of a primary liquid and (2) the 

identities of the residual phases. 

By assigning an mg # to residual olivine, the array of potential 

primary liquids is restricted to a small segment of the olivine 

addition path. (This could, of course, be achieved using a variety of 

other compositional parameters.) The mg #of residual olivine from 

MORB separation is widely assumed to be close to 90, based on 

observations of peridotites recovered from the oceans and from 

ophiolites (eg. BVSP, 1981; Elthon and Scarfe, 1983; Dick and Fisher, 

1984; and references therein). This value corresponds to an mg # for 

primary liquid in the range 71-73 for a l),(Fe/Mg)OL value close to 0.3 

(see section 4.3.2). 

If the residual phases in equilibrium with a primary liquid are 

known or assumed, the type of phase boundary on which that liquid must 

lie is specified. The greater the number of specified phases, the 

fewer the degrees of freedom allowed and the more precise the 

constraints on depth and degree of melting become. Dick and Fisher 

(1984) and Dick et al. (1984) have shown that by far the greater number 

of abyssal peridotites recovered from a wide range of locations in the 

oceans, are spinel bearing harzburgites or lherzolites. Dick and 
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Fisher (1984) have further argued that orthopyroxenes in these rocks 

are saturated with diopside and, therefore, that melting occurred at a 

spinel(sp)-olivine(ol)-orthopyroxene(opx)-clinopyroxene(cpx)-liquid 

pseudo-invariant point. In the ensuing discussions, the assumption is 

made that primary liquids must be in equilibrium with a lherzolite 

residue (cpx-opx-ol) although the positions of the liquid paths appear 

to preclude spine!, at least in terms of the available phase 

boundaries. The effect of an additional degree of freedom obtained by 

allowing a harzburite (opx-ol) residue is also examined. 

Finally, the effect of further relaxing the assumptions to allow a 

more iron-rich mantle (eg. Wilkinson, 1982; see also section 3.2.3) is 

also briefly examined. 

4.10.2 Phase Boundaries of Stolper 1980 

a) Positions of Model Paths Relative to Phase Boundaries 

Stolper (1980) interpreted his own and others' experimental data 

in terms of high pressure phase boundaries between olivine, 

orthopyroxene, clinopyroxene and plagioclase (or spinel at >10 kb) 

volumes in di-pl-ol-Q. These boundaries are shown in projection in 

Fig. 4.10 and in an idealized three-dimensional sketch in Fig. 4.11. 

The procedure for interpreting the model paths in terms of the 

phase boundaries can be explained by reference to Fig. 4.11. At some 

arbitrary, but fixed, pressure, the four phase volumes (ol, opx, cpx, 

pl(sp)) are separated by five (pseudo-) divariant surfaces. 

Equilibrium melting of peridotite will initially produce a liquid at 

the pseudo-invariant point A in equilibrium with residual plagioclase 

or spine! lherzolite (pl(sp)-cpx-opx-ol). If plagioclase (spine!) is 
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Figure 4.10 Projections onto (a) di-ol-Q and (b) pl-ol-Q of model 

olivine addition lines (light solid lines); 10, 15 and 20 kb phase 
boundaries of Stolper (1980) (heavy solid lines); 8, 10, 15 and 20 kb 
univariant curves of Takahashi and Kushiro (1983) (short-dashed 
lines); 10 and 15 kb pyrolite melting curves of Jaques and Green 
(1980) (long-dashed lines). Circled stars are model parents. Larger 
numerals are pressures in kb. Smaller numerals are mg I along olivine 
addition lines and melt percentage when adjacent to filled circles on 
pyrolite curves. Filled triangles are cpx-out points inferred from 
the data used to locate the relevant curves. 
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Figure 4.11 Idealized sketch showing relationships of high pressure 

phase boundaries in di-ol-Q, based on projections of Stolper (1980), to 
model olivine addition paths (1,2,3). Plagioclase or spinel volume is 
concealed behind horizontally shaded planes. A is pl-cpx-opx-ol-liquid 
pseudo-invariant point. Equilibrium melting path is shown as broad 
white arrow. Artistic consultant: Cheney Snow Milholland • 
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the first mineral consumed, the melt composition leaves A and moves 

along the ol-opx-cpx univariant curve, where it is in equilibrium with 

lherzolite residue, until cpx is consumed. At this point, the melting 

path moves onto the ol-opx divariant surface and the melt is in 

equilibrium with residual harzburgite (ol-opx). Ultimately, at very 

high degrees of melting, opx is consumed, the melting path moves into 

the olivine volume directly towards olivine and the residue is dunite. 

Relative to these phase boundaries, the four model parents all lie 

in the clinopyroxene volume and the olivine addition paths trend 

downwards towards the base of this volume. Three similar, but 

hypothetical paths are shown in Fig. 4.11. For the particular pressure 

of Fig. 4.11, primary liquids in equlibrium with residual lherzolite 

must lie on a path, such as path no. 1, which intersects the ol-opx-cpx 

univariant curve. Paths such as no. 3 cannot be in equilibrium with 

residual opx at any point at this particular pressure. However, it is 

clear from Fig. 4.10 and from Stolper (1980) that the ol-opx plane 

moves to the left (as seen in Fig. 4.11) with increasing pressure, and 

therefore, some point on path no. 3 would be in equilibrium with 

residual lherzolite at some higher pressure. Paths such as no. 2 

cannot be in equilibrium with residual lherzolite at this pressure, 

either, although they may be at some lower pressure. However, the 

point at which path no. 2 intersects the ol-opx plane does represent a 

possible primary composition in equilibrium with residual harzburgite • 

Note that numerous parental compositions 1n equilibrium with ol+opx are 

possible along path 2 as the position of the ol-opx surface varies with 

pressure. Note also that, with increasing pressure the ol-opx plane 

lies progressively farther to the left in Fig. 4.11 and the 
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intersection of path 2 with the ol-opx plane falls progressively 

farther below the ol-opx-cpx cotectic, corresponding to increasingly 

greater degrees of melting. An important corollary of this observation 

is that, if the degree of melting can somehow be constrained, then 

separation depth can also be determined. Conversely, if pressure is 

constrained, degree of melting can be determined. 

Taken together, these observations can be summarized and restated: 

i) For a given liquid path, only one parental composition can 

be in equilibrium with residual lherzolite and this occurs at a 

specific pressure, which is also the minimum possible pressure for 

liquids on that path to be in equilibrium with their mantle source • 

ii) For a given liquid path, a range of possible parental 

compositions in equilibrium with harzburgite residue is possible at 

pressures greater than the minimum. As pressure increases, so does 

degree of melting; maximum pressure and degree of melting will be 

specified by the maximum acceptable mg I (or other compositional 

constraint) • 

b) The Model Liquid Paths 

i) KllD. This path appears in the projection onto di-ol-Q to 

reach the base of the cpx volume at mg # 72 (Fig 4.10.a), although the 

exact value depends on the orientation of the cpx-opx surface relative 

to the projection lines from plagioclase. This mg # also coincides 

with the intersection of the liquid path and the 10 kb ol-opx surface 

projected onto pl-ol-Q. Taken together, these observations indicate 

that the KllD liquid path intersects the cpx-opx-ol univariant curve at 

10 kb and mg # 72. However, the slope of the cpx-opx surface is not 

known and a lower mg I (71) at lower pressure 9 kb) or a higher mg # 
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(73) at 11 kb may also be reasonable. The KllD liquid path does not, 

however, pass through an invariant point at any pressure. If the 

assumption of residual cpx is removed, the assumed upper limit for mg # 

(73) fixes the maximum pressure at 11 kb for a primary liquid in 

equilibrium with harzburgite residue; minimum pressure, fixed by the 

cpx-opx surface is close to 9 kb. These limits are the same as those 

for lherzolite residue within the limitations of the method. Finally, 

KllD liquids more iron-rich than mg # 71 cannot be primary because they 

lie entirely within the cpx volume at all (high) pressures. 

Within the limits of the assumptions, then, KllD liquids can 

confidently be stated to be derived from a parent of mg # 71-73 which 

separated from residual lherzolite, close to the cpx-out point, at 9-11 

kb. 

ii) Kl2B. this liquid path can be seen, on the basis of similar 

arguments to those for KllD, to intersect an 11 kb cpx-opx-ol curve at 

mg # 68-69. Therefore, a Kl2B parent in equilibrium with lherzolite 

residue is not permitted within the initially assumed range for mg # 

(71-73), but a more iron-rich source (olivine mg #approximately 88) is 

not precluded. Beyond mg # 69, there is an increasing discrepancy 

between pressures interpolated for a given mg # in each of the two 

projections (e.g., a Kl2B liquid of mg # 73 appears to lie on a 13-14 

kb ol-opx surface in di-ol-Q and on a 15-16 kb ol-opx surface in pl-ol

Q. This discrepancy probably results from a gentle curvature of the 

surface and can be usefully interpreted as indicating a maximum 

separation pressure in the vicinity of 14-15 kb and a relatively high 

degree of melting for a primary Kl2B liquid in equilibrium with 

residual harzburgite. Minimum separation pressure, at mg # 71, would 
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be close to 13 kb at a slightly lower degree of melting. The only 

available information on melt percentages, that of Jaques and Green 

(1980), is shown on their pyrolite melting curves in Fig. 4.10. 

Comparison of the vertical distance between mg # 68 and mg # 73 on the 

Kl2B curves with the melt percentage values on the pyrolite curves 

suggests a difference of the order of 5% melt over this range. If 

clinopyroxene disappears as a residual phase at about 25% melting, as 

suggested by the cpx out points on the pyrolite curves (Fig. 4.10) and 

by Fig. 1 of Dick and Fisher (1984), an upper limit of about 30% 

melting is implied. 

In terms of the initial assumptions, then, Kl2B liquids must be 

derived from a parent of mg # 71-73 separated from residual harzburgite 

at 13-15 kb after nearly 30% melting. If a more iron-rich mantle is 

assumed, the phase relations allow a parental liquid with mg # as low 

as 68 to have separated from residual lherzolite at about 11 kb after 

slightly more than 20% melting. Kl2B is discussed further in section 

4.10.5 • 

iii) Kl7C and KlOB. Similar arguments apply for these liquid 

paths as for KllD. They may be interpreted as intersecting the cpx

opx-ol univariant curves at 12-13 kb and 14-15 kb respectively at mg I 

70-71. For the higher mantle mg #'s initially assumed, slightly higher 

degree primary melts with mg # 72-73 in equilibrium with harzburgite at 

14 and 16 kb respectively are implied. Note that the intersection of 

the KlOB path with the 14 kb ol-opx-cpx curve is very close to the 

pseudo-invariant point, implying a smaller degree of melting for KlOB 

primary liquids than for K17C primary liquids. If the distance from 

the pseudo-invariant point maintains a consistent relationship with 
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parent melt at different pressures, then Kl7C primary liquids appear to 

be slightly lower degree melts than those for KllD. As is the case for 

KllD, liquids with mg I less than 71 lie entirely within the high 

pressure clinopyroxene volume and cannot be primary. 

iv) Summary. KllD, Kl7C and KlOB liquid paths all seem most 

likely to be derived from primary liquids of mg # 71-73 in equilibrium 

with residual lherzolite at 9-11, 12-3 and 14-15 kb respectively. The 

actual degree of melting may decrease slightly from KllD to KlOB. 

Kl2B liquid paths may be derived from primary magmas of mg # 71-73 

in equilibrium with residual harzburgite at 13-15 kb. If KllD, Kl7C 

and KlOB primary liquids represent 20-25% melting, then K12B primary 

liquids most likely represent 25-30% melting. 

For KllD, Kl7C and KlOB, primary liquids of mg # less than 71 are 

precluded by the phae relations. This is not true of Kl2B for which 

primary liquids of mg # as low as 68 in equilibrium with residual 

lherzolite at about 11 kb are permitted • 

4.10.3 Melting Curves of Takahashi and Kushiro (1983) 

Takahashi and Kushiro (1983) interpreted a new set of experimental 

data in terms of constant pressure univariant melting curves, rather 

than phase boundaries. These curves pass close to Stolper's (1980) 

univariant point (Fig. 4.5), and allow for broadly similar 

interpretations at higher degrees of melting. At lower degrees of 

melting, however, liquids are not constrained to the invariant point, 

and may fall to the left of it on di-ol-Q (Fig. 4.10). This feature of 

the Takahashi and Kushiro melting curves permits a different range of 

interpretations of the model liquid paths for low degree melts. In 

assuming the validity of these curves for MORB petrogenesis, however, 
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there is a greater degree of uncertainty than for the Stolper phase 

boundaries. This uncertainty stems from the fact that the great 

majority of the liquid comositions on which the curves are based have 

low mg #'s (67-69), presumably as a result of the iron-rich nature of 

the peridotite used in the experiments. Takahashi and Kushiro (1983) 

claim that the curves remain valid for higher mg I but this is by no 

means certain; perhaps the best assurance of the validity of the curves 

is their proximity to the Stolper (1980) phase boundaries • 

i) KllD. Projections of this liquid path intersect those of 

the melting curves in Fig. 4.10 at higher mg # in di-ol-Q than in pl

ol-Q. This implies that the liquid path lies farther away from the 

plagioclase apex than do the melting curves. Nevertheless, for mg # 

71-73, the liquid path lies reasonably close to the cpx out points on 

melting curves for 9-11 kb. These observations are entirely in accord 

with those made on the basis of the Stolper phase boundaries. However, 

the Takahashi and Kushiro (1983) melting curves also allow an alternate 

possibility not permitted by the Stolper (1980) phase boundaries; the 

melting curves allow for primary liquids of mg I <70 at low pressures 

(<8kb) and lower degrees of melting. This conclusion is hardly 

surprising in view of the similar mg #'s of liquids originally used to 

determine the path, and its general validity remains questionable. 

ii) K12B. As with KllD, this liquid path lies somewhat farther 

from the pl apex of the tetrahedron, than do the melting curves, 

leading to a discrepancy of 2-3 kb between pressures estimated on the 

basis of the two projections. It is not clear that this divergence 

lies within reasonable bounds but, if it does, then Kl2 parents of mg I 

71-73 are constrained to have formed between 14-16 kb in equilibrium 
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with harzburgite residue and at a higher degree of melting than primary 

liquids for the other three paths. If it does not, then Kl2B liquids 

at these high mg #'s cannot have been in equilibrium with residual 

ol+opx and a mixed origin for the Kl2B model parent may be favoured. 

Again, these conclusions are in agreement with those based on Stolper's 

phase boundaries, as is the observation that primary liquids of mg # as 

low as 68 are not precluded by the melting relations. 

iii) Kl7C and KlOB. These liquid paths, too, lie farther from 

plagioclase than do the melting curves and the melting conditions 

interpreted for mg # 71-73 are again similar to those for the Stolper 

phase boundaries. As with KllD, an important difference between the 

Takahashi and Kushiro (1983) melting curves and the Stolper (1980) 

phase boundaries, is that the melting curves also allow for primary 

liquids of mg # 68 on the Kl7C and K !OB liquid paths at 9-10 kb and at 

lower degrees of melting than for similar liquids on the KllD path. 

4.10.4 Independent Tests of Degree of Melting 

The enrichment of incompatible relative to compatible elements in 

the liquid during the early stages of melting suggest that variation in 

degree of melting may be recognized on certain binary plots. Jaques 

and Green (1980) showed that CaO/Ti02 and Al 2o3/Tio2 ratios are low at 

low degrees of melting and increase to source values as melting 

continues. More recently, Langmuir and Hanson (1983) have studied MORB 

populations "near" and "far" from transforms and attributed higher 

levels of incompatible trace elements, Ti02 and FeO* at constant MgO in 

the "near " populations to lower degrees of melting close to 

transforms • 
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Compositions of liquids from the four model olivine control lines 

are compared at a constant mg # of 67 in table 4.4. CaO/Ti0 2 and 

CaO/A12o3 are highest in KlOB and lowest in Kl2B suggesting that degree 

of melting increases from Kl2B to KlOB, directly opposing the trend 

required by the mantle phase relations. Incompatible trace element 

abundances do not define a clear trend, but V and Zr are highest in 

Kl2B, and are therefore inconsistent with its being simply a higher 

degree melt • 

The inconsistency of these observations strongly suggests that 

this type of interpretation is valid only for a constant source 

composition, and probably for a narrow pressure range. Furthermore, 

the model paths shown in Fig. 4.12 strongly suggest that even greater 

caution is required if these methods are applied to relatively evolved 

populations. In this figure, the model paths can be seen to cross 

during plagioclase and olivine fractionation leading to exactly the 

opposite ordering in terms of Ti02 at constant CaO or FeO* at constant 

MgO. The paths in this case cross because the pl-ol liquid paths 

increase in length from KllD to KlOB (see Fig. 4.3), a direct effect of 

increasing separation depths • 

4.10.5 Kl2B - Mixed Liquid or Mantle Derivative? 

As discussed previously (section 4.6.1), the question of whether 

Kl2B is a direct derivative by higher degrees of melting of a possibly 

more iron-rich mantle, or whether it is a mixed liquid is an important 

one. The Takahashi and Irvine (1983) melting curves seem incompatible 

with its derivation directly from a primary magma of mg 4 70-72 in 

equilibrium with "normal" mantle and the divergence of the Kl2B liquid 
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Table 4.4 Comparison of liquid compositions from the four model paths 

at constant mg# 67 • 

Propagating Rift Normal Rift 

Sample no. Kl2B KllD Kl7C Kl OB D5 

F 1.08 0.99 1.00 1.00 1.03 

Si02 49.52 50.38 49.69 48.76 50.04 

Ti02 0.96 0.92 0.87 0.85 1.01 

Al 2o3 14.88 15.82 16.23 17 .46 15.86 

FeO* 10.33 8.83 9.29 9.05 9.16 

MgO 10.60 9.10 9.57 9.13 9.45 

Cao 11.47 12.89 12.07 12.58 12.20 

Na2o 2.09 1.88 2.19 2.08 2.14 

K2o 0.06 0.07 0.05 0.04 0.07 

P205 0.10 0.10 0.08 0.08 0.07 

Cr 358 485 461 366 499 

v 308 201 240 240 223 

Sc 38 39 34 37 42 

Ni 255 177 233 270 205 

Cu 125 101 100 104 94 

Zn 87 71 70 64 68 

Sr 64 81 82 88 92 

y 20 22 19 23 24 

Zr 58 52 42 53 77 
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path from the Stolper (1980) high pressure phase boundaries also 

supports this v4ew. A more iron-rich primary magma (mg#= 68), and 

hence a more iron-rich mantle, is not precluded however. Other 

evidence against mixing is circumstantial and based on the absence from 

the propagating rift suite of an appropriate primitive end-member from 

which it might be mixed. 

If Kl2B were a mixed liquid, as the combination of its position on 

di-ol-Q and its relatively low mg # (63) strongly suggests, it must 

have a primitive precursor which lies outside and to the left of the 

propagating rift field on di-ol-Q. Such a composition, or its obvious 

derivatives by crystal fractionation, has not been identified from the 

propagating rift. Nevertheless, the possibility must be considered 

that some of the compositions identified as consistent with derivation 

from a Kl2B parent may equally well be derived, by crystal 

fractionation, directly from this primitive precursor. 

This possibility can be briefly examined by means of a simple 

unmixing calculation in which a Kl2B model derivative composition is 

subtracted from Kl2B in appropriate proportions to identify a primitive 

end-member of mg# 67 or 68 (Table 4.5). An appropriate derivative 

composition is that at F=0.68, identified by drawing a near-horizontal 

mixing line through Kl2B on di-ol-Q. Use of the mixing program to 

subtract successive increments of this composition from Kl2B shows that 

mg # 67 is reached close to the position of Kl7C on di-ol-Q when 23 

wt.% of the derivative composition has been subtracted. In terms of 

major elements, this calculated primitive composition differs 

significantly from Kl7C only in slightly higher Cao and slightly lower 

Na2o. A model liquid path derived from this composition would be very 
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Table 4.5 Results of calculation to unmix one of its model derivatives 

from Kl2B 

• 
A B c 

Kl2Ba Kl2B A-0.23Bb Kl7C Kl7C 

• Parent F•0.68 Parent F•0.49 

Si02 50.06 51.53 49.62 49.69 51.98 

Ti02 1.01 1.59 0.84 0.87 1.94 

• Al 2o3 15.70 14.07 16.19 16 .23 12.47 

FeO* 10.10 12.94 9.25 9.29 14.80 

MgO 8.69 5.93 9.51 9.57 5.49 

• Cao 12.07 10.89 12.42 12.07 9.81 

Na2o 2.21 2.79 2.04 2.19 3.22 

K2o 0.06 0.10 0.05 0.05 0.11 

P205 0.10 0.16 0.08 0.08 0.18 

• mg ,2 63.0 47 .6 67.0 67.1 42.3 

Cr 350 118 419 461 78 

• v 330 485 284 240 486 

Sc 40 42 39 34 40 

Ni 164 59 195 233 50 

• Cu 104 72 114 100 61 

Zn 94 120 86 70 112 

Sr 69 73 68 82 92 

• y 22 32 19 19 38 

Zr 62 91 53 42 85 

a - Normalized to 100% • b - Fe0•0.9 FeO* 

• 
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similar to the Kl7C path and hence very different from the Kl2B path. 

To emphasize the difference, the Kl7C derivative liquid for F=0.49, 

which plots at the same place on di-ol-Q as the Kl2B derivative for 

F=0.68 (used in the calculation) is included in Table 4.5. Compositions 

similar to Kl7C derivative liquids are not present in the existing 

propagating rift suite (section 4.7.2). 

These calculations are by no means unique, but the magnitude of 

the differences they exhibit suggests that direct derivatives by 

shallow fractionation of any parent lying to the left of Kl2B on di-ol

Q are not present in the propagating rift suite • 

4.11 SUMMARY 

Program MIXING provides a reliable new method of modeling crystal 

fractionation in MORB (and other tholeiites) when model liquid paths 

are constrained by known phase relations in the pseudo-quaternary 

system di-ol-pl-Q. Model liquid lines of descent may readily be 

displayed as templates showing arrays of element abundances, ratios or 

other parameters distributed along the model liquid paths viewed in the 

di-ol-Q (or any other) projection. Comparison of the different model 

paths on these templates shows that the value of F (wt. fraction 

residual liquid) at which a given path intersects the cpx-pl-ol 

cotectic (i.e., the value of F at which cpx saturation is reached) 

decreases with increasing distance from Si02, and hence with increasing 

depth of segregation of primary melt from residual mantle. This 

decrease in F is in the opposite sense to decreasing F along the 

cotectic during fractional crystallization and implies that, for any 
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given position on the cotectic, a range of F values is possible and 

that each F value is uniquely associated with a single liquid path • 

This, in turn implies a unique relationship between any parameter, such 

as mg I (which varies with F during crystal fractionation), its 

position on the cotectic, and a single liquid line of descent • 

Inversion of this relationship to determine the liquid line is possible 

by trial and error matching of calculated paths to natural data. 

The use of transparent templates enables rapid, easy comparison of 

model compositions with those of natural populations, and this 

technique can be effectively applied to lavas from the region of the 

Galapagos 95.5°w propagating rift system. Comparisons of real and 

model data reinforce and amplify the conclusions of Chapters 2 and 3, 

namely: 

i) The array of primitive lavas of high mg # across the di-ol-Q 

projection parallel to its base represents, for the most part, an array 

of derivatives, by olivine fractionation (10-15 wt. %), from primary 

liquids (mg #71-73) derived from similar mantle compositions, by 

similar degrees of partial melting (20-25%), over a range of depths 

from about 9-20 kb. An exception is the propagating rift glass Kl2B 

which may have been derived by a higher degree of melting (30%?) of 

similar mantle at about 14 kb or by some smaller degree of melting of a 

more iron-rich mantle at pressures as low as 11 kb. 

ii) Normal rift lavas are generally unfractionated; few have 

reached cpx saturation. Their compositions are best explained by 

shallow crystal fractionation, along parallel liquid paths, from an 

array of primary liquids derived over a range of pressures from 

approximately 20 kb to 10 kb • 
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iii) Propagating rift lavas are an unusually diverse population 

in which two subgroups may be recognized, a "cotectic" population which 

is dominated by crystal fractionation effects and closely follows the 

liquid line of descent, and a mixed population which cuts across the 

curvature of the liquid line on di-ol-Q and on appropriate binary 

plots. 

iv) With the exception of some incompatible element abundances, 

the "cotectic" population is closely bounded by model liquid paths 

derived from two model parents, glasses KllD and Kl2B, from close to 

the propagating rift tip. The relationships of individual natural 

compositions to either or both of these bounding liquid paths are 

frequently complex; the bulk of the cotectic population appears to be 

derived by various degrees of shallow crystal fractionation from 

parents formed by mixing between sources, between primary liquids or 

between primitive liquids associated with the two paths. 

v) The mixed population becomes a significant portion of the 

overall propagating rift population within as little as 2-3 km, and 

persists as far as 75 km behind the tip. This population is very 

diverse and appears to result from numerous, isolated mixing events and 

not from processes within a single steady-state magma chamber. This 

observation, along with the complexity of the cotectic population 

(previous paragraph) strongly reinforces the conclusion of Chapter 2 

that maximum magmatic diversity occurs in a zone of generally isolated, 

but occasionally (and increasingly behind the tip) interconnected, 

magma chambers • 
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vi) Throughout the region of greatest diversity (5-25 km) the 

KllD and Kl2B bounding liquid paths appear to be represented more or 

less equally in both the cotectic and mixed populations. 

vii) Beyond 75-100 km behind the propagating rift tip, the 

compositional range appears very restricted and is distinct from both 

the normal ridge population and the remainder of the propagating rift 

population. This condensed compositional range may reflect the 

presence of a periodically replenished, steady-state magma chamber, 

although data are sparse in this region and the evidence in support of 

this conclusion is not compelling. Liquids close to the Kl2B bounding 

liquid path predominate at this distance from the propagating rift tip • 

In addition to the foregoing conclusions, the relationships 

between model paths and natural populations from the 95.5°w region lead 

to several additional observations. 

viii) The first lavas erupted at the .tip of the propagating rift 

(Kll) are among the least fractionated lavas erupted along the 

Galapagos spreading center, but they are not, strictly speaking, 

unfractionated as they are described in Chapter 2. They formed by 

fractionation of about 10 wt. % olivine from parental magmas with 

shallow separation depths of about 25 km (9-10 kb). They do not, 

however, appear to represent either smaller degrees of melting, or a 

substantially different source, than the more shallow of the normal 

ridge lavas, although they do lie a little farther from plagioclase in 

di-pl-ol-Q. This source gives rise to the KllD bounding liquid line. 

ix) A second, deeper, possibly more iron-rich source comes into 

play very close behind the PR tip (2-3 km) and gives rise to the Kl2B 
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bounding liquid line. This source predominates beyond about 75 km, 

although the KllD (shallow) source is still present • 

x) Except for some lavas close to the propagating rift tip 

(<3 km), including both m~del parents, incompatible elements (K 2o, 
Ti02, Zr, Y, V) are present in the propagating rift lavas in amounts 

higher than those predicted by the model liquid paths, even when the 

distribution coefficients are set to zero. this implies an 

incompatible element enrichment in the source region, perhaps related 

to effects of the Galapagos hotspot. 

xi) Comparison of FeO* and Tio2 values along different model 

paths strongly suggest that the reaction point 

ol + liquid = cpx + pl + pig 

is not invariant in this system but moves progressively farther away 

from silica with increasing depth of separation of primary magma from 

its mantle source • 
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CHAPTER 5 

• srn1¥.ARY AND CONCLUSIONS 

5.1 MAGMATIC EVOLUTION ALONG THE PROPAGATING RIFT 

0 The 95.5 W propagating rift is characterized by an unusually 

• diverse suite of lavas whose compositions are predominantly controlled 

by fractional crystallization, although a significant mixed population 

is also present. Lava compositions range from primitive MORB to FeTi-

• enriched ferrobasalts and, rarely, to andesites and rhyodacites. The 

compositional diversity is highly structured, and the structure is 

related to the tectonics of rift propagation; similar patterns occur on 

• other known propagating rifts (Sinton et al., 1983) • 

Lavas erupted closest to the 95.5°w propagating rift tip are among 

the least fractionated in the region, but are joined within 2-3 km 

• (0.05 m.y.) by FeTi basalts in an apparently bimodal assemblage • 

Farther behind the tip, the compositional range continues to broaden, 

even including some siliceous varieties, culminates at about 15 km (0.3 

• m.y.), then begins to decline toward a restricted, more nearly "normal" 

MORB population by 100 km (2 m.y.) behind the tip. Maximum diversity 

occurs between 5 and 25 km, and within this zone, a substantial 

diverse, mixed population occurs. The mixed magmas are apparently 

produced by single mixing events rather than processes in a single 

magma chamber, and mixing can therefore be considered as a secondary 

effect, subsequent to crystal fractionation in this case. 

The extent to which crystal fractionation can occur is controlled 

by the thermal evolution of the newly formed ridge as it evolves from 

zero spreading toward a "steady-state" configuration appropriate to its 

spreading rate. During this evolution, the degree to which magmas can 
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differentiate is controlled by the balance between cooling rates of 

crustal magma bodies and their rates of resupply with new magma from 

below. At one extreme, close to the propagating rift tip, high cooling 

rates and low resupply rates provide little time for magmas to 

differentiate, and erupted lavas must be relatively unfractionated. At 

the other extreme, approaching a steady-state ridge configuration, 

frequent replenishment with new, primitive magma will not permit 

advanced degrees of crystal fractionation to be achieved • 

Between these extremes lie a range of environments in which 

cooling rates are moderate and resupply rates are variable. Such 

environments allow a range of fractionated compositions to be achieved 

in isolated magma chambers, as well as a range of isolated mixing 

events between evolved and primitive magmas, or between different 

evolved magmas. As the cooling rate-supply rate balance evolves behind 

the tip, there is a gradual increase in size, abundance, longevity and 

degree of interconnection of crustal magma chambers beneath the 

developing rift • 

5.2 NEW USES OF THE DI-PL-01-Q PSEUDOQUATERNARY 

Projections of MORB compositions onto the bounding ternaries, 

especially di-ol-Q, of the pseudo-quaternary system di-pl-ol-Q, 

produce a systematic dispersion of superficially similar basaltic 

liquid compositions, solely on the basis of major element data. This 

dispersion permits the recognition of distinct liquid lines of descent 

for MORB (and other tholeiitic) lavas and allows a level of 

understanding of MORB petrogenesis not previously available on the 
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basis of major element data alone. The projections are especially 

useful when employed as a base on which to display the variability of 

individual geochemical (e.g., mg#, major or trace element abundances 

or ratios), petrologic (e.g., observed liquidus phases) or even 

geograhic/tectonic (e.g., distance, longitude) parameters • 

Of particular usefulness is the dispersion of relatively primitive 

lavas from the Galapagos (this study), FAMOUS (Bryan, 1983; Grove and 

Bryan (1984) and, undoubtedly, other areas in a band which parallels 

both the base of the projection onto di-ol-Q and the locus, with 

increasing pressure, of the cpx-opx-ol-pl(sp)-liquid pseudoinvariant 

point. Increasing normative olivine contents of lavas within this band 

correspond to increasing depths of separation of primary magmas from 

their mantle sources. 

Comparisons of model liquid lines of descent calculated from 

successively deeper (closer to ol) model parents within this band show 

that the value of F (residual liquid fraction) at which the cpx-pl-ol 

cotectic is reached decreases as the normative ol content of the parent 

(and therefore separation depth) increases. Consequently, liquid lines 

of descent derived from primary magmas within a given small pressure 

range constitute a nearly unique combination of F values (and, more 

usefully, of F-dependent variables much as mg #) with plotting position 

along the cpx-pl-ol cotectic. Conversely, any given liquid composition 

on the cotectic defines, by virtue of its position and its mg # (or 

other variable), the liquid line from which it originated' by crystal 

fractionation. Liquid lines appropriate to given natural samples can, 

at least in principle, be identified by comparison to model paths if a 

sufficiently large set of well-constrained paths is available • 
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Once an appropriate model liquid path is identified, the olivine 

addition line constitutes an array of potential primary magma 

compositions from which possible primary magma compositions may be 

selected. If appropriate assumptions are made as to residual 

mineralogy and mantle mg #, a parental magma composition, its 

separation depth and relative degree of melting can be deduced on the 

basis of high pressure phase relations. In this and all other detailed 

uses of di-pl-ol-Q, simultaneous use of two or more projections is 

essential, a failure to maintain an awareness of the third dimension 

can lead to serious errors of interpretation. 

In addition to their direct importance for petrogenetic studies, 

the methods outlined above, have great potential value in guiding the 

selection of samples for detailed isotopic and trace element studies 

intended to resolve problems related to the mantle. Consideration of 

the locations of samples in di-pl-ol-Q prior to such studies will 

permit selection of samples least affected by fractionation, but 

covering the available range of depth, degree of melting and, possibly 

source composition. It is even possible that some of the apparent 

complexities of trace element data in existing well-studied areas can 

be resolved using this approach • 

5.3 MAGMA GENESIS BENEATH THE PROPAGATING RIFT 

The propagating rift population can be closely bounded by two 

model paths based on natural glasses KllD from close to the propagating 

rift tip, and Kl2B from about 3 km behind the tip. The relationship of 

individual natural compositions to either or both bounding model paths 
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may be quite complex, and the population as a whole can be interpreted 

as having evolved along a variety of parallel crystal fractionation 

paths from a mixture of sources, parent magmas or relatively primitive 

derivative liquids. Source parameters for KllD and Kl2B liquids can be 

taken as limiting cases for the propagating rift population in general • 

The KllD primary liquid is fairly tightly constrained to have separated 

with mg # 71-73 from residual lherzolite at 9-10 kb following a 

moderate (20-25%) degree of melting. The nature of the K12B primary 

liquid is less well constrained. Firstly it may be either a mixed magma 

or a direct derivative, by olivine fractionation, of a different 

primary melt. If it is a mixed magma, a possible primitive (deeper) 

parent for the mixing, or direct derivatives by crystal fractionation 

of such a parent, are unknown from the propagating rift. If it is a 

direct derivative of a primary melt, that melt may have separated with 

a mg # of 71-73 from a similar source to that for KllD, at about 14 kb, 

leaving a harzburgite residue after a high (30%?) degree of melting. 

Alternatively, it may have separated with a mg # of 68-69 from a more 

iron-rich mantle, at about 11 kb, leaving a lherzolite residue after a 

lower (20-25%?) degree of melting. Derivation under conditions 

intermediate between these extremes is also possible. 

The question as to the exact source of Kl2B liquids is probably 

unanswerable at present, but the incompatible element data may suggest 

the simplest solution. Relative to either of the model paths, the 

majority of propagating rift lavas from beyond 2-3 km are enriched in 

K2o, Ti0 2, Zr, Y and V relative to both the bounding model paths, even 

when these are calculated with~ values set to zero for all minerals • 

This observation requires that the source region(s) from which the 
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lavas are derived is enriched in incompatible elements relative to the 

source(s) for magmas close to the propagating rift tip. This effect is 

most simply attributed to an effect of the nearby Galapagos hotspot and 

has been documented in a regional sense by Schilling et al. (1982)(see 

section 1.4.4). The KllD and Kl2B sources are not, however, equivalent 

to the depleted (MORB) and enriched (plume) sources postulated by 

Schilling et al. (1982)~the incompatible element effect observed here 

seems to be present for both sources. Perhaps the simplest (but not the 

only) explanation for these observations appears to be that, relative 

to KllD, the Kl2B source represents higher degrees of melting, at 

greater depth, of a source which is compositionally uniform in a 

vertical sense at any given place, but which is increasingly "enriched" 

with increasing proximity to the hotspot. 

In terms of this simple explanation, the first magmas form beneath 

the propagating rift tip at shallow depths by relatively low degrees of 

melting. Melting may be initiated by pressure release as the overlying 

lithosphere cracks. As the melting anomaly enlarges, magmas may 

separate from greater depth, and degree of melting may increase, with 

deeper, higher degree melts being favored as the rift matures. It is 

important to note, however, that even the deepest propagating rift 

source (14 kb) is shallow relative to parts of the normal ridge (15-20 

kb), but for the deeper (Kl2B) sources, melt percentage is higher. 

Higher melt pecentages and shallow separation depths may be compatible 

with the presence of an anomalous (for its intermediate spreading rate) 

axial high on the mature propagating rift. This high can be explained 

by an increased thermal and magmatic flux at the rift axis as a result 

of the proximity of the hotspot. Superimposed on these variations in 



• 
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depth and degree of melting is a progressive increase in incompatible 

element abundances. This increase reflects an increasing "plume" or 

hotspot component in the source, perhaps reflecting an increasingly 

veined mantle • 

5.4 THE NORMAL RIFT 

e Lavas from the normal rift have undergone limited crystal 

• 

• 

• 

• 

• 

• 

• 

fractionation and few have reached clinopyroxene saturation. They do, 

however, span a broad range across the di-ol-Q projection reflecting 

their derivation from a wide range of parental magmas, formed at 

pressures ranging from 10 to 20 kb. Their distribution is consistent 

with derivation by olivine (+ plagioclase) fractionation along parallel 

liquid paths from such a range of primary magmas. There is little 

evidence of magma mixing. These observations are not consistent with 

derivation of all these lavas from a single large magma chamber; mixing 

in such a chamber would necessarily obscure the depth relationships. 

Normal rift samples are, however, widely distributed in space and time, 

and a more detailed analysis of this problem may yield useful 

information on minimum size (length of ridge) and longevity of magma 

chambers beneath this portion of the ridge • 
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APPENDIX A 

COMPARISON OF GRAVIMETRIC AND MASS SPECTROMETRIC 
VOLATILE ANALYSES OF NATURAL GLASSES 

Sample No. Kll-49G Kll-78G Kl7-1G Kl7-9G Kl8-22g Kl8-21G 
Group KllD KllD Kl7C Kl7C Kl8B Kl8B 
Method G M G M G M 

a. H
2
o 0.25 0.09 0.21 0.09 0.33 0.26 

b. H 0-2 0.05 0.05 0.02 

c. co
2 0.20 0.20 0.20 0.08 0.31 0.08 

d. so2 0.20 0.12 0.22 0.14 0.32 0.24 

TOTALS: 

a+c+d 0.65 0.41 0.63 0.31 0.96 0.58 

a+c 0.45 0.29 0.41 0.17 0.64 0.34 

mg# 67 67 65 66 54 53 

G - Gravimetric analysis (Sulfur by XRF). Data of this study. 
M - Mass spectrometric analysis (Byers et al., 1984). 

NOTES: 
1. XRF sulfur values are uniformly higher than mass-spectrometric 
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~~luesA2o- is not determined by mass spectrometry and is therefore not 
included in the totals. 
3. . Total ~olatiles by.mass.spectrometry.are Yirvtclose to gravunetric tt2o T cu2 , unp1ying tfiat ~o 2 is co ec ea during 
gravimetric analysis (see Section 1.5.2). The so2 appears to be 
distributed between the H20 and co2 collecting tubes • 
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APPENDIX B 

• MICROPROBE ANALYSES OF NATURAL GLASSES 

B .1 PROPAGATING RIFT GLASSES:KANA KEOKI 1979. (SMITHSONIAN 
INSTITUTION MICROPROBE, T. O'HEARN, ANALYST) 

Si02 Ti02 Al203 FeO* MgO Cao Na20 K20 P205 • K4A 
4-13 51.02 1.50 14.13 11.99 06.68 11.28 2.44 0.18 0 .15 
4-7 50.90 1.43 14.29 11.62 06.87 11.39 2.37 0.17 0.14 
4-lOT 50.73 1.51 13.94 11.64 07.13 12.01 2.49 0.23 0 .15 

K4C • 4-2T 50.88 1.29 14.66 10.81 07.46 12.14 2.34 0.10 0.13 
4-4 51.08 1.29 14.75 10.75 07.41 12.07 2.35 0.12 0.11 
4-6 50.91 1.28 14.55 10.85 07.38 12.13 2.26 0.11 0.13 
4-9 50.68 1.28 14.60 10.82 07.35 12.10 2.35 0.11 0.13 
4-8 51.14 1.27 14.55 10.62 07.51 12.06 2.34 0.12 0.12 
4-5 50.54 1.26 14.50 10.81 07.46 12.04 2.31 0.11 0.10 • 4-12 50.69 1.26 14.57 10.74 07.45 12.13 2.28 0.12 0.11 

K4D 
4-11 50.96 1.16 14.80 10.54 07.72 12.12 2.31 0.10 0.10 
4-lT 50.96 1.20 14.73 10.50 07.58 12.26 2.29 0.14 0.11 

KllD 
11-87 49.83 0.86 15.76 08.92 09.42 12.78 1.93 0.06 0.08 • 11-36 50.14 0.87 15.73 08.87 09.42 12.59 1.88 0.07 0.11 
11-12 50.09 0.87 15.63 08.84 09.46 12.70 1.84 0.06 0.10 
11-50 49.83 0.88 15.80 08.83 09.22 12.88 1.88 0.08 0.09 
11-32 50.00 0.88 15.49 08.76 09.36 12.45 1.90 0.07 0 .12 
11-14 49.82 0.88 15.63 08.77 09.41 12.59 1.79 0.07 0.10 
11-86 50 .51 0.88 15.66 08.89 09.46 12.71 1.88 0.08 0.09 • 11-51 50.11 0.88 15.83 08.81 09.48 12.80 1.85 0.07 0.08 
11-88 50.43 0.88 15.51 08.96 09.28 12.69 1.86 0.05 0.08 
11-38 50.06 0.89 15.66 08.85 09.54 12.76 1.87 0.07 0.10 
11-68 50.60 0.89 15.70 08.91 09.50 12.83 1.86 0.06 0.10 
11-64 50.05 0.89 15.52 08.85 09.48 12.66 1.80 0.06 0 .12 

• 11-60 49.62 0.89 15.42 08.76 09.48 12.56 1.85 0.07 0.10 
11-29 50.03 0.90 15.40 08.81 09.47 12.71 1.90 0.06 0.12 
11-16 50.30 0.90 15.80 08.77 09.37 12.89 1.84 0.07 0.12 
11-21 50.24 0.90 15.72 08.86 09.67 12.79 1.89 0 .10 0.14 
11-53 50.51 0.90 15.56 08.82 09.44 12.63 1.84 0.08 0.10 
11-76 50.23 0.90 15.81 08.88 09.45 12.70 1.93 0.07 0.09 

• 

• 

• 
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Si02 Ti02 Al203 FeO* MgO Cao Na20 K20 P205 

• KllD (cont.) 
11-28 50.40 0.90 15.74 08.89 09.37 12.59 1.89 0.09 0.09 
11-91 50.52 0.90 15.67 08.82 09.42 12.96 1.81 0.06 0.10 
11-15 50.69 0.90 15.75 08.90 09.62 12.95 1.85 0.06 0.10 
11-33 49.85 0.90 15.76 08.90 09.25 12.46 1.81 0.06 0.11 
11-67 50.20 0.90 15.71 08.78 09.37 12.70 1.82 0.08 0.09 • 11-22 50.72 0.90 15.71 08.79 09.51 12.86 1.88 0.07 0.11 
11-75 50.20 0.90 15.90 08.94 09.35 12.69 1.93 0.08 0.10 
11-43 50.20 0.90 15.84 08.84 09.46 12.67 1.82 0.06 0.11 
11-65 49.92 0.91 15.60 08.86 09.27 12.62 1.83 0.07 0.09 
11-54 50 .14 0.91 15.83 08.85 09.48 12.58 1.86 0.07 0.10 
ll-49T 50.03 0.91 15.70 08.80 09.37 12.83 1.83 0.08 0.09 • 11-44 50.08 0.91 15.87 08.92 09.32 12.83 1.83 0.05 0.10 
11-99 50.41 0.91 15.82 08.85 09.46 12.91 1.79 0.06 0.08 
11-39 50.39 0.91 15.99 08.94 09.45 12.81 1.87 0.07 0.10 
11-71 50.44 0.91 15.73 08.94 09.30 12.86 1.89 0.07 0.12 
11-59 49.78 0.91 15.57 08.80 09.58 12.78 1.82 0.06 0.09 

• 11-3 50.44 0.91 15.70 09.05 09.32 12.79 1.85 0.07 0.08 
11-6 50.55 0.92 15.65 08.85 09.49 12.83 1.80 0.08 0.09 
11-48 50.62 0.92 15.84 08.85 09.45 12.71 1.90 0.08 0.10 
11-35 50.02 0.92 15.61 08.78 09.43 12.86 1.86 0.07 0 .10 
11-62 50.04 0.92 15.50 08.85 09.42 12.64 1.82 0.08 0.09 
11-57 49.86 0.92 15.60 08.76 09.62 12.87 1.80 0.07 0.08 

• 11-27 50.40 0.92 15.52 08.81 09.38 13.04 1.82 0.09 0.11 
11-97 49.93 0.92 15.56 08.78 09.66 12.79 1.83 0.07 0.10 
11-30 50.28 0.92 15.52 08.93 09.21 12.71 1.93 0.08 0.11 
11-34 49.70 0.92 15.70 08.94 09.29 12.62 1.90 0.07 0.11 
11-20 50.34 0.92 15.87 08.84 09.54 12.86 1.83 0.08 0.08 
11-85 50.26 0.92 15.60 08.73 09.31 12.89 1.80 0.07 0.07 

• 11-45 50.07 0.92 15.77 08.87 09.47 12.56 1.83 0.08 0.10 
11-58 50.11 0.92 15.49 08.87 09.28 12.76 1.84 0.08 0.10 
11-63 50.35 0.92 15.49 08.84 09.34 12.88 1.83 0.07 0.08 
11-5 50.41 0.93 15.41 08.83 09.34 12.75 1.89 0.08 0.08 
11-11 50.50 0.93 15.38 08.93 09.34 12.59 1.86 0.06 0.09 
11-78 50.26 0.93 15.74 08.98 09.48 12.76 1.93 0.08 0.10 

• 11-46 50.22 0.93 15.69 08.88 09.49 12.72 1.83 0.07 0.10 
11-55 50.25 0.94 15.66 08.86 09.32 12.78 1.89 0.08 0.09 
11-61 49.78 0.94 15.47 08.85 09.38 12.69 1.85 0.08 0.10 
11-25 50.71 0.94 15.46 08.82 09.56 13.06 1.87 0.07 0.10 
11-47 50.38 0.94 15.84 08.84 09.48 12.83 . 1.82 0.07 0.10 
11-23 50.54 0.94 15.51 08.74 09.59 12.83 1.88 0.07 0.11 

• 11-73 50.15 0.96 15.67 08.96 09.34 12.76 1.86 0.08 0.12 
11-40 49.98 0.97 15.86 08.93 09.19 12.83 1.88 0.07 0.09 
11-26 51.03 0.98 15.42 08.78 09.58 13.06 1.86 0.07 0.10 

• 

• 
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Si02 Ti02 Al203 FeO* MgO Cao Na20 K20 P20S 

• KllB 
11-2 S0.70 0.91 15.80 08.90 09.08 12.64 1.84 0.07 0.09 
11-96 50.09 0.92 15.63 08.81 09.00 12.82 1.89 0.07 0.11 
11-92 50.24 0.94 lS.71 08.7S 08.S5 13.27 1.81 0.05 0.08 
11-93 50.48 0.9S 1S.S3 08.74 08.61 13.41 1.74 0.07 0.06 

• 11-1 T 49.96 0.95 15.92 08.86 08.82 12.78 1.92 0.06 0.09 
KllE 

11-24 50.81 0.95 15.61 08.64 09.71 13.29 1.84 0.08 0.09 
KllC 

11-69 S0.27 1.01 1S.S9 09.26 09.17 12.62 1.94 0.08 0.11 
11-98 so .13 1.02 lS.lS 09.27 09.06 12.40 1.96 0.06 0.09 
11-31 S0.48 1.02 lS.22 09.42 09.24 12.2S 1.99 0.08 0.11 • 11-77 50.14 1.03 15.29 09.38 09.25 12.24 2.02 0.09 0.13 
11-52 50.37 1.04 15.43 09.18 09.01 12.52 1.95 0.08 0.10 
11-66 50.41 1.04 15.28 09.28 09.26 12.31 1.93 0.08 0.09 
11-9 49.99 1.04 15.42 09.48 09.32 12.36 2.02 0.07 0.11 
11-70 S0.41 1.04 lS.42 09.48 09.19 12.44 1.98 0.08 0.11 

• 11-13T S0.23 l.OS 15.46 09.36 09.24 12.19 1.97 0.07 0.09 
11-42 50.20 1.07 15.40 09.37 09.32 12.43 1.96 0.09 0.10 
11-37 50.25 1.08 15.29 09.32 09.13 12.50 1.95 0.08 0.09 
11-18 50.89 1.08 lS.44 09.31 09.02 12.66 1.97 0.09 0.11 
11-74 SO.SS 1.08 lS.42 09.40 09.06 12.31 2.00 0.10 0.10 
11-84 S0.26 1.09 1S.3S 09.34 09.16 12.40 2.04 0.10 0 .12 

• 11-4 50.66 1.11 15.30 09.36 09.24 12.27 1.93 0.09 0.10 
Kl2E 

12-33 49.88 1.02 15.41 09.23 08.62 12.06 2.20 0.07 0 .12 
K12B 

12-2 49.76 0.94 1S.S7 10.14 08.86 11.80 2.19 0.06 0.09 
12-12 49. 7S 0.96 1S.S4 09.93 08.41 12.0S 2.19 o.os 0.08 

• 12-40 50.0S 0.97 lS.80 10.13 08.73 11.93 2.19 0.07 0.11 
12-45 50.02 0.98 15.86 10.17 08.70 12.13 2.24 0.07 0.10 
12-28 49.71 0.99 15.53 09.95 08.76 11.96 2.20 0.06 0.13 
12-51 49.94 0.99 lS.71 10.00 08.72 12.24 2.22 0.07 0.10 
12-38 49.80 0.99 lS.46 10.0S 08.S9 11.94 2.16 0.07 0.10 
12-37 49.93 1.00 lS.70 10.04 08.S8 12.03 2.16 0.05 0 .12 

• 12-39 49.90 1.00 lS.94 10.06 08.65 12.16 2.20 0.04 0.10 
12-66 49.46 1.00 15.44 10.10 08.80 11.82 2.21 0.07 0.10 
12-13 S0.27 1.00 lS.75 10.11 08.83 12.05 2.20 0.06 0.10 
12-11 49.86 1.00 15.SO 09.96 08.6S 11.88 2.16 0.07 0.10 
12-S4 S0.84 1.01 16.07 10.07 08.lS 12.S2 2.2S 0.06 0.09 
12-66 49.77 1.01 lS.69 10.14 08.68 11.89 2.24 0.07 0.08 

• 12-46 49.66 1.01 15.75 10.15 08.94 12.00 2.23 0.09 0.10 
12-36 50.47 1.01 15.53 10.13 08.72 12.15 2.12 0.06 0.11 
12-42 49.89 1.02 15.63 10.05 08.44 12.19 2.17 0.05 0 .12 
12-16 49.61 1.02 lS.51 10.06 08.S7 12.01 2.22 0.08 0.10 
12-60 S0.08 1.02 lS.70 10.12 08.64 12.01 2.26 0.07 0.09 
12-lS 49.87 1.02 1S.S4 09.98 08.S7 11.98 2.21 0.06 0.09 

• 

• 
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Si02 Ti02 Al203 FeO* MgO Cao Na20 K20 P205 

• Kl2B (cont.) 
12-4 S0.26 1.02 lS.71 10.01 08.S8 12.09 2.13 o.os 0.09 
12-44 so.so 1.02 15.60 10.02 08.74 12.21 2.lS 0.06 0.11 
12-32T 49.56 1.02 15.59 10.04 08.79 12.05 2.20 0.06 0.09 
12-35 50 .15 1.02 15.59 10.16 08.65 12.00 2.20 o.os 0.12 

• 12-63 49.67 1.03 15.7S 10.11 08.81 12.07 2.23 0.06 0.10 
12-59 49.72 1.03 15.74 10.11 08.71 12.07 2.21 0.06 0.10 
12-30 49.64 1.03 lS.64 10.01 08.80 12.06 2.19 0.06 0.11 
12-61 50.14 1.03 1S.S4 10.06 08.68 12.00 2.16 0.06 0.10 
12-27 49.51 1.03 15.68 10.08 08.79 11.96 2.19 0.06 0.11 
12-25 49.93 1.03 15.46 10.10 08.70 11.89 2.23 0.06 0 .12 

• 12-26 49.91 1.04 15.84 09.98 08.46 12.03 2.21 0.06 0.11 
Kl2D 

12-142 S0.83 1.00 15.42 09.S3 08.42 12.87 1.98 0.07 0.09 
12-86 S0.12 1.00 lS.SO 09.30 08.37 12.S6 2.03 0.06 0 .12 
12-90 50.63 1.00 15.28 09.36 08.52 12.59 2.06 0.04 0.11 
12-145 50.82 1.00 15.68 09.50 08.49 12.68 1.96 0.07 0.09 

• 12-121 50.28 1.01 15.48 09.50 08.34 12.58 2.05 0.06 0.10 
12-81 50.34 1.02 15.24 09.32 08.48 12.60 1.99 0.06 0.10 
12-83 S0.02 1.02 lS.46 09.32 08.SO 12.S4 2.02 0.05 0.12 
12-123 50.82 1.02 lS.75 09.S3 08.47 12.74 2.08 0.06 0 .10 
12-87 49.94 1.02 15.44 09.32 08.30 12.39 2.02 0.06 0.12 
12-153T 50.57 1.02 15.43 09.33 08.40 12.79 1.96 0.07 0.09 

• 12-84 50.00 1.02 lS.43 09.2S 08.30 12.52 2.00 0.06 0.10 
12-130 50.76 1.02 lS.Sl 09.48 08.43 12.61 2.01 0.06 0.08 
12-74 49.65 1.03 lS.38 09.38 08.29 12.SO 1.97 0.06 0.16 
12-96 S0.57 1.03 15.47 09.42 08.43 12.69 2.01 0.04 0 .12 
12-80 50.36 1.03 15.33 09.51 08.43 12.70 1.98 0.06 0.09 
12-139 50.84 1.03 15.27 09.47 08.30 12.58 1.97 0.04 0.10 

• 12-93 50.67 1.03 15.49 09.37 08.53 12.S2 2.02 0.04 0 .12 
12-9S 50.46 1.04 lS.34 09.28 08.49 12.64 2.03 0.04 0.12 
12-102 50.S7 1.04 15.SS 09.43 08.44 12.67 2.03 o.os 0.11 
12-128 51 .10 1.04 lS.72 09.55 08.51 12.79 2.04 0.06 0.09 
12-98 50.32 1.04 15.42 09.40 08.38 12.62 1.98 0.04 0.09 
12-120 50.6S 1.04 15.69 09.47 08.42 12.53 2.05 0.07 0.10 

• 12-lSl S0.77 1.0S lS.SO 09.39 08.37 12.90 1.97 0.06 0.08 
12-104 S0.86 1.0S lS.65 09.S5 08.44 12.72 2.00 0.05 0.11 
12-69 51.32 1.0S lS.56 09.50 08.40 12.86 2.01 0.05 0.13 
12-67 50.94 1.05 15.13 09.61 08.25 12.74 2.06 0.06 0.11 
12-140 50.15 1.05 15.42 09.37 08.47 12.63 2.03 0.05 0.12 
12-141 50.09 1.05 15.30 09.42 08.43 12.63 2.04 0.04 0.11 

• 12-112 S0.6S 1.06 lS.44 09.SO 08.3S 12.66 2.02 0.06 0.09 
12-101 so.so 1.06 15.53 09.S7 08.41 12.62 1.99 o.os 0.12 
12-85 50.26 1.06 15.29 09.36 08.47 12.75 1.99 o.os 0.12 
12-119 50.64 1.06 15.32 09.63 08.24 12.76 2.06 0.07 0 .10 

• 
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Si02 Ti02 Al203 FeO* MgO Cao Na20 K20 P205 

• Kl2C 
12-156 50.70 1.09 15.60 09.42 08.05 12.67 2.06 0.06 0 .12 
12-137 50.80 1.10 15.20 09.54 08.03 12.47 2.13 0.06 0.12 
12-134 50.66 1.10 15.37 09.45 08.37 12.71 2.05 0.06 0 .10 
12-115 50.70 1.11 15.26 09.47 08.00 12.66 2.10 0.08 0.10 

• 12-110 50.79 1.12 15.30 09.53 08.03 12.48 2.08 0.08 0.13 
12-71 50.00 1.12 15.36 09.44 07.94 12.43 2.09 0 .10 0.13 
12-150 50.88 1.12 15.45 09.40 08.24 12.66 2.08 0.08 0.10 
12-73 50.49 1.12 15.10 09.40 07.94 12.43 2.07 0.08 0.13 
12-70 50.20 1.13 15.21 09.56 08.02 12.48 2.07 0.08 0 .12 
12-92 50.85 1.13 15.36 09.44 08.08 12.50 2.10 0.07 0 .10 

• 12-97 50 .18 1.13 15.32 09.34 08.06 12.36 2.08 0.06 0 .12 
12-77 50 .13 1.13 15.17 09.45 08.05 12.50 2.08 0.06 0.13 
12-76 50 .19 1.14 15.17 09.49 08.14 12.59 2.10 0.07 0.13 
12-88 S0.01 1.14 15.02 09.51 07.90 12.37 2.12 0.08 0.11 
12-127 50.86 1.14 15.26 09.66 08.04 12.73 2.12 0.07 0.11 
12-82 S0.39 1.14 lS.12 09.42 07.98 12.39 2.09 0.07 0 .12 

• 12-100 50.90 1.14 15.43 09.53 07.93 12.49 2.11 0.06 0.12 
12-106 50.39 1.14 15.43 09.58 08.17 12.44 2.12 0.06 0.10 
12-129 50.97 1.14 15.24 09.59 08.00 12.51 2.15 0.08 0.11 
12-146 so.so 1.lS lS.40 09.47 08.lS 12.60 2.10 0.08 0.10 
12-118T SO .84 1.lS lS.39 09.54 07.97 12.56 2.11 0.09 0 .12 
12-103 Sl.06 1.lS lS.33 09.69 08.01 12.64 2.13 0.01 0.11 

• 12-72 50.60 1.15 15.33 09.48 08.03 12.43 2.09 0.08 0 .12 
12-126 50.76 1.15 15.31 09.56 08.14 12.54 2.13 0.08 0.12 
12-124 50.81 1.16 15.14 09.76 07.94 12.63 2.13 0.08 0.09 
12-7S S0.19 1.16 15.28 09.44 07.97 12.44 2.04 0.08 0.13 
12-143 S0.60 1.16 lS.64 09.S7 08.26 12.67 2.09 0 .10 0.08 
12-144 50.80 1.16 15.39 09.47 08.20 12.69 2.09 0.10 0.08 

• 12-107 50. 78 1.16 15.60 09.47 07.94 12.41 2.09 0.06 0.11 
12-116 50.63 1.16 15.26 09.60 08.05 12.30 2.11 0.08 0.11 
12-114 51.09 1.16 15.21 09.53 08.08 12.58 2.10 0.07 0.11 
12-12S 51.33 1.16 lS.29 09.63 08.07 12.62 2.12 0.07 0.10 
12-94 S0.87 1.16 15.39 09.40 08.06 12.59 2.0S 0.06 0.12 
12-89 S0.52 1.16 15.25 09.39 08.01 12.49 2.10 0.06 0.14 

• 12-152 51.23 1.16 15.45 09.57 08.22 12.68 2.07 0.08 0 .10 
12-117 50.88 1.17 15.33 09.48 08.04 12.64 2.10 0.08 0.11 
12-155 50.47 1.17 14.86 09.83 08.14 12.54 2.08 0.08 0.11 
12-105 Sl .OS 1.17 14.92 09.84 07.96 12.61 2.12 0.07 0.11 
12-147 S0.68 1.17 15.31 09.46 08.17 12.69 2.08 0.09 0.11 
12-136 50.94 1.17 15.05 09.60 07.94 12.54 2.14 0.07 0.11 

• 12-138 50.67 1.17 15.29 09.51 08.02 12.49 2.12 0.06 0.12 
12-113 51.04 1.17 14.96 09.73 08.07 12.64 2.08 0.08 0.11 
12-99 50.87 1.18 15.22 09.52 08.09 12.54 2.09 0.08 0.13 
12-154 S0.60 1.18 15.11 09.65 08.11 12.67 2.10 0.01 0 .12 
12-133 50.56 1.18 lS.07 09.69 07.91 12.53 2.08 0.07 0 .12 
12-108 50.96 1.19 15.36 09.64 08.00 12.54 2.08 0.06 0 .10 

• 12-135 51.03 1.19 15.02 09.70 07.82 12.70 2.06 0.07 0.10 
12-132 50.65 1.20 15.25 09.61 08.04 12.47 2.09 0.06 0.11 
12-122 Sl.33 1.20 15.14 09.84 08.03 12.45 2.14 0.10 0.10 
12-79 S0.71 1.21 15.36 09.59 08.04 12.54 2.11 0.08 0.11 

• 



• 196 

Si02 Ti02 Al203 FeO* MgO Cao Na20 K20 P205 

• Kl2A 
12-3 50.76 1.81 13.74 12.84 06.15 10.71 2.44 0.17 0.17 
12-8 T 50.76 1.84 13.70 12.96 06.12 10.64 2.42 0.16 0 .18 
12-1 50.95 1.85 13.53 12.86 06.24 10.72 2.46 0.18 0 .18 
12-10 50.97 1.85 13.66 13.03 06.13 10.72 2.48 0.16 0 .18 

• 12-7 50.76 1.86 13.74 12.77 06.13 10.74 2.42 0 .15 0.17 
12-53 50.73 1.88 . 13.73 13.03 06.10 10.80 2.49 0.18 0.20 
12-5 50.82 1.90 13.88 12.88 06.19 10.75 2.39 0.17 0.18 
12-35 50.97 1.90 13.69 12.73 06.13 10.80 2.41 0.20 0.20 
12-55 51.94 1.91 13.75 13.00 06.27 10.89 2.51 0.19 0.21 
12-48 51.19 1.91 13.94 12.97 06.11 10.85 2.44 0.20 0.19 

• 12-65 51.18 1.91 13.71 13.07 06.25 10.78 2.46 0.17 0.17 
12-111 50.70 1.92 13.71 13.00 06.14 10.73 2.45 0.20 0.21 
12-56 51.71 1.92 13.75 12.87 06.26 10.97 2.45 0.18 0.19 
12-47 50.46 1.92 13.70 12.99 06.11 10.68 2.50 0.19 0.17 
12-20 50.85 1.92 13.65 12.80 06.22 10.83 2.45 0.19 0.22 
12-31 50.66 1.92 13.57 12.83 06.07 10.66 2.47 0.18 0.20 

• 12-6 51.34 1.93 13.78 13.05 06.06 10.80 2.46 0.18 0.20 
12-57 50.77 1.93 13.53 12.98 06.14 10.73 2.43 0.19 0.16 
12-17 51.25 1.93 13.57 13.15 06.28 10.96 2.32 0.19 0.20 
12-23 51.24 1.94 13.73 12.87 06.14 10.76 2.49 0.19 0.20 
12-29 51.19 1.94 13.50 12.90 06.05 10.67 2.37 0.20 0.20 
12-22 50.97 1.95 13.71 12.82 06.19 10.76 2.44 0.19 0.18 

• 12-21 51.00 1.96 13.57 12.70 06.14 10.98 2.39 0.20 0.18 
12-50 51.67 1.96 13.75 13.09 06.19 10.91 2.48 0.21 0.19 
12-19 50.60 1.96 13.52 12.93 06.20 10.73 2.49 0.21 0.21 
12-41 51.14 1.97 13.86 13.08 06.20 10.97 2.40 0.19 0.21 
12-62 51.08 1.97 13.85 12.93 06.27 10.79 2.46 0.19 0.18 
12-18 51.07 1.97 13.47 12.90 06.17 10.80 2.45 0.21 0.18 

• 12-58 51.50 1.98 13.86 13.26 06.36 11.06 2.28 0.19 0.17 
12-43 51.40 2.00 13.97 13.12 06.27 10.90 2.48 0.20 0.22 

Kl4 
14-3 T 51.21 1.76 13.48 12.88 06.19 10.86 2.50 0.17 0.17 
14-5 51.04 1.77 13.54 12.88 06.12 10.87 2.52 0.16 0.18 
14-6 51.05 1.78 13.42 12.93 06.21 10.88 2.50 0.16 0.18 

• 14-2 50.95 1.79 13.58 12.80 06.19 10.92 2.51 0 .15 0.17 
14-1 so. 78 1.80 13.53 12.85 06.20 10.91 2.51 0.17 0.19 
14-10 51.08 1.82 13.60 12.80 06.13 10.93 2.48 0 .15 0.17 

Kl SB 
15-5 50.61 1.72 14.25 11.84 06.94 11.24 2.27 0.14 0.17 
15-3 T 50.61 1.75 14.34 11.76 06.85 11.42 2.29 0.14 0.16 

• 15-6 50.48 1.77 14.24 11.77 06.91 11.38 2.32 0.13 0.17 
15-4 50.67 1.79 14.12 11.90 06.81 11.33 2.30 0.14 0 .19 

Kl SA 
15-1 50.96 1.83 13.77 12.05 06.52 11.24 2.35 0.14 0.17 
15-2 T 50.80 1.86 13.86 12.01 06.61 11.30 2.33 0.15 0.20 

• 

• 



• 
197 

Si02 Ti02 Al203 FeO* MgO Cao Na20 K20 P205 

• Kl8C 
18-19 50.31 1.72 13.85 12.29 06.79 10.83 2.42 0.17 0.17 
18-13 50.60 1.72 13.75 12.40 06.93 10.89 2.38 0.17 0.14 
18-11 50.90 1.73 13.70 12.40 06.81 10.82 2.34 0.16 0.14 
18-20 50.50 1.74 13.75 12.32 06.88 10.85 2.36 0.16 0.18 

• 18-14 50.30 1.74 13.80 12.34 06.91 10.85 2.33 0.14 0 .15 
18-9 51.00 1.77 13.90 12.33 07.01 10.79 2.40 0.17 0.16 
18-8 50.87 1.78 14.04 12.31 07.02 10.80 2.39 0.16 0.17 
18-5 50.67 1.78 14.01 12.30 06.99 10.89 2.38 0.15 0.19 
18-15 50.75 1.79 13.59 12.35 06.92 10.83 2.37 0.16 0.18 
18-16 50.31 1.79 13.88 12.32 06.82 10.80 2.39 0.16 0.16 

• 18-10 50.79 1.79 14.00 12.27 06.95 10.87 2.42 0.16 0.16 
18-7 50.66 1.79 13.94 12.32 06.97 10.87 2.38 0.16 0.18 
18-12 50.65 1.79 13.96 12.32 06.98 10.83 2.35 0.16 0.16 
18-4 50.52 1.80 14.01 12.32 06.91 10.75 2.39 0.14 0.16 
18-17 50.63 1.80 13.94 12.36 06.87 10.78 2.34 0.16 0 .18 
18-1 50.65 1.80 13.87 12.33 06.94 10.75 2.37 0.16 0.17 

• 18-18 50.44 1.81 13.80 12.38 06.83 10.79 2.39 0 .15 0.17 
18-2 T 50.76 1.81 13.95 12.32 06.87 10.96 2.33 0.16 0.17 
18-24 50.67 1.81 13.92 12.39 06.90 10.85 2.40 0.15 0.17 

Kl8B 
18-23 50.65 1.74 14.10 12.38 07.10 10.61 2.38 0.17 0.18 
18-21T 50.72 1.76 13.93 12.43 07.08 10.75 2.33 0.17 0.17 

• 18-22 50.66 1.85 14.00 12.43 07.12 10.80 2.41 0 .19 0.18 
K18A 

18-3 T 50.47 1.82 13.92 12.27 06.59 11.00 2.35 0.16 0.16 
18-6 50.36 1.85 14.03 12.24 06.60 10.95 2.41 0.15 0.18 

• 

• 

• 

• 

• 



198 

B.2 NORMAL RIFT GLASSES:KANA KEOKI 1979. (SMITHSONIAN INSTITUTION 

• MICROPROBE, T • O'HEARN, ANALYST) 

Si02 Ti02 A1203 FeO* MgO Cao Na20 K20 P205 

Kl OB 
10-29 48.50 0.81 17.63 08.96 09.00 12.49 2.07 0.05 0.07 

• 10-35 48.55 0.81 17.36 08.99 09.59 12.40 2.05 0.04 0.07 
10-25 48.81 0.81 17.52 09.02 09.17 12.69 2.14 0.04 0.10 
10-23 48.87 0.81 17.58 09.04 09.40 12.57 2.04 0.03 0.09 
10-22 49.08 0.81 17.74 09.07 09.29 12.54 2.11 0.04 0.09 
10-4 48.78 0.82 17.57 08.97 08.99 12.68 2.10 0.04 0.06 
10-36 48.40 0.82 17.41 09.07 09.42 12.30 2.06 0.04 0.07 

• 10-30T 48.23 0.83 17.48 08.95 09.24 12.34 2.08 0.04 0.01 
10-33 48.24 0.83 17.35 09.01 09.44 12.29 2.02 0.04 0.08 
10-17 49.12 0.83 17.86 09.09 09.37 12.51 2.09 0.05 0.09 
10-10 48.88 0.84 17.51 09.07 09.09 12.69 2.05 0.04 0.08 
10-24 48.74 0.84 17.31 08.97 09.50 12.53 2.06 0.03 0.08 
10-2 48.37 0.84 17.45 08.98 09.19 12.62 2.07 0.04 0.06 

• 10-7 48.61 0.84 17.66 09.09 09.11 12.69 2.11 0.04 0.08 
10-8 48.46 0.84 17.72 09.06 08.98 12.67 2.08 0.04 0.06 
10-20 48.96 0.85 17.73 09.10 09.33 12.51 2.10 0.05 0.09 
10-15 48.94 0.85 17.83 09.14 09.04 12.53 2.12 0.04 0.06 
10-5 48.05 0.86 17.52 08.92 08.98 12.62 2.07 0.04 0.08 
10-3 48.14 0.86 17.50 08.99 09.00 12.58 2.09 0.05 0.06 

• 10-1 48.47 0.86 17.95 09.17 09.02 12.62 2.15 0.04 0.07 
10-9 48.23 0.87 17.56 09.11 09.12 12.51 2.07 0.04 0.08 
10-19 48.97 0.87 17.53 09.02 08.90 12.74 2.12 0.04 0.07 
10-31 48.66 0.87 17.14 09.10 09.20 12.38 2.06 0.04 0.08 
10-16 49.48 0.87 17.07 09.28 08.96 12.65 2.11 0.05 0.08 
10-26 49.61 0.89 17.05 09.01 08.98 12.76 2.08 0.04 0.10 

• 10-6 49.21 0.90 17.05 08.97 08.98 12.76 2.03 0.04 0.09 
10-11 49.19 0.91 16.99 09.03 08.77 12.69 2.07 0.04 0.11 
10-12 49.30 0.92 17.05 09.04 08.80 12.77 2.04 0.04 0.07 
10-14 49.26 0.93 17.20 09.13 08.82 12.56 2.08 0.04 0.08 

KlOA 
10-34T 48.06 0.99 17.33 09.49 08.99 12.02 2.35 0.05 0.07 

• 10-32 47.96 1.00 17.40 09.55 08.88 12.03 2.31 0.04 0.07 
10-13 48.40 1.02 17.43 09.54 09.20 12.38 2.31 0.04 0.09 

Kl6 
16-26 50.28 1.14 15.52 09.58 07.89 12.69 2.39 0.08 0.10 
16-36 50.42 1.14 15.58 09.66 08.04 12.82 2.49 0.09 0.10 
16-13 49.56 1.14 15.63 09.69 07.97 12.90 2.42 0.09 0.10 

• 16-35 49.96 1.14 15.58 09.71 08.00 12.75 2.44 0.08 0.09 
16-7 50.62 1.15 15.47 09.62 07.98 12.89 2.40 0.08 0.12 
16-39 50.22 1.15 15.86 09.67 08.17 12.81 2.44 0.09 0.09 
16-38T 49.99 1.16 15.83 09.56 08.20 12.79 2.46 0.10 0.09 
16-4 50.22 1.16 15.65 09.61 08.01 12.57 2.43 0.09 0.14 
16-10 49.88 1.16 15.70 09.58 08.04 12.68 2.46 0.08 0.12 

• 16-40 50.02 1.16 15.78 09.63 08.12 12.81 2.47 0.08 0.08 
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Si02 Ti02 A1203 FeO* MgO Cao Na20 K20 P205 

• Kl6 (cont.) 
16-12 50.02 1.17 15.70 09.66 08.03 12.68 2.47 0.09 0.11 
16-29 50.42 1.17 15.58 09.66 07.97 12.71 2.44 0.08 0.10 
16-34 50.11 1.17 15.44 09.57 08.01 12.87 2.38 0.10 0.11 
16-9 50.24 1.17 15.52 09.62 07.98 12.90 2.40 0.09 0.12 

• 16-33 50.00 1.17 15.59 09.57 08.02 12.82 2.43 0.09 0.08 
16-32 49.94 1.17 15.70 09.64 08.07 12.69 2.48 0.08 0.10 
16-2 49.61 1.18 15.60 09.65 08.06 12.71 2.40 0.08 0.14 
16-20 49.99 1.18 15.56 09.65 07.97 12.72 2.42 0.09 0 .10 
16-6 50.12 1.18 15.78 09.59 08.06 12.82 2.44 0.08 0.11 
16-31 49.58 1.18 15.64 09.60 07.94 12.70 2.43 0.07 0.10 

• 16-17 49.69 1.18 15.77 09.62 07.90 12.69 2.49 0.08 0.10 
16-1 49.69 1.18 15.62 09.67 08.09 12.52 2.52 0.09 0.12 
16-37 50 .51 1.18 15.62 09.60 08.17 12.96 2.41 0.09 0.09 
16-5 49.70 1.18 15.37 09.69 08.02 12.83 2.39 0.09 0.14 
16-22 50.31 1.18 15.51 09.64 07.97 12.79 2.43 0.08 0.10 
16-14 50.37 1.18 15.61 09.69 07.91 12.79 2.39 0.09 0.09 

• 16-28 49.83 1.18 15.67 09.50 07.92 12.67 2.46 0.09 0.11 
16-27 49.86 1.19 15.70 09.60 07.89 12.80 2.39 0.08 0.10 
16-19 49.97 1.19 15.41 09.65 07.84 12.96 2.41 0.08 0.10 
16-24 50.15 1.19 15.50 09.54 07.97 12.87 2.36 0.09 0.09 
16-11 49.74 1.20 15.61 09.68 07.97 12.70 2.44 0.08 0.10 
16-15 49.76 1.20 15.61 09.68 08.20 12.74 2.42 0.08 0.10 

• 16-23 50.15 1.20 15.63 09.45 07.93 12.76 2.41 0.10 0.09 
16-8 49.78 1.20 15.42 09.64 07.94 12.76 2.44 0.08 0.13 
16-3 50.11 1.23 15.53 09.67 08.08 12.73 2.49 0.09 0.12 
16-16 49.85 1.20 15.49 09.70 07.99 12.84 2.43 0.09 0 .10 
16-30 49.80 1.20 15.75 09.52 07.87 12.88 2.43 0.08 0.12 
16-25 49.97 1.21 15.53 09.58 07.96 12.83 2.41 0.11 0.09 

• 16-18 49.78 1.23 15.84 09.58 07.94 12.71 2.48 0.09 0.10 
16-21 49.66 1.23 15.59 09.80 07.87 12.81 2.56 0.08 0.09 

Kl7C 
17-4 49.46 0.84 16.06 09.19 09.90 11.99 2.12 0.04 0.07 
17-2 49.26 0.84 16.22 09.27 09.66 12.20 2.20 0.05 0 .10 
17-32 49.53 0.85 16.19 09.24 09.76 11.76 2.15 0.05 0.09 

• 17-5 50.31 0.85 16.23 09.27 10.23 12.30 2.22 0.05 0.09 
17-29 50.05 0.85 16.23 09.20 09.72 11.89 2.22 0.04 0.07 
17-3 49.77 0.85 15.86 09.28 09.92 12.07 2.16 0.05 0.09 
17-37 49.62 0.85 16.04 09.33 09.51 12.10 2.17 0.06 0.07 
17-38 49.47 0.85 16.17 09.34 09.56 12.01 2.16 0.03 0.09 
17-21 49.57 0.86 16.02 09.24 09.94 12.04 2.16 0.06 0.07 

• 17-14 49.59 0.86 16.12 09.19 09.72 11.96 2.18 0.04 0.07 
17-24 49.76 0.86 16.44 09.33 09.48 12.10 2.25 0.06 0.07 
17-1 T 49.68 0.86 16.38 09.34 09.34 12.15 2.20 0.04 0.08 
17-25 49.60 0.86 16.41 09.27 09.45 12.10 2.23 0.06 0.05 
17-26 49.81 0.86 16.42 09.40 09.81 11.91 2.20 0.05 0.09 
17-15 50.18 0.86 16.47 09.52 09.66 12.18 2.24 0.05 0.08 

• 

• 
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Si02 Ti02 A1203 FeO* MgO Cao Na20 K20 P205 

Kl7C (cont.) 
17-16 49.53 0.87 16.28 09.31 09.69 11.82 2.18 0.05 0.07 
17-41 49.58 0.87 16.24 09.17 09.52 12.00 2.16 0.05 0.08 
17-30 50 .15 0.87 16.50 09.35 09.34 12.20 2.22 0.06 0.08 
17-34 49.83 0.87 16.30 09.37 09.18 12.11 2.27 0.05 0.07 
17-40 49.62 0.87 16.28 09.33 09.44 12.21 2.20 0.04 0.07 
17-12 49.26 0.87 16.27 09.30 09.24 12.01 2.18 0.05 0.09 
17-11 49.48 0.88 15.90 09.15 09.62 11.95 2.17 0.06 0.08 
17-33 49.27 0.88 16.12 09.24 09.37 12.16 2.26 0.06 0.10 
17-20 50.31 0.88 16.30 09.41 09.92 12.17 2.21 0.06 0.08 
17-6 50.00 0.88 16.36 09.42 09.42 12.39 2.19 0.05 0.08 

• 17-10 49.14 0.89 16.02 09.15 09.58 12.02 2.10 0.05 0.07 
17-9 49.91 0.89 16.44 09.31 09.18 11.97 2.20 0.05 0.09 
17-43 49.80 0.90 16.02 09.24 09.20 12.21 2.14 0.07 0.08 
17-13 49.57 0.91 16.34 09.30 09.31 11.94 2.19 0.06 0.08 

Kl7B 
17-7 50.16 0.88 16.30 09.28 08.75 12.34 2.24 0.04 0.10 

• 17-28 49.44 0.89 16.83 09.18 08.83 12.22 2.30 0.05 0.07 
17-23 50.22 0.89 16.57 09.43 08.48 12.70 2.19 0.06 0.08 
17-12 49.30 0.90 16.09 09.49 08.86 12.34 2.05 0.04 0.09 
17-42T 49.73 0.90 16.48 09.22 08.99 12.22 2.21 0.05 0.07 
17-36 49.86 0.93 16.23 09.24 08.44 12.41 2.26 0.07 0.09 

Kl7A 
17-22 50.08 0.98 16.73 09.25 07.29 12.84 2.29 0.06 0.08 

K20/21 
20-lT 48.42 0.96 17.06 09.61 08.95 12.16 2.28 0.04 0.08 
21-2 48.41 0.93 16.98 09.58 09.04 12.03 2.27 0.05 0.10 
21-1 48.64 0.95 17.06 09.64 09.04 12.02 2.29 0.05 0.09 

K24 

• 24-3 50.04 1.23 15.56 09.94 08.46 11.80 2.29 0.12 0.12 
24-4 49.96 1.26 15.40 09.92 08.52 11.84 2.33 0.12 0.13 
24-5 T 49.96 1.26 15.40 09.86 08.47 11.92 2.28 0.11 0.13 
24-1 50.07 1.28 15.43 10.18 08.36 11.80 2.32 0.10 0.10 

K25 
25-2 T 50.45 1.13 15.51 09.68 08.28 12.14 2.10 0.17 0 .12 

• 25-1 50.28 1.17 15.61 09.66 08.48 12.07 2.10 0.15 0.12 
K26A 

26-1 T 49.97 1.12 16.44 10.52 08.05 11.86 2.22 0.13 0.11 
26-7 49.06 1.13 16.45 10.46 08.04 11.83 2.18 0.15 0.13 

K26B 
26-9 50.19 1.29 15.21 10.00 08.23 11.64 2.22 0.21 0.14 

• 26-3 51.06 1.32 15.25 09.91 08.26 11.72 2.24 0.19 0.14 
26-4 51.12 1.32 15.16 09.94 08.26 11.71 2.23 0.20 0.14 
26-5 T 50.68 1.33 15.20 10.00 08.24 11.59 2.30 0.21 0.13 

K26C 
26-6 50.34 1.31 15.34 10.00 07.98 11.91 2.16 0.20 0.14 
26-lOT 50.61 1.32 15.31 10.04 07.98 11.74 2.23 0.21 0.13 

K26D 
26-2 50.84 1.37 15.56 09.98 08.02 11.90 2.26 0.21 0.15 
26-8 T 50.65 1.38 15.55 09.96 07.91 11.61 2.34 0.21 0.13 
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B.3 PROPAGATING RIFT GLASSES:R/V SONNE 1981,1982.(HIG 

• MICROPROBE, D.M CHRISTIE, ANALYST) 

Si02 Ti02 A1203 FeO* MgO cao Na20 K20 P205 

S012 
143D-l 50.23 1.58 14.63 11.07 07.21 11.46 2.12 0.13 0.15 

• 143D-4 50.53 1.56 14.70 11.24 07 .35 11.49 2.09 0.14 0.16 
155D-1 50 .51 1.87 13.67 12.86 06.12 11.41 2.52 0.19 0.15 
1550-2 50.82 1.74 13.89 12.28 06.51 11.59 2.33 0.20 0.16 
155D-3 50.79 1.66 14.00 11.83 06.51 11.27 2.22 0 .19 0 .18 
155D-4 51.15 1.66 14.00 11.65 06.46 11.24 2.24 0.21 0.19 
157D-3 50.72 1.97 13.55 13.70 05.81 10.85 2.62 0.15 0.15 

• 159G-l 50.32 1.29 15.01 10.80 07.95 11.69 2.18 0.09 0.09 
159G-3 50.80 1.28 15.10 10.69 08.00 11.80 2.21 0.08 0.09 
162D-l 51.47 1.62 14.03 11.94 06.89 11.23 2.29 0.15 0.15 
162D-2 50.66 1.94 13.91 12.97 06.58 10.86 2.52 0.20 0.16 
162D-5 51.28 1.78 13.89 12.86 06.53 11.45 2.22 0.18 0 .12 
165D-1 52.10 1.00 15.13 09.19 08.20 12.82 2.05 0.09 0.08 

• S022 H8,31D 
H8-1 51.35 1.67 14.29 11.96 06.97 11.12 2.26 0.15 0.18 
H8-4 50.80 1.67 14.13 11.69 07.07 10.93 2.35 0.14 0.17 
H8-9 50.24 1.58 14.11 11.82 07.05 11.03 2.26 0.15 0.18 
H8-10 50.54 1.66 14.26 11.81 07.11 11.17 2.27 0.14 0.19 

8022 Hl ,320 

• Hl-1 51.64 1.62 13.69 12.08 06.50 11.01 2.38 0.10 0.15 
8022 H2,33D 

H2-l 50.75 1.45 14.98 10.96 07.37 11.72 2.17 0.14 0.16 
H2-2 50.55 1.37 14.78 10.75 07.35 11.72 2.16 0.13 0.16 

8022 H3,34D 
H3-l 50.53 1.67 13.98 12.35 06.87 11.03 2.35 0.20 0.16 

• H3-2 50.82 1.68 14.00 12.50 06.83 10.96 2.45 0.18 0.17 
8022 H4,35D 

H4-1 50.56 1.69 14.47 11.48 07.34 11.37 2.26 0.14 0.17 
H4-2 50.56 1.67 14.42 11.57 07.29 11.37 2.22 0.15 0.16 
H4-3 50.11 1.69 14.52 11.65 07.47 11.07 2.30 0.16 0.19 
H4-4 50.18 1.70 14.40 11.76 07.43 11.20 2.27 0.16 0.19 

• H4-5 50.92 1.66 14.48 11.73 07.32 11.20 2.31 0.14 0.16 
H4-6 50.35 1.68 14.66 11.73 07.45 11.27 2.31 0.14 0.18 

8022 H9,36D 
H9-l 50.27 1.72 13.98 11.93 07.17 11.06 2.28 0.15 0 .18 
H9-2 50.64 1.64 14.24 11.86 07.24 11.01 2.24 0.16 0.20 

8022 H5,37D 

• HS 51.13 1.28 15.03 10.27 07.65 12.40 2.35 0.06 0.17 
8022 H6A,10D 

H6-l 50.25 0.91 15.77 08.55 08.85 13.28 2.07 0.05 0.15 
H6-4 50.46 0.93 16.29 08.71 08.80 13.05 2.18 0.05 0.13 

• 

• 
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Si02 Ti02 Al203 FeO* MgO Cao Na20 K20 P205 

• S022 H6B, !OD 
H6-5 49.84 1.19 16.30 09.56 08.65 12.13 2.40 0.06 0 .15 
H6-6 49.83 1.21 16.01 09.56 08.20 12.04 2.41 0.06 0.15 

S022 H6C,10D 
H6-7 49.33 1.18 16.22 09.46 09.25 11.87 2.38 0.06 0.15 

• H6-8 49.43 1.14 16.01 09.73 09.22 11.81 2.42 0.06 0.14 
8022 H7 ,12D 

H7-2 50.64 1.79 14.07 12.43 06.98 10.98 2.33 0.18 0 .19 
H7-3 50.78 1.80 14.15 12.29 06.97 11.09 2.31 0.15 0.18 
H7-4 50.36 1.81 14.01 12.41 07.15 10.86 2.46 0.17 0.18 

• 

• 

• 

• 

• 

• 

• 

• 
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APPENDIX C 

• 
MODIFIED CHAS COMBINING CONVENTIONS FOR THE 

CLINOPYROXENE-OLIVINE-PLAGIOCLASE-SILICA QUATERNARY 

• 
This explanation draws on the work of O'Hara (1968), Cox et. al. 

(1979), Walker et. al. (1979), Grove et. al. (1982), Elthon (1983) and 

• unpublished information kindly provided by Tim Grove. 

WALKER ET. AL. CONVENTIONS 

• 
The projection is isostructural (Elthon, 1983); solid solutions 

and pairs of minerals with the same structure plot at single points in 

• order to simplify graphical relationships. This requirement is 

responsible for the relative complexity of the arithmetic formulae. 

i) Oxide weight percentages are first recalculated to 

• molecular proportions by dividing each by its molecular 

weight. 

ii) Four oxide-like components are formed: 

• C: (CaO-like) = Cao + 2Na2o + K20 

M: (MgO-like) = MgO + FeO + MnO + Fe2o3 
A: (Al 2o3-1ike) = Al 2o3 + Na2o + K20 

S: (Si02-like) ~ SiO - Na 0 - K 0 2 2 2 

• 

• 

• 
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GROVE ET. AL. CONVENTIONS 

These conventions differ from those of Walker et. al. mainly in 

the exclusion of K from plagioclase and in the use of cation mole% • 

The latter gives rise to different coefficients for Na, K and Al, but 

the equations are otherwise very similar. Analyses are first 

recalculated into cation mole fractions (eg Cao, Nao
0

•
5 

, Alo 1 •
5 

etc.), dividing each oxide wt.% by the appropriate molecular weight, 

and then recast into six mineral components, clinopyroxene, olivine, 

pl~gioclase, quartz, orthoclase spinel (ulvospinel and chromite), 

according to the following equations. (Note that or and sp are not 

actually used in projection, but they do affect the amount of K, Al, 

and Fe available for the other components -- these effects are trivial 

for MORB.) 

CALCULATION OF PROJECTIONS IN CLINOPYROXENE-OLIVINE-PLAGIOCLASE-QUARTZ 

BASED ON THE CATION NORM 

This explanation draws from the work of Bath (1955), Irvine 

(1970, 1979) and Cox et al. (1979, Appendix 3) • 

Calculation of the Norm 

The procedure is that of the Niggli katanorm using CIPW combining 

conventions. For the purpose of making the projections, Fe 2o
3

, Ti0 2 
and P2o5 are omitted from the calculation. This omission is justified 

because the CIPW combining conventions for these oxides result in early 

allocation of FeO and Cao to magnetite, ilmenite and apatite, although 



• 

• 

• 

• 

• 

• 
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these are late-forming minerals. For fractionation sequences extending 

to high Si02, these oxides could be included in the calculations for 

more fractionated liquids. 

Following the CIPW norm procedure, oxide weight percentages are 

first divided by "equivalent weights" which are single-oxide molecular 

weights (eg. Sio 2 , Alo1 •
5

, Nao 0 • 5 , MgO etc.) to produce cation 

proportions. Cation proportions are then allocated to specific 

minerals in the same order as the conventional CIPW norm, but in some 

cases different proportions. For example, in the CIPW norm Na
2
o, Al 2o

3 
and Sio

2 
are allocated to albite in proportion 1:1:6 forming 

Na 2Al 2Si6o 16 (Na 20.Al 2o3 .6Si0 2) whereas in the cation norm, the 

proportions are 1:1:3, forming NaA1Si 3o 8 • A second important 

difference is in the final tally of normative mineral proportions. 

Again, using albite as an example, in the CIPW norm, the molecular 

proportion of albite is equal to the molecular proportion of Na 2o 

allocated to it. In the cation norm, the molecular proportion of 

albite is the sum of the cation proportions: Nao
0

•
5

, + Alo1 •
5 

+ 3Sio2 
which is equal to 5Na2o. As these examples suggest, care must also be 

taken to redistribute Sio 2 among the minerals in the correct 

proportions. 

Plotting in di-ol-pl-Q 

These four end members are conpiled from the normative mineral 

proportions according to the following equations. Again, the equations 

appear strange to those accustomed to weight and mole percentages and 

care must be exercised • 
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pl = ab + an 

• di = en + fs + wo (only those proportions allocated to di) 

hy = en + fs 

* ol = fo + fa + 3hy/4 

* Q = Q + hy/4 • 

* according to the equation, based on numbers of cations: 

• 4hy = 3 ol + Q 

2hy = ol + Q 

• 

• 

• 

• 

• 

• 

• 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

207 

APPENDIX D 

ONUMA DIAGRAMS AND ~ VALUES USED IN MODELS 

Figures D.1-D.3 present partial Onuma diagrams for plagioclase, 

olivine and clinopyroxene after Diller (1982). ~values used in this 

study have been added where they differ from those of Diller. All KD 

values used in the modeling are tabulated in Table D.1. Data sources 

for the Onuma diagrams are: Onuma et al., 1968; Higuchi and Nagasawa, 

1969; Philpotts and Schnetzler, 1970; Schnetzler and Philpotts, 1970; 

Bird, 1971; Dudas et al., 1971; Nagasawa and Schnetzler, 1971; Seward, 

1971; Akella and Boyd, 1973; Seitz, 1973; Hart and Brooks, 1974; Dostal 

and Capedri, 1975; Drake and Weill, 1975; Duke, 1976; Lindstrom, 1976; 

Allegre et al., 1977; Leeman and Scheidegger, 1977; McCallum and 

Charette, 1978; Philpotts, 1978; Takahashi, 1978. Ionic radii are from 

Whittaker and Muntus, 1970, except for Na which is empirically 

determined • 
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• Plagioclase 

• 

• 

• 
. I 

• 

• 
.01 

• 

• .8 .9 1.0 I. I 1.2 1.3 1.4 1.5 

Ionic Radii (A) 

• Figure D.l Partial Onuma diagram for plagioclase (after Diller, 1982) • 

• 
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Ionic Radii (A) 

Figure D.2 Partial Onuma diagram for olivine (after Diller, 1982) • 
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Naz+ 
• 

.001'--~~'--~~......_~~..._~~...._~~.J.-~~-'-~~-'-~~~ 

.6 .7 .8 .9 1.0 I.I 1.2 1.3 1.4 

Ionic Radii (A) 

Figure D.3 Partial Onuma diagram for clinopyroxene (after Diller, 1982 
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Table D.l K values used in model calculations 
D • 

Plagioclase Olivine Clinopyroxene 

Principal Principal Principal 
Cation ~ Cation ~ Cation ~ • 

Si c c Si 1.0 Si 1.0 

Ti Si 0.03 Si 0.04 Mg 0.07 

Al c c Si 0.01 Si/Mgd 0.26 

• Fe* Ca 0.05 Mg 0.30 Mg 0.25 

Mg Ca 0.08 Mg 1.0 Mg 1.0 

Ca Ca 1.0 Mg 0.01 Mg 1.0 

Na Ca 0.85 Mg o.o Ca 0.02 

• K Ca 0.1 Mg o.o Ca o.o 

p Ca o.o Mg o.o Mg o.o 

Cr Ca 0.15 Mg 0.38 Mg 3.0b 

• v Ca o.oa Mg O.Ola Mg o.oa 

Sc Ca 0.03 Mg 0.04 Mg 0.7a 

Ni Ca 0.2 Mg 2.0b Mg l.2b 

Cu Ca 0.09 Mg 1.0 Mg 0.71 

• Zn Ca 0.09 Mg o.o Mg 0.27 

Sr Ca l.Ob Mg o.o Ca 0.07 
y Ca 0.06a Mg o.oa Ca o.oa 

Zr Ca o.oa Mg o.oa Mg o.oa 

• 
a. Empirical value inconsistent with Onuma diagram. 
b. Empirical value consistent with Onuma diagram. 
c. Al/Si in plagioclase is controlled by Ca/Na (see text). 
d • Allocated 50% to each site. 

• 

• 

• 
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APPENDIX E 

• TRACE ELEMENT ANALYSES OF ROCKS AND GLASSES 

Propagating Rift Rocks 1- Kana Keoki 

K4-9 K4-10 Kll-13 Kll-49 Kl2-8 Kl2-28 Kl2-33 Kl2-118 

• Si02 50.68 50.73 50.23 50.03 50.76 49.71 49.88 50.84 
Ti02 1.28 1.51 1.05 0.91 1.84 0.99 1.02 1.15 
A1203 14.60 13.94 15.46 15.70 13.70 15.53 15.41 15.39 
FeO* 10.82 11.64 9.36 8.80 12.96 9.95 9.23 9.54 
MgO 7.35 7 .13 9.24 9.37 6 .12 8.76 8.62 7.97 • Cao 12.10 12.01 12.19 12.83 10.64 11.96 12.06 12.56 
Na20 2.35 2.49 1.97 1.83 2.42 2.20 2.20 2.11 
K20 0.11 0.23 0.07 0.08 0.16 0.06 0.07 0.09 
P205 0.13 0.50 0.09 0.09 0.18 0.10 0.12 0.12 
H20+ 0.30 0.50 0.50 0.33 0.47 0.42 0.43 0.45 
H20- 0.20 0.28 0.53 0.25 0.23 0.26 0.19 0.20 • C02 0.11 0.26 0.39 0.47 0.25 0.20 0 .18 0.14 
S03 0.07 0.27 0.30 0 .15 0.40 0.25 0.22 0.17 
TOTAL 100.10 101.49 101.38 100.84 100.13 100.39 99.63 100.73 

Trace elements in ppm 

• Cr 205 90 451 490 158 350 342 380 
v 405 440 315 335 510 330 305 225 
Sc 41 42 36 39 40 40 36 37 
Ni 76 75 181 220 87 164 162 171 
Cu 106 106 80 103 93 104 85 92 
Zn 86 98 70 69 114 94 66 71 • Rb 1 1 0 0 3 0 -2 0 
Rb AA 3 6 1.4 2 5 1 2 2 
Sr 108 134 80 93 86 69 67 88 
y 30 39 26 25 44 22 27 23 
Zr 71 93 60 49 114 62 57 64 
Nb 9 7 3 8 7 11 10 7 • Ba 65 105 14 60 60 20 15 20 
Li 4 4 4 4 7 5 4 5 

EispflnfQ 98 98 0.9 0.9 2.8 2.8 2.8 2.8 
8ng l.P93 .63W 93.63W 95.50W 95.50W 95.47W 95.47W 95.47W 95.47W 

• 

• 

• 
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Propagating Rift Rocks 1- Kana Keoki (cont.) 

• Kl2-153 Kl4-3 Kl5-2 Kl8-2 Kl8-3 

Si02 50.57 51.21 50.80 50.76 50.47 
Ti02 1.02 1.76 1.86 1.81 1.82 
Al203 15.43 13.48 13.86 13.95 13.92 • FeO* 9.33 12.88 12.01 12.32 12.27 
MgO 8.40 6.19 6.61 6.87 6.59 
Cao 12.97 10.86 11.30 10.96 11.00 
Na20 1.96 2.50 2.33 2.33 2.35 
K20 0.07 0.17 0.15 0.16 0.16 
P205 0.09 0.17 0.20 0.17 0.16 • H20+ 0.38 a.so a.so o.s4 o.s2 
H20- O.S5 0.23 O.lS 0.2S 0.21 
C02 0.23 0.32 0.22 0.27 0.21 
S03 0.22 0.40 0.35 0.37 0.37 
TOTAL 101.22 100.67 100.34 100.76 100.05 

• Trace elements in ppm 

Cr 371 111 263 16S 170 
v 280 430 400 395 450 
Sc 33 40 38 36 36 
Ni 182 S7 130 97 9S • Cu 95 96 66 59 63 
Zn 66 101 87 92 98 
Rb 0 1 10 2 3 
Rb AA 0 5 4 4 4 
Sr 81 90 80 82 82 
y 24 40 44 40 41 • Zr so 104 108 111 114 
Nb 3 8 6 8 9 
Ba 15 SS 28 3S 35 
Li 5 4 6 6 6 

¥isf?iln~Q 2.8 2.7 18.6 2.2 2.2 

• 8ng l.p95.47W 95.24W 95.28W 9S.43W 95.43W 

1. Major elements given are microprobe analyses of pillow rind glasses. 
Trace elements determined on rock powders from pillow interior • 

• 

• 

• 
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Propagating Rift Glasses 2- Kana Keoki 

• Kll-49G Kl2-118G Kl4-3G Kl5-3G 18-21G Kl8-22g 

Si02 50.03 50.84 51.21 50.61 50.72 50.66 
Ti02 0.91 1.15 1. 76 1.75 1.76 1.85 

• Al203 15.70 15.39 13.48 14.34 13.93 14.00 
FeO* 8.80 9.54 12.88 11.76 12.43 12.43 
MgO 9.37 7.97 6.19 6.85 7.08 7 .12 
Cao 12.83 12.56 10.86 11.42 10.75 10.80 
Na20 1.83 2.11 2.50 2.29 2.33 2.41 
K20 0.08 0.09 0.17 0.14 0.17 0.19 

• P205 0.09 0.12 0.17 0.16 0.17 0.18 
H20+ 0.19 o.oo 0.65 0.40 o.oo 0.33 
H20- 0.05 o.oo 0.07 0.05 o.oo 0.02 
C02 0.01 o.oo 0.21 0.19 o.oo 0.31 
803 0.25 0.30 0.40 0.37 0.40 0.40 
TOTAL 100.14 100.07 100.55 100.33 99.74 100.70 

• Trace elements in ppm 

Cr 490 394 106 260 175 165 
v 200 315 450 375 305 390 
Sc 39 39 45 42 42 38 

• Ni 192 128 57 128 103 100 
Cu 105 97 99 80 82 67 
Zn 70 76 112 103 114 107 
Rb 1 0 1 1 1 -2 
Rb AA 0.2 0.1 4 6 6 5 
Sr 80 86 83 80 79 78 

• Sr ID 73 86 77 69 
y 22 26 40 38 43 50 
Zr 52 49 103 109 112 110 
Nb 6 7 7 8 9 10 
Ba 80 28 55 60 45 14 
Li 3 4 8 6 8 8 

• Eispflnp! 0. 9 2.8 2.8 18.6 2.2 2.2 
8ng 1 p95.50W 95.47W 95.24W 95.28W 95.43W 95.43W 

2. Majors by microprobe. Traces by XRF and AA (see section 1.5.2) on 
powdered hand-picked glass except 18-22g which is a bulk crushed glass. • 

• 

• 
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Propagating Rift Rocks - R/V Trident3 

• Tl5-1 T16-1 T17-1 

Si02 50.62 50.73 50.66 
Ti02 1.33 1.62 1.78 

• Al203 14.35 14.03 13.82 
FeO* 10.65 11.90 12.55 
MnO 0.20 0.21 0.18 
MgO 7.50 6.91 6.87 
Cao 12.17 11.06 10.70 
Na20 2.37 2.51 2.52 
K20 0.10 0.16 0 .19 • TOTAL 99.29 99.13 99.27 

Trace elements in ppm 

Cr 266 408 156 

• Co 40 44 48 
v 316 383 425 
Sc 40 45 46 
Rb 2 3 4 
Sr 93 87 93 
Ba 22 34 41 

• La 3.40 5.00 6.50 
Ce 11.40 13.10 16.80 
Sm 2.80 4.00 4.90 
Eu 1.10 1.30 1.60 
Yb 3.80 4.40 4.70 

~~Spfln~Q 164 120 68 

• ong 9~0.60 944.50 948.70 

3. Majors by microprobe from Fisk et al., 1982,; 
traces from Schilling et al., 1982 • 

• 

• 

• 

• 
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Propagating Rift Glasses - DeSteiguer 4 

• DB H27 DB H32 D6 999 D6 C32 D6 99B 

Si02 50.55 50.36 51.61 51.94 52.35 
Ti02 1.59 1.61 1.91 2.49 2.49 
Al203 14.35 14.42 13.20 12.43 12.52 • FeO* 11.64 11.6B 13.76 15.97 15. 72 
MnO 0.20 0.20 0.21 0.25 0.23 
MgO 7.42 7.81 5.87 4.87 4.37 
Cao 10.98 11.03 10.43 8.95 9.16 
Na20 2.31 2.27 2.55 2.60 2.76 
K20 0.15 0.14 0.14 0.27 0.3B • P205 0.13 O.lB 0.16 0.20 0.25 
TOTAL 99.32 99.70 99.84 99.97 100.23 

Trace elements in ppm 

• Cr 240 240 145 10 15 
v 355 320 230 395 360 
Sc 0 42 49 0 47 
Ni 115 120 60 20 15 
Cu 73 74 67 58 61 
Zn 105 110 105 135 135 

• Sr 7B 73 BB 76 BB 
y 49 51 54 67 B5 
Zr 90 110 100 160 180 
Li 4 5 6 7 6 

~~sPin~i 12.8 12.8 13.7 13.7 13.7 
ong P95.33w 95.33W 95.24W 95.24W 95.24W 

• 
4. Clague et al., 1981 

• 

• 

• 

• 
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Propagating Rift Rocks - R/V Sonne 5 

• 143D P 159G P 

Si02 49.91 50.05 
Ti02 1.30 1.55 

• A1203 14.89 14.37 
Fe203 1.31 1.62 
FeO 9.58 9.97 
MnO 0.18 0 .19 
MgO 8.38 8.18 
Cao 11.88 11.40 

• Na20 2.20 2.16 
K20 0.13 0.18 
P205 0.10 0.14 
H20+ 0.29 0.31 
C02 0.09 0 .12 
TOTAL 100.24 100.24 

• Trace elements in ppm 

Cr 281 249 
Co 45 44 
Sc 37 36 

• Ni 114 109 
Zn 64 75 
Sr 82 87 
y 32 36 
Zr . 81 105 
La 3.60 5.10 

• Ce 9.20 12.20 
Nd 8.40 10.50 
Sm 3.00 3.70 
Eu 1.02 1.17 
Gd 3.60 4.10 
Tb 0.80 0.90 

• Tm 0.50 0.50 
Yb 4.00 4.20 
Lu 0.53 0.57 
Ta 0.19 0.32 
Hf 2.30 2.90 

E~st;ilnfi 22.3 25.3 

• ong P95.27w 95.28W 

5. Puchelt and Emmermann, 1980. 

• 

• 
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Normal Rift Rocks - Kana Keoki6 

• Kl0-13 Kl0-16 Kl6-38 Kl7-l Kl7-22 K21-2 K24-5 

Si02 48.40 49.84 49.99 49.68 50.08 48.41 49.96 
Ti02 1.02 0.87 1.16 0.86 0.98 0.93 1.26 

• Al203 17.43 17.07 15.83 16.38 16.73 16.98 15.40 
FeO* 9.54 9.28 9.56 9.34 9.25 9.58 9.86 
MgO 9.20 8.96 8.20 9.34 7.29 9.04 8.47 
Cao 12.38 12.65 12. 79 12.15 12.84 12.03 11.92 
Na20 2.31 2.11 2.46 2.20 2.29 2.27 2.28 
K20 0.04 0.05 0.10 0.04 0.06 0.05 0.11 

• P205 0.09 0.08 0.09 0.08 0.08 0.10 0.13 
H20+ 0.45 0.40 0.48 0.23 0.30 0.60 0.72 
H20- 0.84 0.20 0.63 0.17 0.18 0.99 0.99 
C02 0.21 0.15 o.oo 0.13 0.17 0.33 0.36 
S03 0.17 0.12 0.20 0.25 0.25 0.25 0.30 
TOTAL 102.08 101. 78 101.49 100.85 100.50 101.56 101. 76 

• Trace elements in ppm 

Cr 408 366 325 420 337 358 332 
v 240 240 245 245 245 235 330 
Sc 37 37 36 32 35 32 34 

• Ni 369 205 131 219 232 305 150 
Cu 119 104 99 121 121 94 69 
Zn 71 64 65 57 63 59 72 
Rb AA 2 2 2 0 1 0 1.6 
Sr 106 88 137 81 85 81 100 
y 25 23 21 17 19 23 29 

• Zr 63 53 59 38 43 47 76 
Nb 6 5 5 4 5 2 6 
Ba 35 40 15 7 12 237 34 
Li 4 4 5 3 3 4 4 

~ist;itn£e 50 50 8 15 15 72 45 
8ng l.P95 .49W 95.49W 95.30W 95.53W 95.53W 94.97W 94.84W • 

6. Major elements given are microprobe analyses of pillow rind glasses. 
Trace elements determined on rock powders from pillow interior • 

• 

• 
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Normal Rift Glasses - Kana Keoki7 

• K10-34g Kl7-1G Kl7-7g 

Si02 48.06 49.68 50.16 
Ti02 0.99 0.86 0.88 

• Al203 17.33 16.38 16.30 
FeO* 9.49 9.34 9.28 
MgO 8.99 9.34 8.75 
Cao 12.02 12.15 12.34 
Na20 2.35 2.20 2.24 
K20 0.05 0.04 0.04 

• P205 0.07 0.08 0.10 
H20+ 0.22 1.14 o.oo 
H20- o.os 0.07 o.oo 
C02 1.70 0 .15 o.oo 
S03 0.27 0.27 0.27 
TOTAL 101.59 101. 70 100.36 

• Trace elements in ppm 

Cr 475 461 466 
v 250 290 245 
Sc 34 34 33 

• Ni 323 233 238 
Cu 91 88 87 
Zn 67 69 63 
Rb -2 0 -3 
Rb AA 6 0.1 0.3 
Sr 90 82 77 

• y 35 19 23 
Zr 56 42 43 
Nb 8 5 11 
Ba 10 10 14 
Li 3 3 3 

EiSpftn~e 50 15 15 

• 8ng 1 p95.49W 95.53W 95.53W 

7. Majors by microprobe. Traces by XRF and AA (see section 1.5.2) on 
powdered hand-picked glass except 17-7g which is a bulk crushed glass • 

• 

• 

• 
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Normal Rift Rocks - DeSteiguer(D5) 8and Trident(T) 9 

• D5 C98 D5 DOS D5 C95 Tl8-3 

Si02 50.12 50.62 50.30 50.43 
Ti02 1.06 1.04 1.08 1.11 

• Al203 16.52 16 .49 16.43 15 .15 
FeO* 8.71 8.79 9.08 9.40 
MnO 0.16 0.17 0.18 0.15 
MgO .158.62 8.53 8.28 8.33 
cao 12.41 12.34 12.36 12.67 
Na20 2.19 2.24 2.23 2.49 

• K20 0.07 0.09 0.06 0.03 
P205 0.09 0.06 0.08 
TOTAL 99.95 100.37 100.08 99.76 

Trace elements in ppm 

• Cr 490 645 640 365 
Co 40 
v 230 235 170 261 
Sc 0 43 0 39 
Ni 155 170 195 
Cu 83 85 89 

• Zn 70 75 70 
Sr 95 92 92 
y 24 27 24 
Zr 0 80 75 
Li 3 5 2 

Eisfiitn€e 25 25 25 75 

• 8ng ip95.62W 95.62W 95.62W 96.18W 

8. Clague et al., 1981. 
9. Majors by microprobe (Fisk et al., 1982), traces after Schilling et 
al • (1982). 

• 

• 
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APPENDIX F 

• ANALYSES OF GLASS RINDS AND CRYSTALLINE INTERIORS 
OF THE SAME PILLOW 

Kll-49G Kll-49 Kl2-118G Kl2-118 

• Si02 50.03 50.03 50.84 50.84 
Ti02 0.91 0.91 1.15 1.15 
A1203 15.70 15.70 15.39 15 .39 
FeO* 8.80 8.80 9.54 9.54 
MgO 9.37 9.37 7.97 7.97 

• Cao 12.83 12.83 12.56 12.56 
Na20 1.83 1.83 2.11 2.11 
K20 0.08 0.08 0.09 0.09 
P205 0.09 0.09 0.12 0.12 
H20+ 0.19 0.33 0.00 0.45 
H20- 0.05 0.25 o.oo 0.20 

• C02 0.01 0.47 o.oo 0.14 
S03 0.25 0 .15 0.30 0.17 
TOTAL 100.14 100.84 100.07 100.73 

Trace elements in ppm 

• Cr 490 490 394 380 
v 200 335 315 225 
Sc 39 39 39 37 
Ni 192 220 128 171 
Cu 105 103 97 92 

• Zn 70 69 76 71 
Rb 1 0 0 0 
Rb AA 0.2 2 0.1 2 
Sr 80 93 86 88 
y 22 25 26 23 
Zr 52 49 49 64 

• Nb 6 8 7 7 
Ba 80 60 28 20 
Li 3 4 4 5 

• 
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APPENDIX F (CONTINUED) 

• Kl4-3G Kl4-3 Kl7-1G Kl7-l 

Si02 51.21 51.21 49.68 49.68 
Ti02 1.76 1.76 0.86 0.86 

• A1203 13.48 13.48 16.38 16.38 
FeO* 12.88 12.88 9.34 9.34 
MgO 6.19 6.19 9.34 9.34 
Cao 10.86 10.86 12.15 12.15 
Na20 2.50 2.50 2.20 2.20 
K20 0.17 0.17 0.04 0.04 

• P205 0.17 0.17 0.08 0.08 
H20+ 0.65 0.50 1.14 0.23 
H20- 0.07 0.23 0.07 0.17 
C02 0.21 0.32 0.15 0.13 
S03 0.40 0.40 0.27 0.25 
TOTAL 100.55 100.67 101.70 100.85 

• Trace elements in ppm 

Cr 106 111 461 420 
v 450 430 290 245 
Sc 45 40 34 32 
Ni 57 57 233 219 
Cu 99 96 88 121 
Zn 112 101 69 57 
Rb 1 1 0 0 
Rb AA 4 5 0.1 0 

• Sr 83 90 82 81 
y 40 40 19 17 
Zr 103 104 42 38 
Nb 7 8 5 4 
Ba 55 55 10 7 
Li 8 4 3 3 

• 

• 
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