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Abstract 

Subduction of mid-ocean ridge spreading centers is believed to have occurred 

frequently throughout tectonic history. Presently, there are two sites where spreading 

centers are colliding with subduction zones and undergoing subduction: the Southern Chile 

Ridge and the Woodlark Basin. This study examines the geochemistry of young lavas 

recovered from these two systems to investigate the possible effects of subduction on the 

mantle melting and source processes of mid-ocean ridge magmatic systems. 

Major element glass data for normal and enriched mid-ocean ridge basalt samples 

collected from four ridge segments of the southern Chile Ridge between the Chiloe Fracture 

Zone and the Chile Margin Triple Junction indicate that the subridge mantle is 

heterogeneous at small spatial scales. The normal mid-ocean ridge basalts (N-MORB) have 

experienced variable extents of low pressure fractionation, but were generated by relatively 

uniform extents (F) and initial pressures (P0 ) of melting of a heterogeneous depleted 

source. The enriched mid-ocean ridge basalts (E-MORB) were double-backtracked to 8 wt 

% MgO and a K/Ti ratio of 0.1 in order to assess melting conditions. Although the 

magnitudes of F and P0 are model-dependent, the N-MORB and E-MORB were probably 

generated under similar melting conditions. These observations indicate that the spreading 

rate and mantle temperature, rather than ridge subduction, exert the primary control on the 

southern Chile Ridge melting process. 

These lavas were also analyzed for volatile components (Cl, F, S, H20, C02) and 

oxygen isotopes to investigate the contribution of materials recycled at subduction zones to 

the petrogenesis of these lavas. Low Cl/K ratios were found in most of the N- and E

MORB, suggesting that pre-eruptive assimilation of seawater-altered crustal materials has 

been minimal. For most samples, oxygen isotope ratios fall in a narrow range (between 



v 

5.6 and 6.0%0), close to typical MORB ratios, which is consistent with a small volume of 

recycled material. Distinct volatile signatures are found in the E-MORB. These signatures 

reflect a combination of processes: metasomatism by Cl-rich aqueous fluids or hydrous 

siliceous melts, melting in the presence of fluorapatite, or amphibole and/or phlogopite (but 

not apatite), and shallow recycling of slab-derived materials. 
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Chapter 1: Introduction 

Subduction of spreading centers occurs at least once during every Wilson cycle and 

is believed to have occurred frequently throughout tectonic history (e.g., Atwater, 1970; 

Delong et al., 1978). Presently there are four sites where ridges are colliding with 

subduction zones, two of which are undergoing ridge subduction: Southern Chile Ridge 

and the Woodlark Basin (Weisse! et al. , 1982; Cande and Leslie, 1986; Crook and Taylor, 

1993). These two areas are the focus of this study . The other two locations, Juan de 

Fuca-Explorer-Gorda ridges and the northern East Pacific Rise are not experiencing 

subduction of the spreading centers, instead the ridges are migrating westward away from 

the subduction zones (e.g., Atwater, 1989; Karsten and Delaney, 1989). Most studies 

investigating ridge subduction have concentrated on the overriding plate and arc magmatism 

rather than on the subducting plate and ridge volcanism. The Woodlark Basin, however, is 

one place where the lavas on the subducting plate were studied. (e.g., Perfit et al., 1987; 

Johnson et al., 1987; Staudigal et al., 1987; Trull et al., 1990; Danyusheveky et al. , 1993; 

Dril et al., 1997) Anomalous chemistry was found in some of the axial lavas as well as 

other lavas located on the subducting plate, but interpretation of the relationship between 

the geochemistry and tectonics is complicated by the fact that the Woodlark Basin has 

experienced reversal in arc polarity, and its generally complex tectonics (e.g., Taylor 1987; 

Crook and Taylor, 1993; Taylor et al., 1995; Goodliffe et al., 1997). The Southern Chile 

Ridge (SCR) also is experiencing ridge subduction but it has simpler geometry and tectonic 

history than the Woodlark Basin with no polarity reversal. Therefore it is an outstanding 

site to study the effects of subduction on ridge magmatism. 
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Possible effects of ridge subduction 

Potential effects of ridge-trench collision on the subducting oceanic lithosphere 

includes perturbation of the melting regime and the possibility of contamination of the sub

oceanic mantle by the sub-arc mantle or slab-derived components. In the Woodlark Basin 

case the ridge being subducted is perpendicular to the trench. The SCR subducting ridge is 

parallel to the trench which may lead to a greater influence from the nearby subduction zone 

along the entire length of the ridge. There are two ways in which the melting regime 

beneath the spreading center may be perturbed. Some melts will be blocked in their ascent 

by the presence of a slab yielding lower extents of melting at greater pressures of melting. 

These melts may mix with other melts not affected by the slab from the trailing plate to 

result in an average melt that has lower degrees of melting at higher pressures than ridge 

lavas located further from the subduction zone. 

A second possible scenario for the effect of ridge subduction on the melting 

systematics of the ridge involves the width of the melting zone. The width of the melting 

zone that is focused towards the axis becomes narrower as the spreading rate decreases and 

the oceanic lithosphere thickens (Spiegelman and McKenzie 1987). The overriding plate 

may act as a thicker oceanic lithosphere and melts may be preferentially segregated from the 

central portion of the ridge axis rather than the distal edges which have a thicker crust. The 

melts that are focused toward the ridge from beneath the edge of the spreading center that is 

down-going will have undergone greater degrees of melting from traveling a greater total 

ascent and will have equilibrated at lower pressures. Thus, the average melt would reflect 

pooling of high degrees of melting at lower pressures, this scenario gives the opposite 

melting systematics than the previous model. However, when the melting systematics for 

the SCR lavas was investigated using the major elements there was no discernible 

difference in either degree of melting or depth of initial melting for the lavas from the four 
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ridge segments. More detailed melting models of the trace elements have yet to be 

completed so it is still unknown if the trace elements support the major element findings on 

melting. 

Another potential effect of ridge subduction involves the communication between 

the sub-arc lavas with the sub-ridge mantle. One mechanism that may allow contamination 

of the sub-oceanic mantle source by the arc-mantle is the break-up of the very young, hot 

lithosphere within the subduction zone. Conditions that would enhance the possibility of 

slab break-up are 1) oceanic lithosphere created at moderately fast to fast spreading rate and 

2) subduction of older oceanic lithosphere concomitant with subduction of young, hot, 

buoyant lithosphere (van den Buekel, 1990). Another possible way to introduce a slab or 

arc component into the ridge mantle is simply by continued divergence of the subducting 

ridge axis opening up a slab gap directly to the asthenosphere. However, both of these 

scenarios may allow for contamination of the sub-oceanic mantle with a subduction zone 

component for the currently subducting ridge segment but it is difficult to envoke either of 

these models as mechanisms that can explain an arc-like component in axial lavas from 

ridges located further from the subduction zone. 

This study proposes to look at the detailed geochemistry of young lavas recovered 

from two mid-ocean ridge systems, Southern Chile Rise and eastern Woodlark Basin. The 

majority of the study concentrated on the lavas from the SCR due to the fact that sample 

coverage was much more extensive and the tectonic setting is simpler. Major elements 

were used to study the melting behavior of the SCR lavas and the volatiles and stable 

isotopes used in conjunction with the trace element and radiogenic isotopes were employed 

to determine the role of enrichments and contaminants in the SCR. The Woodlark Basin 



study had poor sample coverage especially for its complicated tectonic setting. The results 

of the new data for the Woodlark Basin are compared with the previous data. 

Thesis structure 
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The remainder of this chapter gives a brief geologic setting for the two places of 

study and summarizes the trace element and isotopic data from complementary studies on 

the Southern Chile Ridge (Klein and Karsten, 1995; Sturm et al., 1998). Chapter 2 

presents the results from the major element melting models and a detailed description of the 

tectonic setting for the SCR. Volatiles and stable isotope data from the SCR are presented 

in chapter 3. The Woodlark Basin samples collected on the 1993 Hakurei Maru No. 2 

cruise are compared with previously sampled lavas from the Woodlark basin in chapter 4. 

The final chapter, chapter 5 integrates all of the studies on the SCR and reviews the results 

from the Woodlark Basin. 

Geologic Setting 

This study will primarily concentrate on lavas sampled from the four ridge 

segments located closest to the Chile-Peru trench; samples recovered from the eastern 

Woodlark Basin lavas are much fewer and will mainly be used for comparison purposes. 

Chile: In January 1993, lavas from 53 dredge sites (average sampling density -9 km) were 

recovered along the previously unsampled 500 km-long section of the Chile ridge that 

consists of four main north-west-stepping segments (designated segments l to 4 with 

increasing distance from the trench). The southern most segment of the present day ridge 

axis is currently being subducted beneath the South American plate and is the site of the 

triple junction (46.5°S) between the Nazca, Antarctic and Souh American plates. The four 

ridge segments sampled have a broad (10-20 km wide) axial valley morphology, similar to 

slow-spreading ridges (Klein and Karsten, 1993; Sherman et al., 1997). 
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The samples recovered were primarily fresh glassy, basalt, with phenocrysts of 

plagioclase and lesser amounts of olivine. Segment l is the only segment with Seabeam 

bathymetric coverage and consequently is the best sampled of all the segments. The 

sampling sites for segments 2 through 4 were selected based on the satellite gravity data of 

Sandwell and Smith (1992) and GLORIA maps (Westbrook and Lothian, personal 

communication). The shortest segment, segment 2, was heavily sedimented and 

consequently only five dredge sites yielded rock samples. Segment 3 is approximately 150 

km-long and axial depths deepen to the north. There is a spatial correlation with 

enrichment which increases towards the south (Sherman et al., 1997). Segment 4 is the 

longest segment (-210 km) and is significantly offset to the west compared to the other 

three segments. This segment is divided into two subsegments, 4a (south) and 4b (north) 

separated by a southward propagating offset. 

Woodlark Basin: The basin is located in western Melanesia, southeast of the 

Solomon island arc. The active Woodlark spreading center separates the northwest 

W oodlark rise from the southern Pocklington trough. Geophysical data indicate that the 

Woodlark spreading center became active at least 6 Ma in the eastern part of the basin 

(Taylor et al., 1995). A triple junction is thought to occur where Simbo Transform ridge is 

currently colliding with the New Georgia Group part of the Solomon island arc ( l 56.5°E; 

Crook and Taylor, 1993). 

Two cruise legs were conducted aboard the RN Hakurei Maru No. 2 in the eastern 

Woodlark Basin during mid August through to mid October 1993. Leg 2 (Sept. 20-0ct. 

23) involved detailed sidescan and Finder-attached Deep-sea Camera (FDC) work on 

shallow water volcanic highs, e.g., Kana Keoki and Coleman seamounts. Sixteen sites 



were sampled in all, a chain bucket was used to sample twelve of the sites and the finder

attached power grab (FPG) was used for four sample sites. 

Trace elements and Radiogenic Isotope Background 

6 

Samples were collected at 53 dredge/wax core stations situated along the axis of the 

four first-order ridge segments in Southern Chile Ridge (SCR), between the Chiloe fracture 

zone and the triple junction with the Chile Trench. Both normal Mid-Ocean Ridge Basalt 

(N-MORB) and enriched Mid-Ocean Ridge Basalts (E-MORB) were recovered in equal 

numbers. The distinction between E-MORB and N-MORB for the SCR lavas is 

determined solely by K!fi ratio. Glasses with K!fi > 0.15 are considered E-MORB; and 

glasses with K!fi < 0.15 are N-MORB. Initially, based on trace elements and isotope 

geochemistry, three main lava types were identified; N-MORB and two distinct E-MORB 

(Klein and Karsten, 1995) .1) Depleted N-MORB are found on all four ridge segments. 

2) Type l E-MORB, ("typical" E-MORB) which have trace element enrichments similar to 

E-MORB found at other spreading centers (i.e., with ocean island basalt affinities), were 

recovered exclusively from Segment 4 (e.g., Karsten et al. , 1990; Cousens, 1996). 3) 

Type 2 E-MORB, ("anomalous" E-MORB) which have trace element characteristics more 

like those found in supra-subduction zone environments (i .e., high LILE relative to 

HFSE), were recovered from most of Segment 3, and from the two sites located closest to 

the triple junction on Segment 1 (Klein and Karsten , 1995). Upon further study, it was 

determined that each segment has its own type of heterogeneity and the use of the 

terminology of Type 1 and Type 2 E-MORB was dropped. 

Corrections were made for low pressure fractionation and variable amounts of 

contamination with an enriched component by double backtracking the analyses to MgO = 

8 wt% and K!fi = 0.1 , in order to assess melting conditions (Shen and Forsythe, 1996; 



chapter 2). These calculations indicate that the lava from all four ridge segments were 

generated by relatively uniform extents (-17 - 19% ) and mean pressures (-14-16 kb) of 

partial melting that are typical of intermediate spreading rate ridges (Sherman et al, 1997). 

7 

Initially one of the main goals of studying the Southern Chile Ridge (SCR) was to 

investigate the potential influence of the nearby subduction zone on the magmagenesis of 

the four ridge segment lavas located closest to the Peru-Chile Trench. Specifically to see if 

the melting regime of the ridge closest to the subduction zone was perturbed. A study of 

the melting conditions determined by major elements (Sherman et al., 1997) found that all 

four ridges formed from similar initial pressures and degree of melting. Klein and Karsten 

( 1995) reported the trace element and isotopic data for samples collected from the four 

ridges and stated that some of the lavas (segments l and 3) had geochemical affinities that 

were closer to arc lavas than to Mid-Ocean Ridge Basalts (MORB) (low NB/U, Ce/Pb, and 

Rb/Cs and high Th/La). They interpreted the arc-like affinity to be the result of 

contamination of the sub-oceanic mantle by altered crust mixed with marine sediments and 

suggested the nearby subduction zone was the source. A recent study by Sturm et al., (in 

press) attempted to constrain the age of the contaminant with the purpose of determining if 

it was derived from the adjacent subduction zone using 3He/4He isotopes along with Pb

Sr-Nd isotopes. Based on the Pb-He systematics they concluded that the segment located 

closest to the trench (segment 1) could have assimilated recently recycled terrigenous 

sediment plus altered oceanic crust but the segment 3 assimilant was too old ( - 2 Ga) to be 

derived from the material currently being subducted. 

The volatile elements, trace elements and isotopes indicate that each SCR segment 

has a distinct contaminant. All of the enriched lavas appear to be mixtures of altered 

oceanic crust with a MORB source and either terrigenous or pelagic sediments. The results 
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from the trace element and isotope models of Sturm et al., (in review) are as follows: 

Segment 4 have Dupal-like isotopes, elevated 207pb;204pb, 208pb;204pb, 87sr;86sr for 

the 206pb;204pb similar to Indian Ocean. Both the southern and northern subsegments 

appear to have I 0% contaminant of altered oceanic crust and pelagic sediment. The 

difference between the two subsegments involves the ratio of altered oceanic crust:pelagic 

sediment. Subsegment 4a (south) has 97% altered crust and 3% pelagic sediment, while 

segment 4b has 93% altered crust with 7% pelagic sediment. The lavas from segment 3 

have between 8-15% contaminant composed of terrigenous sediment ( -3%) and altered 

crust (-97%). Segment 1 lavas have only -2% of a recycled component of - 20% 

sediment and -80% altered crust. 



Chapter 2: Petrogenesis of axial lavas from the southern Chile 

Ridge: Major element constraints 

This chapter was originally published in Journal of Geophysical Research. The full 

reference is: 

S.B. Sherman, J.L. Karsten, E.M. Klein, Petrogenesis of axial lavas from the southern 

Chile Ridge: Major element constraints, J. Geophys. Res. 102 ( 1997) 14,963-14,990. 

Abstract. 
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We present major element glass data for 163 rock samples collected from four ridge 

segments of the southern Chile Ridge between the Chiloe Fracture Zone and the Chile 

Margin Triple Junction, including the segment currently being subducted at the Chile 

Trench (segment 1). The subridge mantle is heterogeneous at small spatial scales. Normal 

mid-ocean ridge basalts (N-MORB), recovered from all four ridge segments, have 

experienced variable extents of low pressure fractionation but have been generated by 

relatively uniform extents (F) and initial pressures (Po) of melting of a slightly 

heterogeneous depleted source. Type 1 E-MORB, found only on segment 4, have trace 

element affinities to some ocean island basalts, display a large range of major element 

variations at constant and high MgO, and are spatially associated with N-MORB. Type 2 

E-MORB have trace element affinities with suprasubduction zone settings. They are found 

at two segment 1 sites and along most of segment 3. In order to minimize fractionation and 

source heterogeneity effects and assess melting conditions, E-MORB compositions were 

double-backtracked to 8 wt % MgO and a Kffi ratio of 0.1 . Although the magnitudes of F 
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and P0 are model-dependent, we find that N-MORB and both types of E-MORB were 

generated under similar melting conditions. These observations indicate that spreading rate 

and mantle temperature exert primary control on the southern Chile Ridge thermal regime. 

We see no influence of ridge subduction on the major element systematics and melting 

conditions of segments closest to the trench. 

Introduction 

Subduction of active spreading centers at trenches has occmTed frequently in the 

tectonic evolution of the Pacific Ocean basin and can be found today in the eastern 

Woodlark Basin and along the southern Chile Ridge [e.g., Atwater, 1970; Uyeda and 

Miyashiro, 1974; Herron and Tucholke, 1976). Although considerable attention has been 

focused on the significant geological consequences this process has on the overriding plate 

and its forearc [e.g., Delong and Fox, 1977; Marshak and Karig, 1977; Delong et al., 

1978, 1979; Dickinson and Snyder, 1979; Sacks and Kincaid, 1990), few studies have 

investigated the effects of ridge subduction on the spreading center itself. 

Several hypotheses have been suggested for how ridge subduction might affect 

magmatic systems at the spreading center. First, the subridge mantle might be 

contaminated with components normally delivered to the subarc mantle, either via "slab 

gaps" [e.g., Marshak and Karig, 1977; Delong et al., 1978; Dickinson and Snyder, 1979; 

Perfit et al., 1987; Severinghaus and Atwater, 1990) or breakup of the thermally buoyant 

young slab at shallow depths [e.g., van den Beukel, 1990). A second possibility is that the 

mantle flow and thermal regime are perturbed by proximity of the downgoing slab. Given 

theoretical estimates for the width of mantle upwelling and melt segregation beneath ridge 

axes [e.g., Ahem and Turcotte, 1979; Spiegelman and McKenzie, 1987; McKenzie and 
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Bickle, 1988], it is feasible that segments which lie less than a few I O's of km from the 

trench axis tap magmas that have formed under distinctly different melting conditions (e.g., 

in terms of extent and pressure of melting) than segments which lie farther from the 

subduction zone. It has also been postulated that shallower magmatic systems may have 

experienced more extensive cooling and crystallization as a result of unusually deep faulting 

and hydrothermal circulation associated with enhanced plate flexure near the proximal 

subduction zone [e.g., Abbott and Fisk, 1986). 

Some of these postulated effects have been seen in the Woodlark Basin, where the 

Eastern Woodlark Spreading Center (EWSC) is being subducted beneath the Solomon 

Trench [e.g., Taylor, 1987; Crook and Taylor, 1994]. A diverse suite of basalts and 

basaltic andesites with backarc basin trace element affinities has been recovered from the 

EWSC, consistent with the concept of contamination by slab materials [e.g., Perfit et al., 

1987; Johnson et al., 1987; Staudigel et al., 1987; Trull et al., 1990]. Unfortunately, the 

complex tectonic history of the Woodlark Basin has involved a reversal in the polarity of 

the subduction zone [e.g., Cooper and Taylor, 1985), making it ambiguous whether this 

contamination is related to ridge subduction or is a relict of normal subduction processes. 

In early 1993 we sampled the four southernmost segments of the southern Chile 

Ridge (SCR) in order to investigate geochemical variations along the ridge axis as a 

function of distance from the trench. Unlike the Woodlark Basin, the SCR has had a 

simple tectonic history [e.g., Herron et al., 1981; Cande and Leslie, 1986], which makes it 

an ideal site for investigating the consequences of ridge subduction for magmatism at the 

spreading center. As an intermediate-spreading-rate ridge with a predominantly axial valley 

morphology, the SCR is also a good site to investigate possible relationships between ridge 
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segment morphology, magma supply rate, and lava composition [e.g., Chen and Morgan, 

1990; Phipps Morgan and Chen, 1993] . 

In an initial report on the results of the SCR sampling program, Klein and Karsten 

[ 1995] found that, like the Woodlark Basin lavas, some of the SCR lavas recovered were 

mid-ocean ridge basalts (MORB) with trace element characteristics more commonly 

associated with arc volcanics or continental crust (i.e., incompatible element enrichments 

and relative depletions in high-field-strength elements) , consistent with the hypothesis of 

subridge contamination associated with ridge subduction. It was found that trace element 

variations could be modeled by mixing between a depleted MORB source mantle and 

various amounts of marine sediment and altered oceanic crust [Klein and Karsten, 1995]. 

Although these trace element characteristics are highly unusual for MORB, they are not 

uncommon in ophiolite lavas and some ancient greenstone belts [e.g., Condie, 1989; 

Elthon , 1993]; the occurrence of these geochemical characteristics in MORB generated in 

front of the subduction zone thus raises important questions about the provenance of 

ophiolites and Archean greenstones and the possible role of ridge subduction in producing 

these characteristics [e.g., Karsten et al., 1996]. 

In this paper we report major element glass data for the SCR lavas and investigate 

the petrogenesis of this diverse suite. Major element variations are not as sensitive as trace 

elements for detecting contamination of the mantle with slab-derived components, but they 

provide important constraints on the conditions of partial melting and the extent of Iow

pressure fractionation [e.g., Klein and Langmuir, 1987; Grove et al. , 1992]. They can be 

used to investigate the hypothesis that ridge subduction has affected melting systematics at 

segments closest to the trench. After minimizing contributions to the major element 

variations associated with fractional crystallization and mantle heterogeneity , we conclude 
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that melting conditions of the segments closest to the trench have not been significantly 

affected by proximity of the downgoing slab, which indicates that ( 1) first-order variables 

(i.e., spreading rate and mantle temperature) exert primary control on the mantle upwelling 

and melting regime beneath the entire SCR and (2) the upwelling/melting region 1s 

relatively narrow. 

Background on the Southern Chile Ridge 

Tectonic History 

In the southeast Pacific Ocean, seafloor spreading between the Nazca and Antarctic 

plates occurs along the > I 000-km-long Chile Ridge (Figure 2.1 ). At the north end of the 

Chile Ridge (-35°S), the triple junction between the Pacific, Antarctic, and Nazca plates is a 

complex zone where the Chile fracture zone meets the Juan Fernandez microplate [e.g. , 

Anderson-Fontana et al., 1986; Larson et al., 1992; Kleinrock and Bird, 1994 ]. In the 

south, the ridge axis intersects the Chile Margin Triple Junction (CMTJ) at -46°12'S, 

which is the site of ongoing spreading center subduction [e.g., Herron et al., 1981 ]. 

Between the two triple junctions, the spreading center is broken into more than 12 first

order ridge segments offset by transform fault zones. Near 42°S, the complex, -600-km 

long Valdivia Fracture Zone (F.Z.), which consists of at least six intratransform ridge 

segments and five fault strands, breaks the spreading center into two major provinces: the 

northern Chile Ridge (NCR) and the SCR. 

Compilations of limited shipboard magnetics and aeromagnetics data for this poorly 

mapped region [e.g., Herron et al., 1981; Cande and Leslie, 1986; Cande et al., 1982, 

1987; Tebbens et al., 1997] have chronicled the spreading history and tectonic evolution of 

the Chile Ridge for the last 25 m.y. Prior to chron SA (-12 Ma), the Valdivia F.Z. marked 



14 

the northern limit of the Chile Ridge; rapid northward propagation between about 12 and I 0 

Ma led to formation of the NCR [Tebbens and Cande, 1997]. With the exception of 

perturbations discussed below, the first-order segmentation geometry of the Chile Ridge, 

as defined by magnetic lineations, has been stable for the last 5 m.y. The total spreading 

rate of the Chile Ridge has varied dramatically during the last 25 m.y ., slowing from a peak 

of -123 mm/yr during chron 6C (-23 Ma) to -90 mm/yr during chron 3A (-6 Ma), with 

periodic fluctuations in between. Since then, the spreading rate has slowed gradually and 

is now -53 mm/yr [Tebbens and Cande, 1997]. 

The southern end of the Chile Ridge has been subducted beneath South America at 

the Peru-Chile trench since about 14 Ma, with rapid northward migration of the CMTJ 

[Herron et al., 1981; Cande et al., 1982; Pilger, 1983]. Owing to the relative geometries of 

the Peru-Chile trench (almost N-S) and the Chile Ridge (N l 5°W), triple junction migration 

has been punctuated by alternating episodes of rapid northward motion during periods of 

ridge segment subduction and slow southward motion during periods of transform fault 

subduction [Cande and Leslie, 1986]. Currently, convergence between the Nazca and 

South American plates occurs at a rate of about 80-90 mm/yr, while convergence between 

the Antarctic and South American plates south of the CMTJ is much slower ( -20 mm/yr) 

[Chase, 1978) . 

Ridge Axis Segmentation and Morphology 

The SCR is divided into five first-order ridge segments, bounded by the Valdivia, 

Chiloe, Guafo, Guamblin, Darwin and Taitao Fracture Zones (Figure 2.2a). The four 

ridge segments between the Chiloe F.Z. and the CMTJ were sampled in early 1993 during 

the two-week Southern Chile Ridge On-axis Surveying and Sampling (CROSS) expedition 

aboard the RIV Knorr. For convenience, these first-order segments are named segrrients 1 
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through 4, with increasing distance from the trench. Heading north, significant westward 

translation of the spreading center occurs across the long fracture zones which offset the 

ridge axis. As a result, the proximity of each ridge segment to the adjacent Chile trench, 

and thus the age of plate being consumed by subduction, varies substantially. Segments 1, 

2 and 3 lie within -200 km of the trench axis, where < 5 Ma oceanic crust is being 

subducted; in contrast, segment 4 is >400 km from the trench and the adjacent subduction 

zone is consuming > 15 Ma crust. Segment 1 (between the Darwin and Taitao F.Z.) 

reached the trench about 100,000 years ago and is currently being subducted; at the present 

rate of triple junction migration ( -160 mm/yr), this ridge segment will be consumed in less 

than 150,000 years [Cande et al., 1987]. 

With the exception of segment 1, for which SeaBeam data are available (Figure 

2.2b), the detailed bathymetry and structure of the other three segments is not well known. 

In general, the ridge axis along all four segments is characterized by a broad axial valley 

morphology, but significant along-strike variations in bathymetry are observed (Figure 

2.2b). The following descriptions of segments I through 4 are based on the SeaBeam data 

[Bangs et al., 1992] and a combination of GLORIA data (G. Westbrook, personal 

communication, 1992), aeromagnetics data [Tebbens et al., 1997], and inferred bathymetry 

data obtained by inversion of satellite-derived gravity anomalies [Smith and Sandwell, 

1994]. In addition, short 12- and 3.5-KHz traverses , collected perpendicular to the ridge 

axis (-10 km spacing) prior to sampling during the Southern CROSS Expedition, provide 

independent constraints on the bathymetry and morphology within the axial valley. 

Segment 1 

Segment I (Taitao to Darwin F.Z.) is a -50-km-long, V-shaped axial valley which 

tapers to the south, where it intersects the CMTJ (Figure 2.2b). At the northern end, the 
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valley is -10 km wide, reaches depths of -3250 m, and has -600 m relief on the flanking 

valley walls. Infilling of the valley floor with terrigenous sediments shed from the adjacent 

forearc has occurred [e .g., Cande and Leslie, 1986], masking some of the valley floor 

relief and making it difficult to recover rock samples in the southernmost part of the axis. 

On the basis of the I 0-m SeaBeam data [Bangs et al., 1992] , the locus of rifting along 

segment I consists of a discontinuous series of graben and volcanic mounds. It is 

displaced -2-3 km toward the western side of the axial valley, and there appear to be small 

westward jogs in the axis near 45°55'S and 46°00'S . Leg 141 of the Ocean Drilling 

Program (ODP) drilled four sites (859 to 863) just east of the segment 1 axial valley 

(Figure 2.2b). 

Segment 2 

Segment 2 (Darwin to Guamblin F.Z.) is the shortest (-40 km long) and deepest 

(up to 4300 m deep) of the ridge segments sampled, with >I km relief on the axial valley 

walls. The axis is characterized by a broad (9-15 km wide) axial valley that appears in the 

GLORIA data to have a short (<3 km wide) sinistral offset near 45°45'S. South of this 

offset, segment 2A is -3800-3900 m deep, flat-floored, and heavily sedimented; segment 

2B to the north of the offset has a more hummocky valley floor , with depth variation 

between 3900 and 4300 m. 

Segment 3 

Of the four segments studied, the 165-km-long segment 3 (Guafo to Guamblin 

F.Z.) displays the most pronounced along-axis variations in ridge axis morphology. 

Bathymetric data (derived from satellite gravity data) suggest a relatively smooth along-axis 

variation in depth, and progressive deepening of the axis to the north (Figure 2.2a). The 

GLORIA data and our single-beam traverses suggest, however, that the segment may be 
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partitioned into two second-order segments by a small (-1 km wide) sinistral offset of the 

ridge axis near -45°00'S. Segment 3B, north of this offset, is characterized by a broad 

( 11-15 km), deep (3400-3800 m) rift valley, with rift valley wall relief as great as 1500 m. 

Along segment 3A (south of the offset), the central floor of the rift valley is occupied by a 

shallow (2900-3000 m) elongate ridge, which appears to be a 400 m high constructional 

feature. A small cleft ( < 50 m) was observed at the summit in one traverse of this axial 

ridge, reminiscent of axial graben found at other intermediate spreading rate ridges with 

robust magma supply [e.g., Macdonald, 1986]. A large seamount, which may be part of a 

small seamount chain, lies just west of this shallowest portion of the ridge axis (Figure 

2.2a). 

Segment 4 

In contrast to segment 3, which has relatively smooth along-axis morphological 

variations, segment 4 (Guafo to Chiloe F.Z.) is highly discontinuous in character along its 

225-km length. The gravity-derived bathymetry (Figure 2.2a) reveals that the axis 

comprises at least four separate valley basins that are offset slightly with respect to each 

other. These basins are poorly defined in detail, but are generally l 0-20 km wide and 

3600-4300 m deep, with 500-1000 m relief on the valley walls. Single beam traverses of 

the valleys revealed hummocky terrain within the valley floor. Most of these hills have 

relief < I 00 m, but near the Guafo F.Z. intersection, an edifice -900 m high (station 59 

site), which is more like the size of axial volcanoes of the Mid-Atlantic Ridge [e.g., Smith 

and Cann, 1992], was found. Both bathymetric and aeromagnetic data indicate a major 

discontinuity in the axis at -43°55'S, corresponding to a small sinistral offset that has been 

slowly migrating or propagating southward for at least 6 m.y. [Tebbens et al., 1997]. We 

use this boundary to delineate segment 4A (south of the offset) and segment 4B (north of 

the offset). As will be shown below, the contrast in morphological styles between 
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segments 3 and 4 is mimicked by the geochemical variations exhibited by the lavas from 

these two segments. 

Sample Locations and Analytical Methods 

Volcanic rocks and glass fragments were recovered at 52 sites (of 70 attempted) 

between the CMTJ and the Chiloe F.Z. All but three sites, which sampled near-ridge 

seamounts, were located as close to the neovolcanic zone of the ridge axis as could be 

determined without multibeam bathymetric data. Station locations are reported in Table 

2. I and Figure 2.2. Heavy sediment cover in the axial valleys closest to the trench 

hindered rock sample collection. Of the 28 sites attempted on segment I, only 17 sites, all 

north of 46°04'5, yielded rocks; the southernmost portion near the triple junction was not 

sampled (Figure 2.2b). Young, fresh lavas were recovered from both the graben and 

mound structures of the segment l neovolcanic zone, a small (-7 km long) axis-parallel 

ridge lying within the valley floor to the east of the current locus of rifting (station 12), and 

a small seamount (summit depth -2000 m) that lies -15 km west of the segment mid-point 

(station 24). Rock samples were recovered at only five of the eight attempted dredge sites 

on segment 2, because of sediment cover. On segment 3, volcanic rocks and glass were 

recovered from 15 sites along the ridge axis and 2 sites on adjacent seamounts. Only 9 

stations were dredged along segment 4, making it the least well sampled of the four ridge 

segments (Table 2.1 ). 

Volcanic samples were sorted into distinct rock types on the basis of flow 

morphology, apparent relative age, degree and type of crystallinity, and vesicularity (Table 

2.2). With the exception of the seamount samples, which had oxidized surfaces and 

showed evidence of hydration, all samples appeared to be very fresh, with minor surface 

oxidation and limited manganese coatings. Samples ranged from aphyric to porphyritic, 
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with plagioclase feldspar the dominant phenocryst phase, and only rare olivine and 

clinopyroxene. In general, samples from segments 3 and 4 were much less phyric than 

samples from segments I and 2, which had predominantly phyric to porphyritic textures 

(5-15% crystals). For a representative subset of each lava type (163 different samples), 

glass rinds were removed, cleaned, mounted in epoxy plugs , and polished for microprobe 

analysis of major element composition. Uncovered, unpolished thin sections were 

inspected with a petrographic microscope, and a subset of polished thin sections was 

prepared for analyses of the mineral phases. To conserve space, phase chemistry data are 

not presented or discussed here but are presented in Appendix B. 

Major element oxide abundances of glasses were determined by electron 

microprobe at the University of Hawaii at Manoa, using a Cameca SX-50, 5-spectrometer, 

automated microprobe (operating conditions listed in Table 2.2). A minimum of five sites 

on each glass sample was analyzed in order to assess homogeneity and optimize counting 

statistics. For those stations where multiple samples of the same rock type were analyzed, 

the results have been averaged. All glass analyses have been normalized to Lamont

Doherty glass standard D-2 (J . Reynolds, personal communication, 1993); which ·was 

used as an internal standard. Relative errors are I% for Si02, Al203, FeO*, CaO, MgO; 

3% for Na20 and Ti02; and 5% for K20, MnO, and P205. A subset of glasses analyzed 

by Directly-Coupled Plasma Spectroscopy (DCP) at Lamont-Doherty for major elements 

closely reproduces the major elements obtained by electron microprobe. In this discussion, 

we also utilize trace element data obtained by Inductively-Coupled Plasma Mass 

Spectroscopy (ICP-MS) and DCP; analytical methods for those data are reported elsewhere 

[Klein and Karsten , 1995, and references therein]. 
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Results 

Glass Chemistry: General Features 

One of the major features observed in the glass data for the SCR lavas is that there 

is significant compositional diversity both between and within individual segments, and 

heterogeneity over small spatial scales (Table 2.2). As can be seen in Figure 2.3, 

approximately half of the samples collected are enriched MORB (E-MORB), with K!Ti 

ratios greater than 0.15 [e.g., le Roex et al., 1983; Hekinian et al., 1989]. The remaining 

lavas are normal N-MORB, with low ( < 0.15) Kffi ratios, but small and systematic 

variations in K!Ti ratio are seen between segments. Comparison of Kffi with other trace 

element ratios [Klein and Karsten, 1995] reveals two distinct types of E-MORB in the SCR 

lavas (Figure 2.3). 

The type 1 E-MORB group (hereafter Tl E-MORB) has compositional affinities 

with many ocean island basalts and is similar to E-MORB recovered elsewhere on the mid

ocean ridge system [e.g., Langmuir et al., 1986; Karsten et al., 1990; Sinton et al., 1991; 

Cousens, 1996]. T 1 E-MORB have high ratios of K!Ti (0. 15 - 0. 70) , are light rare earth 

element enriched with chondrite-normalized (La/Sm)N greater than 0.9, and, with the 

exception of station 59, have high Nb/U (> 40) and low Ce/Pb (15-22). They also have 

isotopic affinities with Indian Ocean MORB, with relatively high 207pb/204pb and 

208pb/204pb at low 206pb/204pb [e.g., Mahoney et al. , 1992; Klein and Karsten, 1995]. 

In contrast, the type 2 E-MORB group (hereafter T2 E-MORB), which also has high K!Ti 

(0.15 - 0.54) and (La/Sm)N ratios(> 0.8), has distinctly lower ratios of Nb/U ( < 30) and 

Ce/Pb (13-21) than either N-MORB or Tl E-MORB (Figure 2.3). T2 E-MORB also have . 

unusual depletions in Rb/Cs ( < 50) and enrichments in Th/La(> 0.10) [Klein and Karsten, 

1995]. The trace element characteristics found in T2 E-MORB are more commonly 

associated with subduction zone settings and suggest contamination of the depleted MORB 
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mantle source with continentally derived materials [Klein and Karsten, 1995; E.M. Klein et 

al., manuscript in preparation, 1997]. It is clear from Figure 2.3 that K/Ti ratio alone 

cannot di scriminate between T 1 and T2 E-MORB. Fortunately, the two types of E-MORB 

do not occur on the same ridge segments. TI E-MORB are found only on segment 4, and 

T2 E-MORB occur only on segment 3 and at two sites on segment l (stations 20 and 21 ). 

Thus as long as both K!fi ratio and segment number are identified, we can discriminate the 

different E-MORB from each other and from the N-MORB. 

One set of samples does not fit into either the N-MORB or E-MORB groups. All 

samples recovered at station 12 are dacitic in composition, with 65 wt % Si02, 1.92 wt % 

MgO, and K!fi ratios of -3.5 (Table 2.2). Station 12 is located within the axial valley of 

segment 1 (Figure 2.2b) at a site which is offset to the east of the main neovolcanic zone, 

so its relationship to the ridge axis is ambiguous. The extreme composition of these 

samples makes it difficult to plot on the same scale with the basaltic samples, so they have 

not been included in subsequent plots. These samples fall near the boundary between the 

fields for calc-alkaline and subalkalic lavas in alkali-silica plots, but total alkali-iron-

magnesium (AFM) ternary projections strongly suggest a calc-alkaline affinity, similar to 

dacitic lavas recovered from the Taitao peninsula during ODP Leg 141 drilling [Forsythe et 

al., 1995]. The origin of these samples will be discussed in a future paper. 

Normal MORB 

Major element variations for the SCR N-MORB (K!fi <0.15) are shown in Figure 

2.4. Grouped together, the N-MORB from all four segments display positive correlations 

between MgO content and Al203 and CaO (at least up to 8 wt % MgO), and negative 

correlations with FeO*, Ti02 Na20, K10, and P205 (not shown). Si02 content varies 
' 

little or increases slightly with decreasing MgO content. Segment 1 N-MORB have the 
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widest range of MgO values (5.5-8.5 wt%), reaching the low MgO levels often observed 

at propagating rifts [e.g., Sinton et al., 1983], and they exhibit the greatest coherence 

between MgO and the other major elements. Segment 2 lavas are exclusively N-MORB; 

they have a limited range in MgO content (7.9-9.2 wt%) and extend the major element 

trends defined by segment l to higher MgO. Samples from station 35 on segment 2 fall off 

this trend, with very low Si02, and high AI203 and Na20; microscopic examination of 

this glass indicates that it may be partially altered. N-MORB were recovered only from the 

north end of segment 3. They are generally primitive (MgO contents= 7.6 - 9.2 w~ %) and 

mimic the major element-MgO trends defined by segment 1, although with much less 

coherence. Segment 4 N-MORB also exhibit limited and primitive MgO contents (7.9 - 9.2 

wt % ), but compared with the other three SCR segments, they have slightly higher FeO* 

and Ti02 for the same MgO content (Figure 2.4). 

Also shown in Figure 2.4 are fields for samples from the southern East Pacific Rise 

(SEPR) between 13° and 23°S [Sinton et al., 1991] and the few samples available from the 

NCR [Bach et al., 1996]. Compared with the SEPR lavas, the NCR lavas are 

systematically more primitive and at the same MgO content, they have systematically higher 

FeO*, Ti02, and Na20 and lower CaO contents. The SCR N-MORB are most similar to 

the SEPR N-MORB (especially in terms of FeO*, Ti02, and CaO abundances) except at 

very low MgO contents, where they deviate to slightly lower FeO* and significantly higher 

K20 contents than the SEPR. In contrast, Na20 in the SCR lavas is systematically higher 

(by -0.3 wt % ) than in the SEPR lavas and overlaps with and extends the trend observed in 

the NCR N-MORB (Figure 2.4). N-MORB from segment 4 are compositionally most 

similar to those recovered from the NCR [Bach et al., 1996]. Both the SCR and SEPR 

lavas were analyzed at the University of Hawaii using similar methods, implying that major 

element differences between the two ridge settings are genuine. The extent to which small 
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differences between the SCR and NCR analyses might reflect interlaboratory analytical 

differences, however, has not yet been assessed. 

While the SCR N-MORE lavas behave relatively coherently as a group, some 

important intersegment differences are observed. For some elements, N-MORE from 

segments I and 3 are consistently offset from the N-MORB from segments 2 and 4. For 

example, segment I and 3 N-MORE have slightly higher K20 contents at the same MgO 

content (Figure 2.4). K!fi, La/SmN, and Nb/U ratios in the segment I and 3 N-MORE 

fall within the ranges observed for N-MORB globally, but they are systematically more 

enriched and shifted within the N-MORE field toward the T2 E-MORB field (Figure 2.3). 

These observations suggest that the depleted MORB mantle is not homogeneous beneath all 

four ridge segments and that beneath segments 1 and 3, N-MORB melts may have been 

partially contaminated by the T2 E-MORB source. 

Enriched MORB 

Major element oxide variations for T 1 and T2 E-MORE are shown in Figure 2.5. 

Shown for comparison are fields for the SCR N-MORB (solid line) and a suite of E

MORE from the Endeavour segment of the Juan de Fuca Ridge (dashed line) that have 

trace element characteristics similar to the TI E-MORB [Karsten et al., 1990]. Comparison 

of the Endeavour E-MORB and SCR N-MORB fields at the same MgO content shows that 

E-MORB have lower FeO*, higher CaO, and slightly higher Al203, and thus higher 

CaO/Al203 ratios. Such differences have been seen in previous comparisons of N- and E

MORE [e.g., Michael and Chase, 1987; Michael et al., 1989; Karsten et al., 1990; 

Cousens, 1996]. In the following, the primary features of the two types of SCR E-MORB 

are described and compared with the SCR N-MORB and Endeavour E-MORB. 
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Type I E-MORB 

Tl E-MORB, found only on segment 4, are characterized by extremely variable 

K!fi ratios and major element abundances (Figures 2.3 and 2.5), at essentially constant and 

relatively primitive MgO (8.1-8.5 wt %). Although Tl E-MORB have trace element 

characteristics which are typical of E-MORB from the Endeavour segment and other parts 

of the mid-ocean ridge system, their major elements fall well outside of the trends defined 

by both the SCR N-MORB and Endeavour E-MORB samples. In particular, they extend to 

lower Si02, CaO, and CaO/Al203 ratios , and higher Al203, Na20, and FeO*. K20 is 

also remarkably high, given the primitive nature of these samples. Extreme variability in 

the major element oxides corresponds with variations in trace element abundances and 

ratios (e.g., Figure 2.3) and radiogenic isotopic ratios for the segment 4 samples [Klein 

and Karsten, 1995]. One set of samples from station 59 has particularly unusual major 

element characteristics, with high FeO* (-11.1 wt % ) and Na20 (-3. l wt % ), and low 

CaO (-10.3 wt%) and Si02 (-49.0 wt % ); the petrogenesis of these samples is considered 

independently of the other segment 4 E-MORB in subsequent sections. 

Type 2 E-MORB 

T2 E-MORB from segments 1 and 3 display more systematic behavior with MgO 

content and span a greater MgO range (6.6 - 9.0 wt%) than Tl E-MORB. For most major 

elements, the T2 E-MORB follow trends similar to those defined by the Endeavour E

MORB (i.e., lower FeO* and Ti02, and higher K10 and Si02, compared with N-MORB). 

Unlike Endeavour, the T2 E-MORB have relatively low CaO (and thus CaO/Al203 ratio) 

and high Na20 and overlap with the SCR N-MORB field for these elements. Although 

crude correlations exist between MgO content and Al203, CaO, Na20, FeO*, and Ti02, 

the significant variability at any single MgO content in element abundances, CaO/Al203 
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and K/Ti ratios (Figure 2.5) demonstrates that several processes have influenced the 

petrogenesis of these lavas. 

Petrogenesis 

The pronounced diversity of major and trace element abundances and ratios and 

isotopic ratios observed in the SCR axial lavas clearly indicates that several petrogenetic 

processes have contributed to their evolution. As will be shown below, variations in the 

extent of crystal fractionation (primarily at low pressures), heterogeneity of the mantle 

source, and mixing between different mantle and melt batches have all been important. 

While subtle differences in the extent and pressure of partial melting are inferred, large 

variations in melting-related processes do not appear to have played a key role. Each ridge 

segment has experienced its own unique combination of these different processes. In order 

to simplify this analysis, processes affecting the petrogenesis of the N-MORB and E

MORE are considered separately. 

Petrogenesis of the Normal MORB 

Fractionation 

With decreasing MgO content, N-MORB display decreasing AI203, CaO, and 

CaO/ AI203 ratios, and increasing FeO*, Ti02, Na20, and K10. These coherent 

variations, especially in segment l lavas, strongly suggest that low-pressure crystal 

fractionation of olivine, plagioclase, and clinopyroxene has been the primary process by 

which these melts have evolved. Although most major elements, especially Ti02 and 

Na20, correlate well with MgO content, some elements, like K10, display much greater · 

scatter, particularly at high MgO (Figure 2.4). This variability is accompanied by small 

differences in ratios of K/Ti and other incompatible trace elements (e .g., Figure 2.3) and 

suggests that parental magmas of the depleted N-MORB are slightly heterogeneous. 
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Liquid lines of descent (LLDs) have been calculated using the MELTS program 

[Ghiorso and Sacks, 1995], assuming pure fractional crystallization and different 

configurations of parental magma composition, pressure of crystallization, water content, 

and oxygen fugacity (Figure 2.6). The most primitive (highest MgO) composition from 

each segment was assessed as a parental magma, using H20 contents measured in those 

lavas by Fourier Transform Infrared (FTIR) spectroscopy [Sherman et al., 1995]. The 

best results were obtained at low pressures (I kbar) and with a buffer of QFM-2, typical of 

mid-ocean ridge basalts [Christie et al., 1986]. As an additional check on the MELTS 

program results, eruption temperatures calculated using MEL TS have been compared with 

temperatures calculated solely on the basis of MgO content and the MgO-temperature 

relationship of Sinton and Detrick [ 1992); an excellent l: l correlation is found over the 

range of MgO contents. The highest MgO samples of segment 2 (36-2) and segment I (18-

3) are both suitable parental magmas which can be fractionated to reproduce most of the 

variations seen in the SCR N-MORB, although the higher Ti02 contents found at low MgO 

can only be duplicated using sample 14-9 as the parent. The 18-3 parent predicts the K20-

Mg0 variations observed in segment l lavas at low MgO but does not adequately reproduce 

the low and variable K20 contents observed in all segments at high MgO, again suggesting 

that more than one parental magma is involved. 

The modeling results indicate that the lavas with the lowest MgO content on 

segment I (-5.5 wt % MgO) have experienced almost 50% crystallization, with eruption 

temperatures of -1150°C. Clinopyroxene (cpx) should become saturated at MgO contents 

of -7.6-7.7 wt%, but modal cpx is not observed in the lavas until much lower MgO 

contents (-6.9 wt%). This "pyroxene paradox" has been encountered before in MORB, 

and indicates there has been either effective separation of pyroxene crystals during melt 
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transport to the surface or magma mixing [e.g., Dungan and Rhodes, 1978; Langmuir, 

1989; Grove et al., 1992] . The lowest MgO samples from the other segments have 

experienced significantly less fractionation , about 10% for segment 2, and 15 % for 

segments 3 and 4, similar to the extent of fractionation inferred for the NCR N-MORB 

[Bach et al., 1996]. 

Mismatch between the observed Ti02 and K20 contents and the predicted LLDs 

may indicate that in si tu rather than pure fractional crystallization more closely apprqximates 

the conditions of fractionation for these samples, as has been suggested for other spreading 

centers [e.g., Langmuir, 1989]. Furthermore, higher FeO* and Ti02 and lower CaO and 

Na20 concentrations in the segment 2, 3, and 4 N-MORB (at constant MgO) probably 

reflect the subtle differences in parental magma chemistry discussed previously, although 

the possibility that these variations indicate slightly higher (2-3 kbar) pressures of 

crystallization than are found at segment l cannot be ruled out [e.g., Grove et al., 1992]. 

These variations associated with parental magma or source heterogeneity are relatively 

small, however, and it is clear that for all segments but segment 4 , low-pressure 

fractionation has exerted greatest control on the development of the N-MORB major 

elements. 

Melting 

The role of partial melting in controlling major element variability of the SCR N

M ORB has been assessed, starting with the assumption that they have been derived from a 

relatively homogeneous mantle source. Variations associated with low-pressure crystal 

fractionation have been minimized using the backtracking schemes of Klein and Langmuir 

[ 1987] and Niu and Batiza [ 1991] to correct elemental abundances to constant MgO == 8 wt 

% (i.e., Na8.0, Fe8.0 , Ca8 .0, A18.0, and Si8.Q). These corrections were made using 



28 

regressions based on segment I N-MORB samples only, which define good correlations 

between MgO and the other oxides (Table 2.3). Coefficients derived for segment I lavas 

were then used to backtrack N-MORB from segments 2, 3 and 4 to 8 wt % MgO, under the 

assumption that they have followed a similar, or at least parallel, fractionation trend. 

Relationships between Na8.0, Fe8.0, Ca8.0, Al8.0, and Si8.0 (Figures 2.7 and 

2.8) indicate that nearly all of the SCR N-MORB samples fall within the "global array" for 

spreading centers [Klein and Langmuir, 1987; Langmuir et al., 1992]. Thus, to first order, 

these samples appear to have been generated by relatively "normal" extents and pressures 

of melting for mid-ocean ridges. At the same Si8.o/Fe8.0, Na8.0 is shifted to slightly 

higher values within the global array, but Ca8.Q/Al8.0 ratios are not offset, as might be 

expected if this were due to systematically lower extents of partial melting (Figure 2.8). 

We infer that like the NCR [Bach et al., 1996], the mantle source beneath the SCR may 

have slightly elevated sodium contents compared with other Pacific spreading centers, 

suggesting that this is a regional phenomenon. Although Na8.Q-Fe8.0 relationships for the 

SCR N-MORB are typical for spreading centers, they display some variability as a group, 

probably reflecting subtle changes in the melting conditions and/or source composition of 

the mantle. 

It is also seen in Figures 2.7 and 2.8 that small (i.e., close to estimated errors) but 

systematic differences exist between the segment 1 N-MORB and N-MORB from most of 

the other segments. Specifically, segment 1 lavas fall to the extreme of the entire data set 

and have relatively lower Fe8.0 and Ca8.Q/Al8.0 ratios and slightly higher Na8.0 and 

Si8.QIFe8.0 ratios than most N-MORB from the other segments. Lower Fe8.0 and higher 

Si8.QIFe8.0 are consistent with lower mean pressures of melting; higher Na8.0 and lower 

Ca8.Q/Al8.0 ratios are consistent with lower mean extents of partial melting [e.g., Jaques 
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and Green, 1980; Klein and Langmuir, 1987; Niu and Batiza, 199 l ]. At face value, these 

data suggest that segment 1 N-MORB may have experienced slightly lower extents of 

partial melting at relatively lower mean pressures of melting than the other three SCR ridge 

segments. This interpretation, however, does not take into account the small differences in 

parental melt composition observed in the N-MORB, which are discussed further below. 

Backtracked oxide values at MgO = 8 wt % have been used to estimate the extent of 

partial melting (F) and the initial (P0 ) and final (Pf) pressures of melting (Figure 2.9). 

Several methods exist for calculating melting parameters, and the quantitative results are 

highly dependent on the assumptions made and which model is used [e.g., Kinzler and 

Grove, 1993]. We have utilized two basic approaches. The Niu and Batiza [1991, 1994] 

model calculates F and Po on the basis of an empirical inversion of chemical variations 

produced in peridotite batch melting experiments [e.g., Jaques and Green, 1980]. Niu and 

Batiza have developed two methods for determining F (using either Na8.0 or 

Ca3.o/Al8.0), and argue that the second method is less vulnerable to mantle source 

chemistry variations which can influence Na8.0 (Y. Niu, personal communication, 1996). 

Pf is calculated on the basis of an empirical relationship that has been determined by 

superimposing estimates of the mantle adiabat [McKenzie and Bickle, 1988] on the 

relationship between extent of melting and amount of decompression above the solidus. Pf 

values calculated with this method result in melting rates of -3-4% per kilobar of 

decompression, which has been considered by some to be unreasonably high, given the 

estimated energetics of the system [e.g., Langmuir et al., 1992]. Thus we have also 

derived a "preferred" Pf from F and Po using a more moderate melting rate ( 1.5%/kbar), 

which yields Pf values that are systematically lower by -5 kbar (Table 2.2). Niu and 

Batiza [1991] estimate errors for these calculations to be± 2% for F and± l kbar for 

pressure. 
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The alternative method employed is based on the model of Langmuir et al. [ 1992], 

after correction with the local vector algorithm of Klein and Langmuir [ 1989) . Po is 

calculated on the basis of Na and Fe systematics, using a model of pure fractional melting 

and pooling of melts produced at different pressures, and assuming a triangular shape for 

the melting region. Mean F has been estimated using the accumulated fractional melting 

model of Shaw [1970) and Langmuir et al. [1992), assuming 15% cpx and 0.32 wt% 

Na20 in the mantle source, a constant Kd for Na in cpx of 0.15, and fractionation of Na20 

to 8 wt% MgO. The Langmuir et al. [1992) method does not directly yield a value for Pf. 

The results of these calculations are compared in Figure 2.9. For all three methods, 

increasing F corresponds to increasing P0 . When Nas.o is used in the Niu and Batiza 

calculation, the melting parameters calculated for most of the SCR N-MORB from all four 

segments define a relatively small range of values (-16-19.5% F; 16-21 kbar P0 ). Samples 

which deviate from the main array are samples with relatively poor glass quality, a very 

primitive sample from station 36 (segment 2), and a highly phyric, low Kffi (0.05) sample 

from segment 3 (52-1). When the Niu and Batiza method using only Cas.o/Al8.0 for 

calculating F is applied, the range in F (now -16-24%) increases significantly for the main 

population of samples, and positive correlations between F and P0 (16-25 kbar) become 

more pronounced (Figure 2.9). Results calculated using the Langmuir et al. [ 1992) model 

are distinctly different, with slightly lower values of F (-13-17 % ) and P0 values which are 

- 7 kbar greater on average (22-28 kbar). As has been discussed previously by Kinzler and 

Grove [ 1993), some factors contributing to this difference are that the Langmuir method 

uses an accumulated fractional melting model throughout melting, assumes a triangular

shaped (rather than column-shaped) melting region, and includes the effect on Fe-Mg 

partitioning of high alkali contents in the melt at small extents of melting. 
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Given the uncertainties and variable limiting assumptions associated with each of 

the three methods for calculating melting parameters, it is difficult to assess which result is 

more accurate . Theroretical models of upwelling and melting beneath ridge crests would 

suggest that, in the absence of other factors such as large transform offsets, the P-F 

conditions of melting should be primarily dictated by the thermal regime and spreading rate 

of the ridge [e.g., McKenzie and Bickle, 1988], and should thus be relatively constant for 

individual ridge segments. Both the Na8.Q-based Niu and Batiza method and Langmuir et 

al. method yield results which have samples from individual ridge segments or 

subsegments clustering together as a group, so we prefer those results over the 

Ca3.o/Al8.Q-based Niu and Batiza method, which does not produce clustering. In Table 

2.2 we have listed only the results of the Na8.Q-based Niu and Batiza calculations for F 

and P0 as our "preferred" values and have used only this method in our subsequent 

evaluation of the E-MORB melting parameters. It is important to note, however, that local 

mantle enrichment of sodium beneath the Chile Ridge may make direct comparison of these 

results with those obtained using this method for other mantle provinces (e.g., the EPR) 

somewhat misleading, in terms of the extent of partial melting. 

Although the three calculations yield different magnitudes of F and P0 , it is 

significant that the relative features are similar regardless of which method is used (Figure 

2.9). For all three methods of calculating F, increases in the extent of melting are 

associated with increases in P0 , with little change in Pf (Table 2.2). Increases in P0 may 

reflect either small changes in the potential temperature of the mantle upwelling beneath 

different spreading center segments or changes in the solidus temperature of the mantle as a 

result of heterogeneity. As a group, most samples from segment 1 and a subset of segment 

4 (from segment 4B) yield a narrow range in F which is slightly lower (-16-18%, using 
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Nas.O) than the range of F inferred for most samples from segments 3 and 4A (-18.5-

19.5 %). However, when heterogeneity (see below) and the estimated errors for these 

calculations are con sidered, these small shifts in F and P0 are statistically insignificant. 

Thus we conclude that there are no, or only very small, variations in potential temperature 

of the mantle or the solidus temperature of the depleted mantle source beneath all four ridge 

segments of the SCR. 

Comparison of these results with melting systematics derived for other spreading 

centers places these numbers in context, although caution must be used in considering the 

effects of regional differences in sodium content on the calculations. Away from transform 

offsets, lavas from the northern EPR between 8° and l 5°N have been interpreted to 

originate from -16-19% melting, beginning at a P0 of 16-20 kbar [Batiza and Niu, 1992]. 

Along the 26°S region of the Mid-Atlantic Ridge (MAR), Niu and Batiza [1994] found a 

similar degree of melting (-16-18% ), but P0 is shallower on average than at the northern 

EPR (-15 kbar). The melting systematics we obtain for the SCR N-MORB are thus 

consistent with the behavior observed along other parts of the mid-ocean ridge system. 

Petrogenesis of the Enriched MORB 

Deciphering the petrogenetic origin of the two types of SCR E-MORB is a more 

challenging problem. Major element variations in the E-MORB (Figure 2.5) do not display 

the coherent linear trends shown by the N-MORB , indicating that other processes such as 

variable mantle source composition, changing melting conditions, magma mixing, and/or 

polybaric fractionation, have played more important roles in their petrogenesis than was 

found for the N-MORB. The most extreme example of this is seen in the segment 4 E

MORE, which have large variations in major element abundances (e.g., 2 wt% change in 

FeO*) at essentially constant and high MgO content. Separating out the contributions of 
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each of these petrogenetic processes is difficult using only major and minor element data, 

so we have proceeded cautiously in assessing the role of each factor. Trace element and 

isotope data will ultimately be used to further refine our interpretation of these processes 

(E.M. Klein et al., manuscript in preparation, 1997). 

Fractionation 

E-MORB lavas show increases in less compatible elements (e.g., Fe, Na, K, Ti) 

and decreases in compatible elements (e.g., Ca, Al) as MgO content decreases, in a manner 

which is roughly similar to the trends defined by the N-MORB lavas. These covariations 

are interpreted to reflect low-pressure crystallization of olivine, plagioclase, and, at lower 

MgO, clinopyroxene. MgO content of the E-MORB does not get as low as in the N

MORB, indicating less extensive fractionation of the E-MORB prior to eruption (Figure 

2.5). Segment 3 E-MORB have the greatest variability in MgO content and reach the most 

evolved (lowest MgO) compositions. In contrast, segment 4 E-MORB, with MgO content 

consistently> 8 wt %, appear to have experienced very limited fractionation. 

Although crude covariations with MgO exist, the E-MORB display a large amount 

of scatter at constant MgO. In order to assess whether this scatter reflects systematic 

variations in the proportions of crystallizing phases as a function of the level of enrichment, 

Na20, Al203, and FeO* contents have been plotted as a function of MgO content, 

grouping samples into bins as a function of their K/Ti ratio (Figure 2.10). For the T2 E

MO RB, increasing K/Ti ratio corresponds to decreasing FeO* (at the same MgO content), 

but it is not a systematic shift with K/Ti. Al203 content in T2 E-MORB increases slightly 

(but with scatter) at constant MgO as K/Ti ratio increases, while Na20 is largely 

independent of K/Ti ratio. Segment 1 E-MORB, which have relatively low ( < 0.2) K/Ti, 

behave like segment 3 E-MORB samples with K/Ti > 0.3. In contrast, Tl E-MORB from 
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segment 4 show no systematic changes in these elements as a function of Kffi ratio. FeO* 

and Al203 in segment 4 E-MORB are higher than in both the N-MORB and T2 E-MORB, 

compared at constant MgO, while the station 59 lavas, with the least enriched K!fi ratio ( < 

0.2), have the most elevated FeO* and Na20 of the group. 

Shifts in FeO*, AI203, and CaO (not shown) with increasing K!fi content are 

consistent with the behavior observed previously in E-MORB, which has been attributed to 

a delay in the saturation of plagioclase during low-pressure crystallization [e.g., Michael 

and Chase, 1987] . This delay is controlled by compositional differences in E-MORB 

parental melts (different Al contents and slightly higher H20 contents) and becomes 

increasingly significant as the level of enrichment increases. It is interesting to note that in 

this regard, the more enriched T2 E-MORB from segments l and 3 behave most like typical 

E-MORB, in spite of their unusual trace element signature. No effects associated with 

delayed plagioclase saturation are visible in the Tl E-MORB from segment 4, but this may 

be largely due to the fact that these lavas are more primitive and have not reached 

sufficiently high extents of fractionation to magnify the effects of delayed plagioclase 

crystallization. 

LLDs have been calculated using the MELTS program [Ghiorso and Sacks, 1995] 

to quantify the role of fractional crystallization. Most of the variations found in FeO* and 

Al203 for the segment 3 E-MORB (Figure 2.10) are well bracketed by the best fit N-

MORB LLD ( 18-3) and the LLD calculated at l kbar pressure and a QFM-2 buffer for the 

most primitive and enriched segment 3 composition (sample 47-1). These results suggest . 

that the most evolved segment 3 E-MORB have reached up to -30% crystallization, with 

most samples experiencing much less ( < l 0%) fractionation. In contrast, enriched samples 

from segment 4 fall well above the N-MORB and segment 3 E-MORB LLD and, not 
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surprisingly, cannot be simulated by fractionation of a parental magma similar to 47-1 nor 

by a more hydrous N-MORB parental magma (e.g., 18-3 with 0.36 wt % H20). Instead, 

these variations reflect other magmatic processes. Regardless of which parental magma 

composition is used in the modeling, the calculated LLDs do not adequately reproduce 

Na20 variations observed in either the Tl or T2 E-MORB. 

Melting 

Using major element variations to constrain the melting conditions which generated 

the SCR E-MORB is complicated by shifts in the major elements which occur as a function 

of Kffi content (Figure 2.10) . These shifts pose problems when trying to correct for the 

effects of low pressure fractionation, and backtracking to constant MgO = 8 wt %. 

Recently, Shen and Forsyth [ 1995] have attempted to overcome this problem by designing 

a "double" backtracking approach, correcting first to constant MgO, and then to constant 

K!Ti ratio. We have utilized a similar strategy for the SCR E-MORB. 

The effects of low pressure fractionation have been corrected by backtracking the E

MO RB samples to 8 wt % MgO, using the same regression coefficients determined for the 

N-MORB suite (Table 2.3). We note that although there are shifts in the abundances of 

major elements associated with the level of enrichment, the slopes of oxide-MgO 

covariations for any one K!Ti bin are generally parallel to the trends defined by the N

MORB, as shown by the 18-3 LLD (Figure 2.10). Any errors introduced by this 

assumption will be most important for the T2 E-MORB, which have experienced the 

greatest range in fractionation (and which have also been most affected by mixing between 

depleted and enriched compositions). The Tl E-MORB are already very close to 8 wt% 

MgO, so errors associated with the MgO backtracking corrections are insignificant. 
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When the parameters of Nas.o. Cas.o/ Als.o. and Sis.o/Fes .o are plotted as a 

function of K/Ti (Figure 2.11 ), it is seen that T 1 and T2 E-MORB display different 

behavior. For TI E-MORB from segment 4 (excluding those from station 59), increasing 

K/Ti is associated with decreasing Cas.o/Als.o. constant or slightly decreasing 

Sis.o!Fes.o. and essentially constant Nas.o. With increasing K/Ti, T2 E-MORB also have 

decreasing Cas.o/Als.o. although offset to higher ratios, and both Sis.o!Fes.o and Nas.o 

increase. Also note that while T2 E-MORB from segment 1 show similar trends with K/Ti 

as T2 E-MORB from segment 3, they are offset relatively to higher Nas.o and Sis .. o/Fes.O 

and lower Cas.o/ Als.o for the same Kffi ratio. In their study of the role of heterogeneity 

on backtracked parameters, Shen and Forsyth [ 1995] observed statistically insignificant 

correlations between Nas.O and K/Ti ratio and strong negative correlations between Fes.O 

and Kffi. Thus although our TI E-MORB are most similar to the E-MORB considered by 

Shen and Forsyth [ 1995] in terms of trace element characteristics, they do not follow the 

expected relationships with K/Ti. Interestingly, it is the anomalous T2 E-MORB that 

display variations with K/Ti that are most similar to those found in more typical E-MORB 

by Shen and Forsyth [ 1995]. 

In order to correct for systematic differences associated with K/Ti, we have 

calculated linear regressions for these trends as a function of K/Ti for each type of E

MORB. Although the N-MORB data are also shown in Figure 2.11 for reference, the K/Ti 

regressions were not required to pass through the N-MORB data. Coefficients for these 

linear regressions (Table 2.4) have been used to correct the "single backtracked" parameters 

(e.g., Nas.O) to constant Kffi = 0.1, on the basis of the following equation: 

[Oxides.0,0.1] = [Oxides.OJ + slope * (0.1 - Kffi) 
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These new "double backtracked" parameters Na[S.0,0.1 ]. [Cas.o/ Als .O](O. l ). and 

[Sis.o!Fes.O](O. l) have been substituted into the equations of Niu and Batiza [ 1991 , 1994] 

in order to examine the conditions of melting for the E-MORB ; we have used only the 

Nas.o-based Niu and Batiza method for calculating F (Figure 2.12) . Parameters calculated 

with the double backtracked values are referred to as F*, P0 * and Pf*. We have also 

calculated F and Po using the parameters which have only been corrected to MgO = 8 wt 

%, and the results are compared in Figure 2.12. We find that the standard errors of 

estimate associated with the K!fi regressions lead to errors of-± I% F and-± 2 kbar P0 . 

These errors should be considered minimum errors, as they have not incorporated the 

original analytical errors or errors associated with the first backtracking regression (i.e., to 

MgO = 8 wt %). 

Type 1 E-MORB 

When calculated without K!fi content corrections, F and P0 for TI E-MORB from 

segment 4 define a small cluster, with the exception of samples from station 59 (Figure 

2.12). The main segment 4 group lies at relatively constant F (-13-16%) and P0 (-16-17 

kbar) and slightly lower average extents of melting than the N-MORB group. When the 

K!fi-corrected values are used (Figure 2.12), all of the segment 4 samples but those from 

station 59 collapse into a narrow F*-P0 * region which is nearly identical with that of the 

segment 4B N-MORB field (i.e., -16% F*; 16-17 kbar P0 *). This coincidence of the Tl 

E-MORB and N-MORB fields is reassuring, since both lava types have been recovered 

within the same dredge haul and it seems physically implausible that significant differences 

in the thermal regime could exist or be maintained over such short ( < I 0 km) spatial scales. 

Instead, as was argued previously, it seems most reasonable geologically that first-order F

p relationships for melting should be dictated by the thermal regime and spreading rate. 

We are thus confident that the K/Ti correction has, as intended, minimized features 
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associated with heterogeneity . Furthermore, these results also imply that this heterogeneity 

has not strongly affected the solidus of the upwelling mantle beneath this segment, and 

there are thus no significant variations in the melting conditions. 

The observation that TI E-MORB and N-MORB from segment 4B have been 

generated by similar extents and pressures of melting also suggests that the extreme 

variability of the major elements at constant MgO exhibited by segment 4 E-MORB is the 

direct result of mantle source heterogeneity, with increasing levels of enrichment being 

associated with a greater proportion of the enriched component (which also has lower CaO 

and Si02 and higher AI203 and FeO*) within the sub-ridge mantle and/or melts. The 

primitive (high MgO) nature of the segment 4 N-MORB and Tl E-MORB and the fact that 

both have been recovered in the same dredge haul also suggest that shallow magmatic 

systems along segment 4 are inefficient in homogenizing melts with different compositions; 

it is very likely that individual magma batches rise to the surface along this segment and 

erupt without significant residence times in the crust. 

E-MORB from station 59 have distinct major element chemical variations compared 

with other segment 4 E-MORB. These samples are among the least enriched of the 

segment 4 E-MORB CK/Ti -0.2), but have some of the most extreme major element 

compositions found along the SCR. Although these samples have over 8.2 wt % MgO, 

they are characterized by unusually high Na20 (-3.15 wt %) and FeO* (-11 wt%), 

unusually low CaO (-10.3 wt %), and low Si02 ( <49 wt %). When corrected to MgO = 8 

wt%, they have distinctly high Na8 .0 (-3.2 wt%), and low Ca8.0/Al8.0 (-0.6) and 

Si8.0/Fe8.0 (-4.25), and fall well off the trends defined by these parameters with 

increasing K/Ti content (Figure 2. l l ). Regardless of which method is used to calculate the 

F and P of melting, the station 59 samples appear to have been derived by significantly 
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lower extents of partial melting (- 12% F, based on Na8.0) than all other segment 4 lavas, 

regardless of type (Figure 2.12). Interestingly, this lower F appears to be the result of 

higher Pf, rather than an anomalous P0 , which is still -19 kbar (Table 2.2), suggesting that 

these melts have been tapped prematurely from the melting region. 

Type 2 E-MORB 

Melting conditions calculated for the T2 E-MORB from segments I and 3 yield 

different results, depending upon whether or not corrections for K/Ti content are made 

(Figure 2.12). Without K/Ti corrections, the calculations suggest that most T2 E-MORB 

from both segments I and 3 have been generated by -15-18% melting at - I 0-18 kbar P0 . 

Increasing F corresponds to increasing P0 , with little change (but scatter) in Pf. If the 

K/Ti-corrected parameters are used to calculate F* and P0 *, the melting conditions inferred 

for the segment I E-MORB change very little, but the segment 3 E-MORB move to 

significantly higher extents of melting (18-22%) and initial pressures of melting (16-23 

kbar). The two groups, however, still define a roughly colinear array, with the segment 1 

E-MORB lying at the low F*-P0 * end-member. 

When the T2 E-MORB from segments I and 3 are compared with their affiliated N

MORB, they do not show the same behavior. For segment 3, most E-MORB lavas have 

F* and P0 * values which overlap with the N-MORB field for that segment, although some 

samples fall outside the N-MORB field at higher values (Figure 2.12). This overlap is due 

to the fact that the trends of K/Ti and Na8.0. Ca8.o/A18.0. and Si8.QIFe8.0 defined by the 

segment 3 E-MORB project back through the bulk of the segment 3 N-MORB samples, . 

although the regressions used to correct for K/Ti were not explicitly required to pass 

through the N-MORB data set (Figure 2.11). In general, it is found that E-MORB samples 

which have the greatest level of enrichment (in terms of K/Ti) are the ones which have 
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experienced the highest extents of melting, although this is not uniformly true. The results 

of the K/Ti-corrected calculations are consistent with the idea that more enriched mantle 

peridotite, which is expected to be more volatile-rich, has a lower temperature so lidus 

[e.g., Wyllie, 1979; Michael and Chase, 1987]. Preliminary volatile analyses for the SCR 

lavas confirm that H20 content is slightly elevated in the E-MORB samples compared with 

the N-MORB [Sherman et al., 1995] . Thus , for the same thermal regime, more enriched 

mantle will begin to melt at higher Po and, if melting continues to the same final pressure, it 

will reach slightly higher total extents of melting, as is observed in the most enriched 

segment 3 lavas. 

Segment 1 E-MORB overlap with their associated N-MORB in terms of F* , but 

they appear to have originated at slightly lower Po* values (Figure 2.12). When Figure 

2.11 is examined closely, it is seen that segment 1 E-MORB fall at systematically higher 

Nas.o and Sis.o/Fes.o and lower Cas.o/Als.o than the segment 3 E-MORB for similar 

K/Ti values. Thus it is possible that this apparent difference in Po* is an artifact of the 

specific regression used to correct for K/Ti, which was based on the combined segment 1 

and 3 E-MORB data. These small shifts in the segment 1 E-MORB melting parameters are 

largely insignificant, given the estimated errors. 

Segment l N-MORB are offset to consistently higher K/Ti values than the N

MORB from segments 2 and 4. It is interesting to note that for all three parameters shown 

in Figure 2.11, the most depleted N-MORB (from segments 2 and 4), the segment l N

MORB, and the segment I E-MORB define a relatively coherent array with K/Ti content, 

with segment 1 N-MORB falling at intermediate values. We interpret these variations to 

indicate that the depleted MORB source beneath segment 1 represents a mixture of a more 

depleted component, similar to that found beneath segment 2, and the segment 1 E-MORB 
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source. These data suggest that nearly all of the melts produced beneath segment I have 

been at least partially contaminated with an enriched component. 

In summary, these data suggest that major element variations in the SCR E-MORB 

result primarily from two main processes: changes in mantle source composition and 

varying extents of low pressure crystallization. The scatter seen in the major element data 

at constant MgO and Kffi suggest that, in detail, these magmas represent complex mixtures 

between fractionated, primitive, enriched and depleted magmas. Deciphering the details of 

these mixing processes using additional trace element and isotopic data will be discussed in 

a subsequent manuscript (E.M. Klein et al., manuscript in preparation, 1997). It is 

remarkable that, in spite of source heterogeneity, variations in the melting conditions do not 

appear to have played a large role in controlling major element systematics. With the 

exception of station 59, the extent and pressure of partial melting have been relatively 

uniform beneath all four ridge segments, regardless of distance from the trench. 

Spatial Variations 

Variations seen in the major and trace element composition of the SCR lavas are not 

distributed randomly along the ridge axis. Instead, we find that each ridge segment has its 

own geochemical signature and that many geochemical parameters correlate with 

morphological features of individual segments. Several important trends are seen when 

MgO content, Kffi ratio, and the inferred melting conditions (Table 2.2) are plotted as a 

function of position along the ridge axis (Figure 2.13). 

Segments l and 2, the two segments closest to the trench, both have an axial valley 

morphology and are dominated by N-MORB generated by similar extents and pressures of 

melting. In spite of this similarity in melting conditions, these segments differ in their axial 
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depth and the eruption temperature of their lavas. MgO content, a crude proxy for eruption 

temperature, is consistently high (i.e., primitive) in segment 2 lavas . In contrast, MgO 

content along segment I is more variable and extends to much lower values, with the 

coolest lavas having inferred temperatures of - J J 50°C (-50% crystallization). No 

systematic changes in MgO content occur as a function of position alongstrike on segment 

1, indicating that extensive fractionation is not strictly a "transform fault effect" associated 

with the Darwin F.Z. (Figure 2.2a) . Furthermore, segment I has a shallower (-3000-3200 

m) axial valley depth than segment 2, which is more similar in depth (-3600-3900 m) to 

segment 4 (Figure 2.2b). This depth anomaly at segment l may indicate that there are 

dynamic processes associated with ridge-trench interactions affecting the segment closest to 

the subduction zone (Figure 2.13). 

The Guamblin F.Z ., which separates segments 2 and 3, marks a major petrologic 

boundary. Just north of this fracture zone the segment 3 lavas become extremely enriched 

(T2 E-MORB) and Kffi ratio decreases systematically to the north (Figure 2.13). This 

Kffi gradient mimics the relatively smooth transition observed in axial depth and ridge axis 

morphology, from a shallow axial ridge in the south to a deep axial valley in the north. The 

maximum Kffi ratio occurs -20 km north of the intersection between the ridge axis and the 

Guamblin F.Z., adjacent to a large seamount which lies just west of the ridge axis (Figure 

2 .2b). Segment 3 also displays coherent variations in MgO alongstrike that are 

superimposed on the K/Ti gradient. Moving from north to south along segment 3, MgO 

content decreases uniformly, then jumps abruptly to higher values at the 45 °00'S offset 

seen in the bathymetry data (Figure 2.2b) . Continuing south, MgO again decreases 

uniformly toward the Guamblin F.Z. MgO content does not appear to correlate with the 

size of adjacent offsets , which again indicates that cooling by transform offsets is not 

playing a large role in controlling the eruption temperature. The average extent of melting 
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for segment 3 E-MORB, especially near the southern end of the segment, is similar to, or 

slightly higher than, the values of F found on the adjacent segments. This subtle increase 

in F appears to have caused the magma supply rate to the southern part of segment 3 to 

cross the "threshold" necessary for a shift from an axial valley to an axial ridge morphology 

[e.g., Chen and Morgan, 1990; Phipps Morgan and Chen, 1993]. 

Unlike segment 3, segment 4 shows no coherent along-strike variations in lava 

chemistry or ridge axis morphology, although this may partly be an artifact of the sparse 

sampling density for segment 4 (Figure 2.13). Type 1 E-MORB were almost exclusively 

recovered north of 44°S (segment 4B), which is the southern terminus of a propagating rift, 

but N-MORB were also obtained in the same dredge haul. N-MORB dominated the 

dredges of segment 4A, with the exception of the slightly enriched, very low F samples of 

station 59. In spite of the pronounced heterogeneity of the segment 4 lavas, MgO content 

is remarkably uniform and high along the entire -200 km length of this segment (Figure 

2.13). The primitive nature of these lavas is particularly unusual given the occurrence of a 

propagating rift at the 4A-4B boundary and the common association of FeTi basalts with 

propagating rifts [e.g., Sinton et al., 1983]. While E-MORB and N-MORB from segment 

4B appear to have been generated under approximately similar melting conditions, some 

small differences are seen between subsegments 4A and 4B . Melting beneath segment 4A 

has occurred at slightly greater mean pressures (Po -20 kbar) , compared with segment 4B 

(-17 kbar) . These differences in pressure correspond to slight increases in the total extent 

of melting (-1-2% higher) and an increase in the mean depth of axial valleys beneath 

subsegment 4A (Figure 2.13). It is not clear whether these differences are related to 

southward propagation of segment 4B or perturbation of the upwelling/thermal regime 

adjacent to the large Guafo F.Z. (Figure 2.2a). 
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Discussion 

Does Ridge Subduction Affect Mantle Melting? 

One of the primary objectives of our SCR study was to investigate magmatic 

processes operating at a spreading center undergoing subduction at the adjacent trench . In 

particular, we were testing the hypothesis that the mantle flow and thermal regime might be 

perturbed by proximity of the downgoing slab. The width of the mantle upwelling zone 

beneath a spreading center is poorly constrained, with theoretical estimates varying between 

> 200 km for purely passive upwelling [e.g., Ahern and Turcotte, 1979; Oxburgh, 1980] 

to < 30-100 km wide, when the effects of interstitial melt on viscosity are considered [e.g., 

McKenzie and Bickle, 1988; Buck and Su, 1989]. Melts which are tapped to feed 

volcanism at the ridge axis may originate from an even narrower ( < 60 km) zone of melt 

extraction [e.g., Spiegelman and McKenzie, 1987]. Given these estimates, it is 

conceivable that upwelling beneath segment l, which lies < 10 km from the trench axis, and 

possibly segment 2, which lies -75 km from the trench axis, may have been influenced by 

the adjacent slab. 

Perturbation of the flow/melting regime beneath the spreading center near the 

subduction zone might occur in two ways. A proximal descending slab may provide an 

upper boundary on that part of the upwelling regime which lies between the ridge axis and 

the trench axis. This "cap" might lead to greater mean pressures of melting (Pm) and thus 

lower total extents of melting (F) for those parcels of mantle that are blocked in their ascent 

by the presence of the slab. Mixture of these melts with "normal melts" segregating from 

the unperturbed part of the upwelling/melting region [e.g., Salters and Hart, 1989; Klein 

and Langmuir, 1987] will produce an average melt composition with a signature of higher 

Pm and lower F than the average melts found at a completely unperturbed spreading center. 

Alternatively, the nature of melt focusing beneath the spreading center might be affected. It 
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has been shown elsewhere that the width over which magmas within the melting zone are 

focused toward the axis decreases with decreasing spreading rate , as the oceanic 

lithosphere thickens more rapidly at a given distance from the axis [Spiegelman and 

McKenzie, 1987]. A downgoing slab near a subducting ridge axis may act like thicker 

lithosphere at a slow spreading ridge, causing preferential melt segregation from the central 

portion of the melting region. In this scenario, integrated melt compositions would be 

shifted toward those which have experienced greater total ascent (i.e., lower Pm) and 

higher F, which is the opposite effect of the first scenario. 

We see evidence for neither of these scenarios in the SCR lavas. Segment l lavas, 

which we predicted should have been most affected by the adjacent slab, appear to have 

formed by largely similar or perhaps very slightly lower (by -1-2%) extents of partial 

melting compared with the other segments, in conjunction with lower Po and inferred Pm. 

Conceptually, lower Po might be due to melting of more refractory and depleted mantle, 

which would have a higher temperature solidus, but this mechanism is not favored by the 

trace element data for the segment I lavas, which show partial enrichment of a typical N

MORB source (Figure 2.3). Alternatively, lower P0 might indicate that the mantle potential 

temperature beneath segment l is cool relative to the other ridge segments. For a constant 

mantle composition (and thus solidus), a cooler adiabatic or subadiabatic thermal regime 

will cause material upwelling beneath segment l to intersect its solidus at a shallower 

depth. However, we emphasize that the differences in melting conditions seen at segment 

1 are nearly insignificant, and so any reduction of mantle potential temperature is likely to 

be very small. 

While it is feasible that slight cooling of the mantle beneath segment l might be 

caused by the unusual tectonic setting, it is important to note that segment 1 is not the only 
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segment which yields slightly lower inferred extents of melting. As noted above, lavas 

from segment 4B are interpreted to have originated from F and P conditions which are very 

similar to those found along segment l. Segment 4B is the farthest segment from the 

trench ; it is bounded by one of the smallest transform offsets in the region on its north side 

and a propagating rift on its south side. The similarity of the segment 4B and segment 1 

lavas, in terms of melting conditions, thus suggests that small F and P differences observed 

in the segment 1 lavas have no relationship with ridge subduction. The absence of any 

significant perturbation of the melting regime beneath segment l thus indicates. that the 

mantle upwelling and melting region beneath an intermediate spreading· rate ridge like the 

SCR is sufficiently narrow that it has not been influenced by the nearby slab. This 

conclusion is consistent with the recent results of the MELTS seismic experiment, which 

indicate that the primary zone of upwelling/melting beneath the faster spreading East Pacific 

Rise may be less than 15-20 km wide [e.g., Toomey et al., 1996]. 

Although deeper parts of the magmatic system beneath segment 1 do not seem to 

have been strongly affected by the process of ridge subduction (except perhaps in terms of 

mantle heterogeneity), it is possible that shallower portions have been perturbed by the 

unusual tectonic setting. Previously , Abbott and Fisk [ 1986] argued that flexural bending 

of the lithospheric plate in response to subduction of young, buoyant lithosphere may lead 

to enhanced cracking and hydrothermal circulation where the flexural bulge is greatest. The 

site of greatest plate flexure on the SCR occurs somewhere in the vicinity of segment 2 (S. 

Cande, personal communication, 1996). We have already noted the highly fractionated 

character of the segment 1 lavas. FeTi basalts are not typical at intermediate spreading rate 

ridges, and where they occur, it is usually in conjunction with propagating rifts [e .g., 

Christie and Sinton, 198 l; Sinton et al., 1983] or near large ridge-transform intersections 

[e.g., Bender et al., 1984]. We see neither morphological evidence for migrating offsets 
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on segment I nor systematic geochemical gradients with distance from the Darwin F.Z., 

and thus conclude that the high levels of crystallization which have occurred along this 

segment do not represent a propagating rift signature or a transform fault effect. Instead, 

we infer that the more evolved character of the segment I lavas indicates stagnation of melts 

at low pressures, with sufficient residence time to allow more extensive fractionation prior 

to eruption than found elsewhere on the SCR. Although contributions by other factors 

cannot be ruled out, this scenario may be consistent with the hypothesis of Abbott and Fisk 

[ 1986] for enhanced cooling at shallow levels near the trench. 

The Origin of SCR Heterogeneities 

One of the key features of the SCR axial lavas is the pronounced heterogeneity of 

the subridge mantle, with several types of heterogeneity observed. K20-Mg0 

relationships indicate that even the primitive N-MORB range in their level of depletion, 

from low ( < 0.08 % ) K20, highly depleted samples at segment 2 to slightly enriched (>0.1 

% K20) samples at segments 1 and 3. Similar variability in the depleted N-MORB source 

has been found at several other spreading centers, such as the MAR [e.g., Bryan et al., 

1981], and it implies both that there is small spatial scale heterogeneity in the depleted 

mantle source and that there has been poor homogenization of melts within shallow magma 

bodies along much of the SCR. 

Tl E-MORB have geochemical characteristics which are very similar to those found 

in E-MORB recovered elsewhere on the mid-ocean ridge system [e.g., Hekinian et al., 

1989; Michael et al., 1989; Karsten et al., 1990]. Recently, Cousens [1996] has 

investigated the nature of the enriched mantle component in the northeast Pacific region in 

more detail, and has concluded that it has higher H20, K/Na, K/La, and K/Ti ratios, 

similar Sm/Yb ratios and heavy rare earth element abundances, and lower Mg# and 
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CaO/AI203 ratios than the depleted mantle source, as well as a HIMU isotopic signature 

[e.g., Hart, 1988]. He interprets these variations to indicate that the enriched source is an 

amphibole-bearing peridotite, perhaps also enriched in clinopyroxene, and suggests that E

MORE represent highly diluted mixtures between melts from this component and depleted 

melts. He further speculates that the enriched component may represent hydrated, 

subducted oceanic crust, which is recycled through the mantle and returned to the subridge 

environment via plumes or melts. SCR Tl E-MORB share most of the same geochemical 

attributes found for the northeast Pacific enriched samples [e.g., Klein and Karsten, 1995; 

Sherman et al., 1995], except for the lower Mg# and the isotopic signature, which is 

DUPAL-like in the segment 4 lavas [Klein and Karsten, 1995]. Tl E-MORB are likely to 

have been derived from a similar amphibole-bearing source, but unlike the case for the 

northeast Pacific ridges, they have not experienced lengthy ponding and crystallization in 

shallow magmatic systems. 

T2 E-MORB are more intriguing, as they have geochemical characteristics most 

commonly associated with suprasubduction zone environments. Klein and Karsten [ 1995] 

have already discussed the trace element and isotopic constraints for these lavas, which 

indicate mixing between a depleted mantle source and a combination of sediment and 

altered oceanic crust associated with slab materials. The origin of this contaminant and 

whether it is transported as a solid or fluid phase is still under investigation. The results of 

our study indicate that the trace element abundances are largely decoupled from the major 

elements, which are not significantly different from those displayed by N-MORB (except 

for K20). T2 E-MORB have slightly lower FeO* and slightly higher Al203 than N

MORB, but these differences can be explained by the timing of plagioclase saturation 

during low pressure fractionation, rather than very large differences in the parental magma 

major element composition. In this regard, they are most similar to more evolved, oceanic 
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island basalt-like E-MORB from other spreading centers [Michael and Chase, 1987] . We 

are currently investigating whether the T2 E-MORB heterogeneity may have originated by 

way of a recent, slab-derived vapor phase, which has metasomatized the ·depleted mantle 

region beneath segment 3 and introduced large ion lithophiles and other incompatible 

elements (but not the high field strength elements (HFSE)) . This scenario would be in 

contrast to the situation discussed above for the Tl E-MORB, which apparently result from 

a mineralogical change in the mantle source. Alternatively, the geochemical character of the 

T2 E-MORB heterogeneity may reflect a more ancient recycling event, such as has been 

proposed for the Society Islands [e.g., Chauvel et al. , 1992]. 

Comparison with the Northern Chile Ridge 

The SCR lavas show several important similarities and differences when compared 

with samples recovered from the NCR [Bach et al., 1996]. Both sets of lavas have 

relatively high Na abundances at a given MgO content, compared with other Pacific Ocean 

lavas. It is possible that this shift reflects systematic differences in spreading rate, and thus 

extent of partial melting. The predominance of an axial valley morphology along the 

intermediate spreading rate Chile Ridge is consistent with lower F, compared with the 

faster EPR and hot-spot-influenced Galapagos spreading center [Bach et al., 1996]. For 

the NCR lavas, higher Na is also associated with lower Ca and higher Ti , which is 

internally consistent with the concept of lower extents of melting. However, high Na in the 

SCR lavas is not associated with relatively low Ca or high Ti, which would argue that the 

Na enrichment may be a regional characteristic of the Chile Ridge mantle source [e.g., 

Natland, 1989], rather than purely related to extent of partial melting. 

Another key difference between the NCR and SCR lavas concerns the behavior of 

Nb and Ta. Bach et al. [ 1996] have found unusual depletions in the HFSE for the NCR 
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lavas, but these depletions occur in what are otherwise N-MORB. On the SCR, N-MORB 

have normal HFSE abundances for MORB [Klein and Karsten, 1995), and depletions in 

HFSE occur only in the anomalously enriched T2 E-MORB, suggesting that they have 

different origins. Bach and his colleagues have postulated that the NCR depletions may be 

associated with a previous melting and depletion event, possibly associated with 

reorganization of the Pacific-Farallon ridge and northward propagation of the axis from the 

Valdivia F.Z. [e.g., Tebbens and Cande, 1997]. The observation that N-MORB from the 

SCR, which has been a stable spreading center for> 10 m.y ., behave differently in terms of 

trace element characteristics compared with the NCR N-MORB thus suggests that the 

Valdivia F.Z. represents a major discontinuity in the mantle provinces supplying the Chile 

Ridge axis. 

A Model for the Petrogenesis of the SCR Lavas 

In Figure 2.14, we have summarized our preferred model for the petrogenesis of 

the ridge axis lavas along the SCR. Two main processes have played key roles in the 

development of the geochemical trends observed in the erupted lavas. First, there is 

significant heterogeneity dispersed in the subridge mantle in a nonuniform manner. One 

type of heterogeneity results in the formation of Tl E-MORB. These heterogeneities are 

small, variably sized plums or veins of enriched peridotite entrained passively within the 

depleted mantle matrix beneath segment 4, and they are sufficiently small that they do not 

noticeably perturb the solidus of the upwelling mantle. The second type of heterogeneity, 

contaminated with sediments and slab-derived materials, results in the formation of unusual 

T2 E-MORB [Klein and Karsten, 1995]. It is most concentrated beneath the southern end 

of segment 3, in the vicinity of a near-axis seamount chain to which it may be related, and it 

is increasingly diluted by the depleted mantle component northward away from this site. 

The T2 E-MORB heterogeneity is also found on the southernmost portion of segment l 



51 

near the triple junction and it appears that the N-MORB source for this entire segment has 

been slightly contaminated by this component. Where it is most concentrated, the T2 E

MORB heterogeneity appears to have lowered the mantle solidus, possibly as a result of 

increased volatile components. Changes in the pressure and extent of partial melting of the 

mantle are observed, but these variations are very small and statistically insignificant. 

Thus, to a first approximation, the extent and pressure of partial melting indicate relatively 

uniform thermal conditions beneath the SCR. 

The second main factor affecting major element variations is coo'ling, fractionation, 

and mixing at shallower levels in the magmatic system. In general, segments which have 

relatively low rates of magma supply (i.e., segments 1, 2, and 4) exhibit an axial valley 

morphology and have experienced very limited extents of low pressure fractionation and 

homogenization, except as noted above for segment 1. The primitive and heterogeneous 

nature of the segment 2 and 4 lavas indicate that crustal level magma bodies have not been 

very long-lived, nor have they played an important role in mixing of different melt batches. 

In contrast, the southern part of segment 3, which has melts formed by slightly greater 

extents of melting, has an axial ridge morphology. Segment 3 lavas have experienced 

variable amounts of fractionation that are closely aligned with the second-order 

segmentation, which may be influencing crustal level thermal structure. We interpret the 

more extensive fractionation seen in segment 3 lavas to result from ponding of melts in 

shallow magma bodies, similar to the behavior found at faster spreading ridges. 
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Conclusions 

I. Three main types of lavas have been recovered from the four first-order 

segments sampled on the SCR between the CMTJ and the Chiloe F.Z.: (a) N-MORB with 

slightly elevated Na contents compared with EPR lavas, (b) TI E-MORB , with ocean 

island basalt trace element characteristics, and (c) T2 E-MORB , with trace element 

characteristics that have convergent margin affinities. 

2. N-MORB have been recovered from all four ridge segments. Tl E-MORB have 

been recovered only from segment 4, with both N- and E-MORB recovered in the same 

dredge haul. T2 E-MORB dominate most of the segment 3 axis, with a gradient in the level 

of enrichment decreasing to the north; they were also recovered from the southern portion 

of segment l in the vicinity of the triple junction. 

3. Low pressure crystal fractionation has been extensive for segment l lavas, 

reaching FeO* and Ti02 contents more commonly associated with propagating rifts. Lavas 

from segments 2 and 4 are generally primitive and heterogeneous over small spatial scales, 

indicating limited residence time and mixing in shallow magma reservoirs. Segment 3 

lavas show variations in the extent of low-pressure crystallization which mimic second

order segmentation of the axis. 

4 . Like the NCR lavas , the SCR lavas have relatively high Na20 contents at a 

given MgO content, when compared with other Pacific Ocean MORB. This observation 

suggests that the entire sub-Chile Ridge mantle has a regional enrichment in sodium. 
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5. Melting parameters (i.e. , initial pressure and extent of melting) inferred for SCR 

N-MORB are relatively uniform beneath all four ridge segments and have values which are 

similar to those found previously for the northern EPR and southern MAR. 

6. Melting parameters for both Tl and T2 E-MORB are generally similar to those 

found for the N-MORB , suggesting that spreading rate and mantle thermal regime, rather 

than mantle composition, exerts primary control on the melting conditions. Only the most 

enriched T2 E-MORB have been generated by slightly higher extents and pressures of 

melting, which suggests that the enriched component is sufficiently large beneath the 

southern part of segment 3 to lower the peridotite solidus and affect the melting conditions. 

7. There is no evidence that melting systematics for the ridge segments closest to 

the trench have been perturbed by ridge subduction and the presence of the nearby 

downgoing slab; this suggests that the zone of upwelling and melting beneath the SCR is 

relatively narrow. 
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Table 2.1. Sample Locations for RIV Knorr Cruise KN 138-11 (Southern CROSS Expedition) 

On Bottom Off Bottom 

Stationa Segmen Latitude, 0 S Lon~itude, Depth, m Latitude, 0 S Lon~itude , Depth, m 
t w w 

l I 45°52.8 l' 75°58.14' 3220 45°52.58' 75°58.40' 3225 
3 l 45°52.40' 75°58 .22' 3170 45°52.08' 75°58.35' 3 165 
4 I 45°51.56' 75°58.49' 3160 45°51 .54' 75°58.04' 3285 
5 1 45°50.87' 75°58 .59' 3200 45°50.42' 75°59. l l' 3230 
7 1 45°52.76' 75°56.96' 3170 45°52.82' 75°57.77' 3167 
8 l 45°52.93' 75°57.74' 3162 45°52.30' 75°57.85' 3265 
10 I 45°54.60' 75°57 .06' 3215 45 °54.68' 75°56.36' 3220 
l l 1 45 °55 .66' 75°56.65' 3270 45 °56.27' 75°56.72' 3290 
12 1 45°55.19' 75°54.89' 1642 45 °55 .02' 75°54.43' 2937 
14 I 45°57.19' 75°56.06' 3280 45 °56.28' 75°55.21' 3215 
15 1 45°57.97' 75°56.50' 3310 45 °57 .68' 75°56.83' 3285 
18 1 45°59.48' 75°55.01' 3125 45°59.51' 75°54.55' 3165 
19 I 46°00.38' 75°54.85' 3145 46°00.17' 75°53.80' 3177 
20 1 46°02.43' 75°53 .80' 3296 46°01.06' 75°54.38' 3312 
21 1 46°04.50' 75°52.72' 3235 46°03.25' 75°53 .19' 3240 
28 1 45 °55.01' 75°57.47' 3340 45°54.80' 75°57.30' 3335 
29 1 . 45 °54.15' 75°57.43' 3160 45°53.24' 75°56.71' 3190 
32 2B 45 °40.so· 76°53.07' 4125 45 °41.00' 76°52.13' 4110 
33 2B 45 °42.55' 76°52.12' 4092 45°42.63' 76°53 .08' 4140 
34 2B 45°46.88' 76°46.79' 4010 45°47.00' 76°47 .80' 3975 
35 2A 45 °50.01' 76°45 .75' 3785 45°50.75' 76°45 .88' 3675 
36 2A 45 °52.90' 76°45.51' 3807 45 °53.84' 76°46.38' 3650 
39 3A 45 °43.34' 77°52.60' 3170 45°43.96' 77°53.65' 3165 

40 (W) 3A 45°41 .56' 77 53.37' 3060 
41 3A 45°38.31 ' 77°50.76' 2925 45°31.w 77°51.51' 2822 
42 3A 45 °38.77' 77°53.35' 2918 45°38.10' 77°54.02' 2900 
43 3A 45 °30.35' 77°57.76' 2680 45°29.57' 77°57.87' 2755 
44 3A 45 ° 19.17' 78°04.01' 3205 45°18.69' 78°04.68' 3235 

45 (W) 3A 45°24.82' 77°59.84' 2932 
46 3A 45° 14.75' 78°07.38' 2980 45°13.70' 78°07.70' 3025 
47 3A 45 °14.54' 78°06.48' 3215 45 °13.64' 78°05.81' 3257 
48 3A 45 °07.79' 78°08.47' 3660 45°07 .16' 78°08.94' 3610 
49 3A 45 °00.78' 78°12.43' 3780 45°00.13' 78°13.05 ' 3925 
50 3B 44°54.56' 78°14.88' 3930 44°53.80' 78° 16.11' 3150 
51 3B 44°47.45' 78°16.56' 3600 44°47.93' 78°15.87' 3525 
52 3B 44°40.03' 78°17.15' 3300 44°39.63' 78°17 .34' 3325 
53 3B 44°32.33' 78° 18.91' 3490 44°32.28' 78°19.87' 3555 

54 (W) 3B 44°29.58' 78° 19.32' 3575 
58 4A 44°57.10' 81 °56.20' 3860 44°56.37' 8 1°56.59' 3735 
59 4A 44°45 .99' 82°00.48' 2685 44°45.51 ' 82°0 1.39' 2720 
60 4A 44°35.87' 82°03 .36' 2970 44°35.32' 82°03 .85' 3025 
61 4A 44°27.81' 82°10.82' 4180 44°27 .79' 82° 12.64' 3940 
62 4A 44° 11.68' 82°14.09' 3950 44° 11 .00' 82° 14.98' 3850 
63 4B 43°52.38' 82°25 .64' 3895 43°51.90' 82°26.47' 3810 
64 4B 43°41.49' 82°27.98' 3465 43°41.50' 82°28.58' 3400 

64 (F) 4B 43°41.50' 82°28.49' 
65 4B 43 °26.24' 82°34.63' 3630 43°26.21 ' 82°35.44' 3600 
66 4B 43°06.63' 82°38.44' 3628 43°06.21 ' 82°39.44' 3640 

a All samples were obtained by dredge except where indicated (W, tethered wax core; F, free-fall wax core). 



Table 2.2. Representative Electron Microprobe Analyses and Calculated Melting Parameters for southern Chile Ridge Glasses 

Stationa Typeb Crystallinityc Si02 Ti02 Al203 FeO* Mn MgO Cao Na20 K20 P20s Total Kffi Fd Po,d 
' 0 % kbar 

Segment 1 
la N (2) IV8ov Sl .02 2.30 13.8S 12.03 0.21 6.31 10.77 3.13 0.18 0.27 100.05 0.11 18 18 
3a N (3) I p S0.71 2.84 13.48 13.16 0.23 S.49 9.69 3.38 0.27 0.37 99.63 0 .13 17 17 
4a N (4) I'Vio S0.82 I.99 14.66 I0.8S 0.20 6.90 11.12 3.10 0.19 0.23 100.06 0.13 17 17 
Sa N (I) I p S0.37 1.73 IS.43 10.09 0.19 7.49 11.47 3.09 0.14 0.21 100.21 0.11 16 16 
7a N (2) IVp S0.63 I.82 IS .00 10.30 0.20 7.30 I l.S2 3.01 O. IS 0.21 JOO.I I 0.11 17 17 
7b N (I) IVp S0.60 2.2S 14.25 11.79 0.21 6.34 I0.4S 3.33 0.20 0.30 99.72 0.12 16 17 
8a N (3) IVp S0.7S 2.22 14.01 11.78 0.20 6.42 10.90 3. IS 0.18 0.26 99.88 0 .11 18 18 
JO a N (3) Ilp S0.84 1.40 IS.41 9.30 0.17 8.00 12.13 2.71 0.14 O.IS 100.25 0.13 17 17 
!Ob N (3) IVtco S0.80 1.90 14.67 10.67 0.19 7.19 11 .20 2.97 O. IS 0.20 99.94 0.11 17 18 
Ila N (I) II p S0.94 1.90 14.S8 10.67 0.18 7.17 11.30 3.01 O.IS 0.19 100.07 0.11 17 18 
12a D (7) Illcv 64.81 0.87 lS.84 3.99 0.06 1.92 4.60 4.22 2.17 0.17 98.64 3.47 
14a N (S) II po S0.41 2.34 14.24 11.74 0.22 6.30 10.17 3.23 0.18 0.28 99.11 0.11 17 17 
14b N (2) II po S0.39 1.30 IS.38 8.83 0.18 8.19 12.32 2.69 O.OS 0.13 99.44 0.05 18 17 
!Sa N (2) II po S0.48 2.41 14.08 1 I.81 0.22 6.2S 10.30 3.23 0.17 0.26 99.21 0.10 17 17 
!Sb N (2) I~o S0.84 2.46 13.8S 12.10 0.23 6.06 10.19 3.28 0.20 0.28 99.48 0.12 17 17 
18a N (3) I p S0.49 1.30 IS .94 8.87 0.16 8.48 12.03 2.63 0.10 0.14 100.13 0.11 17 17 
19a N (3) IVfoo S0.74 1.63 14.89 9.76 0.19 7.48 11.86 3.03 0.10 0.17 99.86 0.09 17 16 
20a E-2 (4) Ip S 1.24 1.37 IS.42 9.03 0.17 7 .S9 11.77 2.91 0.19 O. lS 99.84 0.19 18 IS 
2la E-2 (I) IVfov Sl.00 1.32 IS .62 8.86 0.16 7.82 11 .74 2.89 0.17 0.14 99.71 0.18 17 IS 
28a N (I) Ip S0.98 1.40 14.83 9.44 0.17 7.70 12.23 2.80 0.09 0. 15 99.79 0.09 18 17 
29a N (I) IV po S0.42 1.98 14.40 10.71 0.20 6.86 10.81 3.07 0.16 0.23 98.83 0.11 17 16 

Segment 2 
32a N (I) Ilp S0.25 1.33 IS.47 9.28 0.17 8.S I 11.92 2.45 0.06 0.13 99.55 0.06 18 20 
33a N (3) Iv 49 .92 1.22 IS .72 9.17 0.17 8.SS 11.97 2.43 0.08 0.12 99.34 0.09 18 20 
34a N (2) IIIf° S0.31 1.48 IS.12 9.63 0.18 7 .88 l I .S7 2.79 O.OS 0.14 99.13 O.OS 17 17 
35a N (2) 48.44 1.28 16.79 9.46 0.18 8.25 11 .Sl 3.08 0.04 0.15 99.18 0 .04 14 17 
36a N (I) Illpv S0.8S 1.08 IS .89 8.S7 0.16 9.16 12.SO 2.33 0.03 0.09 100.66 0 .03 21 22 

Pr,d Preferred Pr,e 
kbar kbar 

11 6 
11 s 
11 s 
12 6 
11 6 
11 6 
11 6 
11 s 
12 6 
11 6 

11 s 
11 s 
11 s 
11 s 
12 6 
11 s 
9 3 
10 4 
10 s 
11 5 

12 8 
12 8 
12 6 
13 8 
12 8 

Vl 
Vl 



Table 2.2. (continued) 

Stationa Typeb Crystallinityc Si02 Ti02 Al203 FeO* Mn 
0 

MgO 

39a E-2 (2) lip S 1.31 1.72 14.90 9.80 0.18 6.6S 
39b E-2 (l) Ir S l.4S I .4S 14.98 9.26 0.17 7.49 
40a E-2 (I) S l.7S 1.37 14.90 9.24 0.18 7.38 
41a E-2 (2) I~~ S0.62 1.34 16.07 8.98 0.16 7.72 
41b E-2 (I) SI .24 1.31 lS .92 8.68 0.16 7.84 
42a E-2 (3) Ilpv SI .02 l.2S lS .87 8.41 O.IS 7.97 
42b E-2 (I) Illtov S2 .04 I.S7 14.93 9.69 0.17 7.08 
43a E-2 (4) Ip S2.3S 1.19 JS.61 8.6S O.JS 7.SS 
44a E-2 (8) Iv SI. lS I. JS 1S.9S 8.37 O.lS 8.33 
44b E-2 (2) I Sl .20 1.21 IS.S2 8.67 O. IS 8.21 
4Sa E-2 (l) 11 s 1.14 1.21 16.60 8.22 0.16 8.18 
46a E-2 (l) SI .S8 1.21 lS .99 8.49 0.16 8.39 
47a E-2 (4) Iv Sl.62 1.12 16.53 8.IS O. IS 8.64 
48a E-2 (l) IVtov SJ .22 1.10 16.13 8.22 0.18 8.78 
49a E-2 (2) Ip SI .3S 0.98 IS.47 8.S9 0.18 9.02 
SOa E-2 (2) Ilpv s 1.23 1.48 14.97 9.4S 0.20 7.7S 
SOb E-2 (I) Ilpv SI.SO I.S8 14.67 9.96 0.20 7.42 
SOc E-2 (1) IVpov Sl.03 1.32 lS .61 8.73 0.19 8.18 
Sia N (1) Ilpov s 1.32 1.46 14.S 1 9.84 0.20 7.60 
Sib E-2 (2) I Sl.70 I.SO 14.46 9.9S 0.2 1 7.S6 
S2a N (I) IVfnv S0.6S 1.17 16.46 8.11 0.16 8.S3 
S3a N (2) Ip S0.94 1.1 S lS .84 8.78 0.17 8.86 
S3b N (1) 1iF 49.6S I. I I IS .S3 8.S4 0.16 8.67 
S4a N (I) 49 .22 1.07 17.34 9.33 0.19 9.08 

Cao Na20 KzO P20s Total 

Segment 3 
11.00 3.34 0.52 0.21 99.63 
11 .80 2.8S 0.34 0.17 99.96 
11 .80 2.77 0.40 0.17 99.9S 
11.42 3.00 0.47 0.18 99.9S 
11.47 2.80 0.52 0.18 100.12 
11.76 2.7S 0.47 0.17 99.82 
11 .0S 2.80 0.49 0.19 JOO.OJ 
I0.8S 2.99 0.42 0.16 99.93 
12.20 2.60 0.22 0.13 100.26 
12.17 2.61 0.26 0.14 100.14 
11.48 2.91 0.48 0.2S 100.64 
12.24 2.6S 0.26 0.16 101.11 
11.16 2.7S 0.33 0.21 100.67 
12.S8 2.51 0.16 0.12 101.00 
12.62 2.IS 0.12 0.12 100.62 
11.52 2.6S 0.26 0.17 99.69 
1 l.2S 2.82 0.20 0.18 99.79 
11.98 2.72 0.2S 0.16 100.16 
I l.7S 2.Sl O.lS O. IS 99.SO 
11.83 2.50 0.20 O.IS 100.06 
11.92 3.03 O.OS 0.12 100.19 
12.28 2.3S 0.09 0.17 100.64 
I 1.99 2.30 0.08 0.2 1 98 .26 
l 1.S9 2.63 0.10 0.10 100.64 

K!Ti pd 
' % 

0.42 19 
0.32 20 
0.40 21 
0.49 19 
O.S6 21 
O.S2 21 
0.43 21 
0.48 19 
0.27 19 
0.30 20 
O.SS 19 
0.29 19 
0.41 18 
0.20 19 
0.17 22 
0.24 19 
0.18 18 
0.27 18 
0.14 19 
0.18 21 
O.OS 14 
0.11 19 
0.10 19 
0 .14 17 

Po,<l 
kbar 

16 
18 
20 
20 
21 
21 
20 
17 
18 
19 
20 
19 
19 
19 
23 
19 
18 
18 
19 
20 
13 
20 
19 
21 

Pr,d Preferred Pr,e 
kbar kbar 

9 3 
IO s 
IO 6 
12 7 
12 8 
11 7 
10 6 
IO 4 
11 s 
11 6 
12 7 
11 6 
12 7 
11 6 
11 8 
11 6 
11 6 
11 6 
11 6 
11 7 
IO 4 
12 7 
11 7 
14 IO 

Vl 
0\ 



Table 2.2. (continued) 

Stationa Typeb Crystallinityc Si02 Ti02 Al203 FeO* Mn 
0 

MgO Cao Na20 K20 P20s Total Kffi fd , Po,<l Pr,d Preferred Pr,e 
% kbar kbar 

58a N (5) 50.05 15 .85 9.09 0. 17 8.81 
Segment 4 

II po 1.23 12.14 2.41 0.06 0.13 99.94 0 .07 19 21 13 
58b N (I) II po 49.35 1.19 15.77 8.77 0.17 8.80 11.94 2.33 0.06 0.13 98.53 0.07 19 20 12 
58c N (I) Ilpv 50.35 1.31 15 .85 9.39 0.19 8.81 12.13 2.42 0.07 0 .14 100.67 0.07 19 21 13 
59a E-1 (5) nr 48.88 1.26 16.85 11.11 0.19 8.35 10.26 3. 16 0.17 0 . 14 100.38 0.18 12 19 16 
59b E-1 (I) 48.42 1.18 16.70 10.67 0.18 8.29 10.06 3.08 0.16 0.20 98.94 0.19 13 19 15 
60a N (4) I 50.53 1.32 15.55 9.27 0.17 8.85 11.82 2.38 0.05 0.13 100.08 0.05 19 21 13 
61a N (4) I 50.64 1.48 15.41 9.80 0.18 8.55 11.40 2.64 0.09 0 . 16 100.35 0 .08 17 20 14 
62a N (6) IV po 50.51 1.50 15.12 9.79 0. 18 7 .92 11.42 2.72 0.05 0.13 99.33 0.04 17 18 12 
62b N (4) IILov 50.55 1.19 15.63 8.83 0.16 8.64 12.02 2.38 0.04 0.11 99.56 0.05 19 19 12 
63a E-1 (4) I lo 48.72 1.09 17.30 9.58 0.18 8. 11 11.04 2.86 0.44 0.19 99.38 0.56 16 17 12 
63b E-1 (I) 48.78 0.96 17.76 9.41 0.18 8.29 10.92 2.88 0.49 0 . 18 99.80 0.71 16 16 11 
64a N (3) IIF 50.65 1.22 15 .77 8.66 0. 17 8.53 12.40 2.54 0.08 0.12 100. 15 0.10 18 18 11 
64b N (1) 51.00 1.42 14.96 9.21 0.17 7 .79 12.5 1 2.89 0.12 0.14 100.23 0.12 18 16 10 
65a E-1 (4) 1Yp 49.85 1.24 16.43 9.07 0.17 8.37 11.97 2.72 0.27 0.18 100.28 0 .30 17 17 11 
66a N (2) II po 50.81 1.56 15.01 9.65 0.18 7 .98 11.37 2.73 0.08 0.15 99.51 0 .07 17 18 12 
66b E-1 (5) IIfio 49.56 1.24 16.68 9.05 0.17 8.32 11.32 2.84 0.29 0.17 99.63 0.33 16 16 11 
66c E-1 (3) Ip 49.73 1.21 16.72 8.99 0.17 8.43 11.49 2 .88 0.29 0 .17 100.07 0 .33 16 16 11 

Analytical conditions are 15 KeV accelerating voltage; 20 nA beam current, beam diameter (10 im for glasses, I I lm for mineral phases). Count 
times are 30 s for Na20, Ti02, and FeO*; 60 s for Si02, CaO, MgO, and Al203; 70 s for K20; and 100 s for MnO and P205. Oxides reported as weight 
percent. 

a Station number is followed by a designation of rock t~e (a, b, c), based on co~osition. 
b Composition tyf,es are N (N-MORB), E-1 (type I E- ORB), E-2 (type 2 E-M RB), and D (dacite). Numbers in parentheses indicate total number 

of rock samples ana yzed and averaged tofiether to yield representative rock type analyses reported here . 
c Petrofraphic characteristics are as fo lows: crystallinity types are gl , glass chifls; I, aphyric; II, sparsel\,phyric (2-3 % crystals) ; III, phyric (5- 10% 

crystals); V, gorphyritic (10-15 % crystals). Phases present are p, plagioclase; o, o ivine; c, clinopyroxene. esicularity greater than 2% is denoted as v. 
d F, P , an 1;( are calculated usinF the equations of Niu and Batiza [ 1991], which use Na8 ~to calculate F. Values are backtracked to constant MgO 

= 8 wt % after Lein and Langmuir 1987] and Niu and Batiza [ 1991], using regression coef 1cients determined for N-MORB from segment I only to 
correct both N-MORB and E-MORB. Reported F and P values for E-MORB samples are the F* , P0 * and P/ values determined after making a second 
correction to constant K!Ti = 0. 1. 

e Preferred Pf calculated using an assumed melting rate of 1.5%/kbar and the equation P1= P 0 - (Fl 1.5) . 

kbar 

8 
8 
9 
11 
10 
9 
9 
7 
7 
6 
6 
6 
4 
6 
6 
6 
6 

Vl 
-....) 
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Table 2.3. N-MORB Fractionation Correction Coefficients 

Oxide Si02 Ti02 AI203 FeO* Cao Na20 

mI 0.9132 -1.1997 0.3418 -2 .7791 164.77 0.2031 
m2 -0.0664 0.0472 0.0310 0.09135 -37.336 -0.0327 
m3 3.7558 
m4 -0.1407 
r2 0.058 0.987 0.944 0.981 0.947 0.933 

Major element oxides have been backtracked to MgO = 8 wt % using the equations of 

Niu and Batiza [1991], which have the general form of Oxide[S] = Oxide[observed] + 

"Lmn(8n - MgOn) . The value n is the order of regression, and mn is the corresponding 

regression coefficient. Second order regressions were sufficient for all oxides but CaO, 

which has a kink at -8 wt % MgO. Regressions were conducted on segment 1 N-MORB 

samples only and yielded good correlation coefficients (r 2) for all oxides but Si02. 



Table 2.4. E-MORB Heterogeneity Correction Coefficients 

Parameter Nas .o Cas .o /Als.o Sis .o /Fes .o 

Segment 3 

slope 0.15956 -0.18281 1.9169 
r2 0.029 0.296 0.607 

Segment 4 

slope 0.55941 -0.35284 not correlated 
r2 0.604 0.708 

Parameters corrected for low-pressure 

fractionation to constant MgO = 8 wt % have been 

double backtracked to Kffi = 0.1 using the 

equation Parameter[S.O, 0.1] = Parameteqs.O] -

slope * (K/fi - 0.1) and correlations found in 

Figure 11 (after Shen and Forsyth [1995]). r 2 is 

the correlation coefficient. Only samples with Kffi 

> 0.15 were used in determining correlations, and 

station 59 was not included in the segment 4 

regression. 

59 



Figure 2.1. Regional map of the southeast Pacific and location of plate boundaries separating the Pacific, Nazca, Antarctic and 

South American plates (solid lines indicate spreading centers; hachured line marks the Peru-Chile Trench). The southern Chile 

Ridge study area, outlined by a box, is shown in greater detail in Figure 2.2a. Abbreviations are JF, Juan Fernandez microplate 

and EMP, Easter microplate. 

0\ 
0 



120°W 110°W 100°W 90°W 80°W 70°W 60°W 
20°8 I I I I I I I I I I I I I 20°8 

j ' i 'l~i •Zi~;Jt~ '~-t..:m~v/~·Nc'o: 

30°8 

40°8 

50°8 

Pacific 

Plate 

120°W 110°W 

Nazca 
Plate 

Antarctic 
Plate 

100°W 90°W 80°W 

~ 
~ 
~ 
ClJ ......., . ..., 

6 

30°8 

40°8 

50°8 

70°W 60°W 0\ -



Figure 2.2a. Bathymetry of the four, first-order ridge segments sampled during this study. These segments are defined as 

segment I (Taitao to Darwin F.Z.), segment 2 (Darwin to Guamblin F.Z.), segment 3 (Guamblin to Guafo F.Z.), and segment 4 

(Guafo to Chiloe F.Z.). (a) Bathymetry (500 m contour interval) predicted from satellite altimetry data of Smith and Sandwell 

[ 1994] and location of dredge sites (solid circles). 
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Figure 2.2b. Bathymetry of segment I showing dredge and wax core sites. Dredge and wax core sites are shown as solid 

circles (N-MORB recovered), filled triangles (E-MORB recovered), and diamonds (seamount samples). Station 12, which 

recovered dacites, is indicated by the open triangle east of the main axial valley samples. Locations for ODP Leg 141 borehole 

sites 859 to 863 are also indicated. 
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Figure 2.3. Variations of Kffi ratio with MgO content and key trace element ratios (chondrite-normalized La/Sm, Nb/U, 

Ce/Pb) for southern Chile Ridge glasses. MgO content and Kffi ratios were determined by electron microprobe; La, Sm, Nb, 

Ce, Pb, and U, were determined by ICP-MS [Klein and Karsten, 1995]. Different symbols are used to discriminate each ridge 

segment and Java type (i.e., N = N-MORB, E = E-MORB). Kffi ratio is used to distinguish depleted N-MORB (Kffi < 0.15) 

from enriched E-MORB (Kffi >0.15) . Two different types of E-MORB are observed. Compared with N-MORB, type 1 (Tl ) 

E-MORB have high (La/Sm)N (>0.8), high Nb/U (>35) and slightly lower Ce/Pb ratios and are similar to E-MORB found at 

other mid-ocean ridge settings. The unusual type 2 (T2) E-MORB have high (La/Sm)N but unusually low Nb/U ( <35) and 

Ce/Pb (<22) ratios and have affinities with Javas associated with subduction zone environments. Tl E-MORB dominate along 

segment 4, while T2 E-MORB are found on segment 3 and specific sites on segment 1 (i.e., station 20). Station 59 samples 

(from segment 4), have a distinct geochemical behavior and are discriminated by a different symbol. 
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Figure 2.4. Variations of electron microprobe major element oxides with MgO in N

MORB glasses (Kffi < 0.15) from the southern Chile Ridge. Fields for N-MORB from 

· the northern Chile Ridge (NCR, solid field) from Bach et al. [ 1996] and the southern 

East Pacific Rise (SEPR) at 13°-23°S (dashed field) from Sinton et al. [1991] are shown 

for comparison. 
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Figure 2.5. Variations of electron microprobe major element oxides with MgO in E

MORB glasses CK/Ti > 0.15) from the southern Chile Ridge. Fields for the southern 

Chile Ridge N-MORB (SCR, solid field) and E-MORB recovered from the Endeavour 

segment (END) of the Juan de Fuca Ridge (dashed field) from Karsten et al. (1990] are 

shown for comparison. The Endeavour segment compositions were originally analyzed 

at the University of Washington; reanalysis of a subset of these samples with the 

University of Hawaii microprobe confirms that interlaboratory biases between the UH 

and UW probes are small and fall within analytical errors . 
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Figure 2.6. Observed major element variations in southern Chile Ridge N-MORB 

(Kffi <0.15) compared with liquid lines of descent (LLDs) calculated using several 

different primitive N-MORB compositions as parental melts and the MELTS program 

[Ghiorso and Sacks, 1995]. Samples 18-3 and 14-9 are from segment 1, and 36-2 is 

from segment 2. Tick marks on the 18-3 LLD for K20-Mg0 relationships indicate the 

percentage of crystals formed and the magma temperature predicted by the MELTS 

program. 
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Figure 2.7. Fes .o versus Nas.o for southern Chile Ridge N-MORB compared with the 

global compilation ·for Atlantic, Pacific, and Indian Ocean spreading centers [Klein and 

Langmuir, 1987; Langmuir et al., 1992]. SCR lava compositions have been backtracked 

to constant MgO = 8 wt % using the equations of Niu and Batiza [ 1991] and a 

regression defined by the segment 1 lavas (see text for discussion). 
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Figure 2.8. Sis.o!Fes.o versus Cas.o/Als.o and Nas.o for the southern Chile Ridge N

MORB (Kffi <0.15) compared with the global compilation for Atlantic, Pacific, and 

Indian Ocean spreading centers [Langmuir et al., 1992]. With increasing extents of 

partial melting (F), Nas.o decreases and Cas.o/Al8.0 increases. Sis.o!Fes.o decreases 

with increasing mean pressure (P) of melting. 
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Figure 2.9. Initial pressures of melting (P0 ) and extent of partial melting (F) calculated 

for the southern Chile Ridge N-MORB (Kffi <0.15), on the basis of major element 

variations. Top and middle panels have been calculated using the empirical methods of 

Niu and Batiza [1991, 1994), with F calculated both on the basis of the Na8.0 value 

(top) and on the basis of the Ca3.o/Al8.0 value alone (middle) . For the bottom panel, 

Po has been calculated using the approach of Langmuir et al. [ 1992], after correction for 

the local vector algorithm of Klein and Langmuir [ 1989]; F is estimated using 

accumulated fractional melting model of Shaw [ 1970] and Langmuir et al. [ 1992] 

assuming 15% clinopyroxene and 0.32 wt% Na20 in the source, a constant Kd for Na 

in clinopyroxene of 0.15, and fractionation of Na to 8 wt% MgO. The segment 2 

sample with extremely high F and P is not shown in the middle and bottom panels. 

Note that while the absolute values change significantly with the different models, the 

relative relationships between segment l and 4B N-MORB and N-MORB from the 

other segments are similar. 
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Figure 2.10. Na20, Al203, and FeO* variations as a function of MgO for southern 

Chile Ridge E-MORB from segments 1, 3, and 4. Samples have been grouped into bins 

according to the Kffi ratio. In general, there is a shift toward lower FeO* and slightly 

higher Al203 (at the same MgO) as Kffi content increases in the segment 3 E-MORB, 

possibly due to delay in plagioclase fractionation as the level of enrichment increases. 

Liquid lines of descent calculated using the MELTS program [Ghiorso and Sacks, 1995] 

at 1 kbar pressure and the QFM-2 buffer for N-MORB sample 18-3 (for two different 

water contents) and E-MORB sample 47-1 (from segment 3) are shown for reference. 

Tick marks show the percentage of crystallization at different MgO contents. 



81 

3.5 
A 

EB 
EB 

3.0 ' ' ' .. 

A 
A 

2.5 0 0 

J Na20 (wt %)1 
0 

1 8 x 
I Al203 (wt%) ' 'V 

1 7 
.·- -.... ... ~o 

A . E3. 

1 6 A T, 'f - -
0 

A , 9 
- - --· 0 

1 5 
• Seg 1 K/Ti <0.2 

1 4 Segment3: 

0 Kffi S0.2 

• 0.2<K!Tis0.3 

1 3 • 0.3<K!Tis0.4 

• 0.4<K!Tis0.5 

• o.5<K!Tis0.6 

1 2 o\o 
Segment4: 

":><:) EB K!Ti so.2 

' I- ' D 0.2<KfTis0.3 
o\o <> o.3<K!Tis0.4 

1 1 
o\o '\,() 

83 v b<(j '/ , o.5<K!Tis0.6 
o\o 

EB x o. 7 <K!Tis0.8 ,_<:5 

o\o ' / , LLD @1 kb; QFM-2: ":><:) 
1 0 ,.... ·-1 . 0 --- 18-3 (0.18% H,0) A 

o\o A r:,\o o\o'V 
b<C) ,_<:) x - - - - - 18-3 (0.36% H,0) 

--1 .. ']; .. 
9 ••• <% --------- 47-1 (0.26% H,0) 

o\o .. ":><:) --; . A ... 0 ... ... ~ o\o .. / . ... A O 
8 FeO* (wt %) '\,() 

o\o 
"<:) 

5 6 7 8 9 1 0 

MgO (wt %) 



82 

Figure 2.11. Variations in the Na, Ca, Al, Si , and Fe contents back-tracked to constant 

MgO = 8 wt % as a function of K!fi ratio. E-MORB samples have been back-tracked 

using regression coefficients determined for segment 1 N-MORB (see text for 

explanation). Note that Nas.o increases slightly and Cas .o/Als.o decreases for both Tl 

and T2 E-MORB with increasing K!fi. Sis.o!Fes .o increases with increasing K!fi for 

T2 E-MORB but is relatively constant over a range of K/Ti values for T 1 E-MORB. 

Linear regressions (Table 4) through these relationships have been calculated for 

samples with K!fi > 0.15 only (excluding station 59 samples), in order to compare the 

parameters at constant K/Ti = 0.1 [e.g., Shen and Forsyth, 1995]. N-MORB from 

segments 1 and 3 are shifted to slightly more enriched K!fi contents, which may 

indicate mixing between the very depleted N-MORB source and the type 2 E-MORB 

source (indicated by arrows). 
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Figure 2.12. Initial pressure of melting (P0 ) and extent of partial melting (F) calculated 

for SCR E-MORB, compared with fields for the SCR N-MORB from each segment. 

(top) F and P have been calculated without making any correction for Kffi content and 

using the equations of Niu and Batiza (1991], using Nas.o in the F calculation. 

(bottom) F* and P0 * have been calculated on the basis of the parameters Naes.a, 0.1) . 

[Cas.o/ Al8.0](0. l ). and [Sis.o!Fes.O](O. l ). which have been further corrected to 

constant Kffi = 0.1 on the basis of Figure 2-11 (see text for explanation). 
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Figure 2.13. Variations in MgO, Kffi ratio, calculated parameters for extent and initial 

pressure of melting, and axial depth as a function of distance along-axis. Symbols are 

as in Figure 2-11. For N-MORB samples, F and P0 , based on parameters corrected only 

to constant MgO = 8 wt %, have been plotted. For E-MORB samples, F* and Po*, 

based on parameters that have been doubly corrected to constant MgO = 8 wt % and 

Kffi = 0.1, have been plotted. Axial depth has been inferred from satellite altimetry 

data [Smith and Sand well, 1994]. Vertical lines mark fracture zone boundaries, and the 

position of second order subsegment boundaries and the propagating rift between 

segments 4A and 4B are also shown for reference. 
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Figure 2.14. Cartoon depicting a synthesized view of the magmatic processes which are interpreted to occur beneath the 

southern Chile Ridge between the Chiloe F.Z. and the Chile Margin Triple Junction (CMTJ). Heterogeneities of different 

composition (indicated by different stipple patterns) are located beneath the northern region of segment 4 (4B), most of segment 

3, and the southernmost end of segment 1. These heterogeneities are randomly distributed beneath segments 1 and 4, but show a 

systematic gradient of increasing enrichment toward the south along segment 3. Small changes in the inferred initial (P0 ) and 

final (Pf) pressure, and thus, extent of partial melting are observed along-strike, with the enriched T2 E-MORB heterogeneity 

beneath segment 3 experiencing the greatest amount of melting, but these variations are statistically insignificant. Station 59 

lavas, produced by very low extents of partial melting, are anomalous. Melts along segments 2 and 4 do not experience 

significant crystallization or homogenization by mixing within shallow magma reservoirs. Along segment 3, higher magma flux 

results in ponding and cooling within shallow reservoirs, whose distribution is controlled by second-order segmentation, and an 

axial ridge morphology in the region of greatest magma supply. Along segment 1, magmas also stagnate at shallow level and 

undergo extensive ~rystallization, possibly in response to enhanced cooling near the triple junction. Note that different scales 

are used to depict melting depths and crustal/bathymetric variations. 
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Chapter 3: Volatiles (Cl, F, S, H20, C02) and Oxygen Isotopes in 

Southern Chile Ridge Lavas: Implications for Contributions of 

Recycled Crust to MOAB Source Enrichments 

S.B. Sherman I, J.L. Karsten!, P.J. Michael2, and E.M. Klein3 

I Dept. of Geology & Geophysics/SOEST, University of Hawaii at Manoa, Honolulu, HI 

96822 

2 Dept. of Geosciences, The University of Tulsa, Tulsa, OK 74104 

3 Division of Earth & Ocean Sciences, Duke University, Durham, NC 27708 

Abstract 

Mid-Ocean Ridge Basalt (MORB) from the Southern Chile Ridge spreading center 

were analyzed for volatile components (Cl, F, S, H20, C02) and oxygen isotopes to 

investigate the contribution of materials recycled at subduction zones to the petrogenesis of 

these lavas. These components range in abundance as follows: Cl (38-200 ppm), F (65 -

400 ppm), H10 (0.08 - 0.48 wt%), S (900 - 1400 ppm) and C02 (140 - 255 ppm), with 

the greatest enrichments found in the enriched (E-MORB) samples. The distinct trace 

element and isotopic variations that occur in the E-MORB on three different segments of 

this ridge axis reflect contamination of the depleted MORB mantle with various amounts of 

altered oceanic crust and pelagic or terrigenous sediments (Sturm et al., 1998). E-MORB 

from Segment 4 (farthest from the Chile Trench), which have geochemical characteristics 

of Indian Ocean MORB and some ocean island basalts, are interpreted by contamination 

with ancient-recycled, altered oceanic crust and pelagic sediment. E-MORB from Segment 

3 (closer to the trench) bear an unusual supra-subduction zone trace element signature and 
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appear to have been contaminated with terrigenous sediments, altered oceanic crust and 

minor pelagic sediment, most likely from an ancient recycling event. E-MORB from 

Segment l (currently being subducted at the Trench) have many trace element similarities to 

the Segment 3 E-MORB, but appear to have been derived from recently recycled 

hemipelagic sediment and crust. 

In this study, low Cl/K ratios were found in most of the N- and E-MORB, 

suggesting that pre-eruptive assimilation of seawater-altered crustal materials has been 

minimal along most of this intermediate spreading rate ridge (c.f. Michael· and Cornell , 

1998). For most samples, oxygen isotope ratios fall in a narrow range (between 5.6 and 

6.0 %0) and close to typical MORB ratios, consistent with the small volumes of recycled 

materials inferred on the basis of other geochemical parameters. Distinct volatile signatures 

are found in the three E-MORB endmembers, after minimizing the effects of fractionation. 

Segment 4 E-MORB have enriched Cl, H20, and K20 abundances , low F contents, and 

high (mostly> 1) K20/H20 and Cl/F ratios. They are interpreted to reflect metasomatism 

by a Cl-rich aqueous fluid. A constant P/F ratio of -4.89 in these samples also suggests 

that melting has occurred in the presence of fluorapatite. Segment 3 E-MORB have 

correlated enrichments in Cl, H20 , K20 and F, but not P205. The relative proportions of 

these species indicate amphibole and/or phlogopite (but not apatite), probably derived from 

terrigenous sediments, may have been in the source and that the mantle has most likely 

been metasomatized by a hydrous siliceous melt. Segment 1 E-MORB have higher Cl and 

H20 and lower F, compared with the Segment 3 E-MORB, consistent with shallower 

recycling of the slab-derived materials and more limited loss of the fluid-mobile 

components prior to incorporation in the sub-ridge mantle. Restricted C02 abundances for 

all samples strongly suggest pre-eruptive degassing has eliminated any significant 

differences in C02 content which may have existed in the different endmembers. Sulfur 



variations are largely controlled by a combination of oxygen fugacity and FeO* content, 

with the more hydrous Segment 4 E-MORB and more highly fractionated Segment 1 N

M ORB falling below the sulfur saturation curve for MORB. 

Introduction 
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The fate of crustal materials recycled during subduction zone processes is one of the 

most important and controversial topics within igneous geochemistry today (e.g., Hofmann 

and White, 1982; Zindler and Hart, 1986; Bebout, 1996). Prograde metamorphism of 

sediments and altered oceanic crust as they descend into the mantle leads to release of fluids 

to the overlying mantle wedge, selective recycling of fluid-mobile trace elements, and, in 

some situations, slab melting (Gill, 1981; Tatsumi et al. , 1986; Drummond and Defant, 

1990; Morris et al. , 1990; Plank and Langmuir, 1993). Overlying magmatic systems in the 

arc and back-arc have traditionally been considered the primary recipients of the so-called 

"slab component" (e.g. , Arculus and Powell, 1986; Hawkesworth et al. , 1993), and this 

selective recycling has led to relative enrichments in the abundances of large ion lithophile 

(LIL) elements over high field strength elements (HFSE) that are considered characteristic 

of these tectonic settings. The ultimate destiny of residual slab materials is not as well 

constrained, but there is increasing evidence that some components survive deep recycling 

and re-emerge in the mantle sources of some oceanic island basalts (OIB) and enriched 

mid-ocean ridge basalts (E-MORB) (e.g., Sturm et al., 1998; McDonough, 1991; Chauvel 

et al., 1992; Hauri et al., 1993; Klein and Karsten, 1995; Cousens 1996; Niu and Batiza, 

1997; Rehkamper and Hofmann, 1997; and Widom et al., 1997; ). 

Some of the clearest evidence for recycled slab components in the MORB source is 

seen in a suite of lavas recovered from the axis of the Southern Chile Ridge (SCR), which 

is presently being subducted along the southern Chile margin (Cande and Leslie, 1986). 
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SCR MORB are compositionally quite diverse, ranging from normal depleted N-MORB to 

E-MORB, with at least two types of enrichment documented (Klein and Karsten , 1995 

(KK95) ; Karsten et al. , 1996; Sherman et al., l 997 (SKK97) ; Sturm et al. , l 998 

(SKGK98)). Type 1 E-MORB have similar trace element relationships to E-MORB 

commonly found along other spreading centers (i.e. , with incompatible element 

enrichments generally similar to OIB). The unusual Type 2 E-MORB, however, have 

relative enrichments in LIL and light rare earth element (LREE) abundances relative to the 

HFSE, which is more characteristic of convergent margin volcanism (e.g., Gill, 1981 ). 

Combined isotopic and trace element constraints have demonstrated that these enrichments 

reflect contamination of the depleted mantle with various amounts of pelagic and 

terrigenous sediment and altered oceanic crust, possibly introduced at the adjacent trench 

(KK95; SKGK98). Further, Pb-He isotopic ratios indicate that the E-MORB closest to the 

trench have been influenced by recently (<15 Ma) recycled materials, perhaps in 

conjunction with the unusual tectonic setting (SKGK98). 

In this study, we report on the behavior of H20 , C02, S, Cl, F and oxygen 

isotopes in a sub-set of lavas from the SCR and explore further the origin of the different 

types of enrichments, their possible relationship to recycled oceanic lithosphere, and the 

role, if any, of the unusual tectonic ridge subduction setting. Volatile components can play 

significant roles during the processes which fractionate trace elements and thus provide 

important complementary constraints to petrogenetic studies based on other trace element 

and isotopic systems. The abundances and relative proportions of these elements can be 

used to assess contributions of specific mineral phases (e.g., phlogopite, amphibole, 

apatite), the role of trace element partitioning between these phases and melts or fluids 

during dehydration reactions (e.g., Ayers et al. , 1997; Brenan, 1993, 1995; Aoki et al. , 

1981), and the effects of pre-eruptive degassing and crustal assimilation (e.g., Michael and 
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Cornell, 1992, 1998). The relative behavior of F and CI provides particularly useful 

insights, due to their very different geochemical behaviors in fluid and melt systems (e.g., 

Sigvaldason and Oskarsson, 1986). Although both halogens are incompatible during 

partial melting and crystal fractionation, only Cl is highly partitioned into aqueous fluids 

(e.g., Carroll and Webster, 1994; Ishikawa et al., 1980). 

Background 

Tectonic History and Ridge Axis Morphology 

The SCR is the portion of the Nazca-Antarctic plate boundary which lies between 

the Valdivia Fracture Zone (VFZ) and the Chile Margin Triple Junction (CMTJ) at 

-46° l 2'S (Figure 3.1, inset). Compilations of limited shipboard magnetics and 

aeromagnetics data for this region (e.g., Herron et al., 1981; Cande and Leslie, 1986; 

Cande et al., 1982; Cande et al., 1987a; Tebbens et al., 1997) have chronicled the 

spreading history and tectonic evolution of the Chile Ridge for the last 25 Ma. During that 

time, the spreading rate has slowed gradually to its current intermediate rate of -53 mm/yr 

(Tebbens and Cande, 1997). Beginning about 14 Ma ago, the southern end of the Chile 

Ridge has been subducted beneath South America at the Peru-Chile trench, with rapid net 

northward migration of the CMTJ (Herron et al., 1981; Cande et al., 1982). As a 

consequence of this ridge-trench collision, the oceanic lithosphere being consumed along 

much of the Chile Trench adjacent to the SCR is relatively young ( < 5 m.y .. old), hot, and 

buoyant (e.g., Delong et al., 1979). 

The SCR is sub-divided into 5 first-order, transform-bounded, ridge segments 

which have been numbered sequentially with increasing distance from the CMTJ (Figure 

3.1); only Segments 1 through 4 are considered here. All of these ridge segments are 

characterized by a broad (-10-15 km wide), deep (-1 km relief) axial valley morphology 



95 

characteristic of "colder" intermediate-rate spreading centers, with the axial depth varying 

between -2800 and -3950 meters. Important differences in the detailed morphology of 

each rift segment are briefly reviewed here, starting farthest from the trench (SKK.97). 

Segment 4 (Guafo to Chiloe F.Z.) is characterized by a series of en echelon deeps and a 

southward propagating rift (Tebbens et al., 1997) that divides the axis into sub-segments 

4A (south) and 4B (north) at about the mid-segment position (SKK97). Morphologic 

changes along Segment 3 (Guamblin to Guafo F.Z.) are more systematic along-strike, with 

progressive shoaling of the axial depth and formation of a relatively shallow axial high 

within the axial valley floor toward the southern part of the segment; these morphological 

changes correspond to geochemical changes in the axial lavas (see below). Segment 2 

(Darwin to Guamblin F.Z.) , the shortest and deepest rift segment, is divided into two small 

sub-segments and is covered by sediments on the north end. Segment 1 (Darwin to Taitao 

F.Z.) is a V-shaped axial valley that is floored intermittently with terrigenous sediments 

shed from the adjacent fore-arc . It began interacting with the trench about 100,000 years 

ago and is currently being subducted. At the present rate of triple junction migration (-160 

mm/yr) , this ridge segment will be consumed in less than 150,000 years (Cande et al., 

1987). 

Geochemical Characteristics and Petrogenesis of SCR Lavas 

Lavas were recovered from 52 axial sites along the SCR between the Chiloe 

Fracture Zone and the CMTJ during the Southern CROSS Expedition in 1993 (KK95) . 

Major element, trace element, and isotopic data for these samples, reported by KK95, 

SKK97, and SKGK98, have revealed significant diversity both between and within 

individual rift segments. Nearly half of the lavas are enriched (i.e., K/fi ratios> 0.15) and 

only samples from Segment 2 were exclusively N-MORB. Previous studies (KK95; 

SKK97) have identified two major types of E-MORB, briefly described here. In detail, 
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however, the E-MORB from each ridge segment have their own geochemical fingerprints 

and, when combined with their corresponding N-MORB, they define distinct geochemical 

gradients which clearly indicate mixing between the depleted and enriched endmembers 

along each segment. Thus, in this study, we will consider variations in the volatile 

components segment-by-segment. 

Depleted N-MORB 

Tholeiitic basalts with trace element depletions and isotopic ratios common to mid

ocean ridges were found on all four ridge segments (e.g., Langmuir et al:, 1986). 

Decreasing MgO contents (5 .5 - 9.2 wt %) are well correlated with increasing FeO* , Ti02, 

Na20, and K20 and decreasing A)i03, CaO and CaO/Al203 ratios, consistent with 

modification of these magmas by low pressure crystallization (SKK97). N-MORB from 

Segment I show the greatest range in MgO content, whereas the N-MORB from the other 

three segments have higher and generally more restricted MgO contents. Subtle variations 

within incompatible minor elements (e.g., K), especially at higher MgO contents, indicate 

that the N-MORB have not been derived from a single parental magma and that the depleted 

mantle source is not homogeneous at a small scale. This is particularly true for the N

MORB from Segment I, which are more heterogeneous and on average slightly more 

enriched than N-MORB from other segments. 

Type I E-MORB (Segment 4) 

Type 1 E-MORB were only recovered from Segment 4, primarily along the 

northern sub-segment 4B. These E-MORB have higher FeO, Na20, K20 and A)i03 and 

lower CaO, Si02 and CaO/Al203 compared to N-MORB at the same MgO content 

(SKK97). In general , they are all primitive (high MgO) and there are large variations in 

trace element composition at essentially constant MgO. They have high ratios of Kffi 
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(0.15 - 0.70), are light rare earth element-enriched (e.g., chondrite-normalized (La/Sm)N > 

0.9), and, with the exception of station 59, have high Nb/U (>40) and low Ce/Pb ( 15-22) 

(Figure 3.2). Such trace element variations have compositional affinity to many ocean 

island basalts and are thus similar to enriched MORB recovered from elsewhere on the 

global mid-ocean ridge system (e.g., Sinton et al., 1991; Karsten et al., 1990; Langmuir et 

al., 1986; Cousens, 1996). Type 1 E-MORB also have isotopic affinities with Indian 

Ocean MORB (e.g., Mahoney et al., 1992), with relatively high 207pbf204pb and 

208pbf204pb at low 206pbf204pb (KK95; SKGK98). Close spatial association of Type 1 

E-MORB and N-MORB indicates that this heterogeneity is randomly dispersed in the sub

ridge mantle. 

Type 2 E-MORB (Segments 1 and 3) 

The Type 2 E-MORB are anomalous for mid-ocean ridge settings, with the 

exception of similar samples recovered from the eastern Woodlark Basin spreading center 

(Perfit et al., 1987). Major element variations in the Type 2 E-MORB are broadly similar 

to those observed in the SCR N-MORB, with the exception of elevated K20 (up to 0.54 wt 

% ). They have slightly higher Si02 (averaging -51.5 wt % ) and lower FeO* and Ti02 at a 

given MgO compared with the N-MORB, which is more similar to the behavior seen in 

common E-MORB (e.g., Karsten et al., 1990). Like the Type l E-MORB, the Type 2 E

MORE have high K!fi (0.15 - 0.54) and (La/Sm)N ratios (>0.8), but they have distinctly 

lower ratios ofNb/U (<30) and Ce/Pb (13-21) than either N-MORB or Type 1 E-MORB 

(Figure 3.2). They also have unusual depletions in Rb/Cs ( < 50) and enrichments in Th/La 

(> 0.10) (KK95). The trace element characteristics found in the Type 2 E-MORB (i.e., 

relative enrichments of LIL and LREE over HFSE) are more commonly associated with 

subduction zone settings and suggest contamination of the depleted MORB mantle source 

with recycled crust or continentally-derived materials (KK95; SKGK98; Klein et al., in 
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prep.) . Type 2 E-MORB were recovered from most of Segment 3, and from the two 

Segment l sites (stations 20 & 21) located closest to the triple junction (KK95). Along 

Segment 3, the level of enrichment increases systematically to the south and corresponds to 

the bathymetric variations described previously. This gradient indicates mixing between an 

enriched domain in the south and the more normal , depleted mantle in the north. 

Petrogenesis 

Major element variations within the different lava groups were used to infer the 

contributions of low pressure crystallization of olivine, plagioclase and clinopyroxene. 

Many of the lavas are only moderately fractionated (MgO >8 wt % ), but the Segment l N

M ORB have experienced up to >40% crystallization (SKK97). Major element variations 

were also used to assess the melting conditions for parental magmas, after making 

corrections for low pressure fractionation (backtracked to MgO = 8 wt%) and variable 

amounts of contamination with an enriched component (backtracked to K!fi = 0.1), 

following the methods of Klein and Langmuir (1989) and Shen and Forsyth (1995). These 

calculations indicate that all three lava types have been generated by relatively uniform 

extents (-16-18%) and mean pressures (-17-21 kbar) of partial melting that are typical of 

intermediate spreading rate ridges (SKK97). There is thus little difference in the melting 

conditions for the different mantle sources or different ridge segments, even those closest 

to the trench. The only exception to this was seen in lavas from station 59, on Segment 

4A, which are consistently anomalous in their major element composition and appear to 

have been derived from significantly lower (-12%) extents of partial melting. 

Trace element and isotopic variations in the different E-MORB sources are well

modeled by mixing between melts derived from 1) depleted MORB mantle and 2) depleted 

MORB mantle contaminated with various amounts of pelagic or terrigenous sediment and 
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altered oceanic crust (KK95; SKGK98). The enriched endmember for the Segment 4 E

MORB requires up to I 0% contamination of the depleted mantle with a mixture of mostly 

altered oceanic crust (>90%) and between 3-7% pelagic sediment (SKGK98) . The 

Segment 3 enriched mantle source represents 8-15% contamination of the depleted MORB 

source with terrigenous sediment (3%) and altered oceanic crust (97%). Segment I E

MORB require only -2% contamination of the depleted mantle with a greater proportion of 

bulk sediment (20%) compared to altered oceanic crust (80% ). Preliminary assessment of 

the ages of the contaminants inferred from combined 3He/4He isotopes and Pb-Sr-Nd 

isotopes suggests that the segment located closest to the trench (Segment 1) has assimilated 

recently ( < 12 Ma) recycled terrigenous sediment plus altered oceanic crust but that the 

Segment 3 assimilant was too old (- 2 Ga) to have been derived from the material currently 

being subducted (SKGK98). 

Methods 

Cl, F, and S Analyses 

Fluorine, chlorine, and sulfur were determined in -100 glass samples by electron 

microprobe at the University of Hawaii at Manoa, using a Cameca SX-50, 5-spectrometer, 

automated probe. Analytical conditions included: 15 kV accelerating voltage, 80 nA beam current, 

10 micron focused beam, and a total count time of 510 seconds ( 17, 30-second intervals) using the 

CSIRO-trace routine of Robinson and Graham ( 1992). Each analysis is an average of a minimum 

of 5 points. The precision (2cr) for S = 34 ppm, Cl = 24 ppm, and F = 98 ppm. Secondary 

standards TR154 21 0-3 and TR 138 60-1, which have been analyzed previously (Schilling et al., 

1980; Michael and Schilling, 1989), as well as the Juan de Fuca glass standard VG2 and 

Makoupuhi glass standard A99 were analyzed before, during and after each microprobe session. 

TR154 21 0-3 and TR 138 60-1 analyses from Michael and Schilling (1989) are within analytical 



100 

error of those obtained on the University of Hawaii microprobe (see Table 3- I). Electron 

microprobe data for K20 and P205, also reported here, are from SKK97. 

H20 and C02 Analyses 

H20 and C02 analyses were obtained on 26 fresh glass samples by Fourier Transform 

Infrared (FflR) spectroscopy at the University of Tulsa, using the methods and calibration 

developed at CalTech (e.g., Stolper, 1982). Fresh glass chips with the fewest microlites were 

doubly polished and washed with acetone. The thickness of the doubly-polished wafer was 

measured and mapped onto a photograph of the wafer using a digital micrometer and stereo 

microscope. The wafer was placed on a KBr pellet and analyzed with an Analect FX6260 FfIR 

spectrometer equipped with an XAD IR microscope. Each analysis was conducted at a site 80 

microns in diameter, confirmed optically to be clear and free of microlites. A uniform glass density 

of 2.8 gm/cm3 was used for conversion of the spectral data to water content. Previous studies 

have shown that H20 content can vary with depth in the glass rind (e.g., Moore, 1970; Kyser and 

O'Neil, 1984). We thus analyzed two different glass chips at two different sites each, in order to 

assess the homogeneity of the glasses. Duplicate runs were made on several samples. In general, 

these duplicate analyses showed good reproducibility (to within l 0% ), and the results were 

averaged to yield one data point per sample. Absorbance at two peaks were measured for the H20 

concentrations, 3550 cm-1 (combined OH- and H20) and 1630 cm-1 (molecular H20 only) after 

removal of an interpolated background (Michael 1995). The Beer-Lambert law was used to 

calculate H20 concentrations. Intensities of the bands at 1515 and 1430 cm-1, which correspond 

to antisymmetric stretching of distorted carbonate groups, were measured to determine the 

dissolved carbonate (Dixon et al., 1995). A molar absorptivity of 63 1/mol cm and 375 1/mol cm 

for H20 and C02, respectively were used for all glasses (Dixon et al., 1995; Michael 1995) 



Oxygen Isotope Analyses 

Oxygen isotope analyses were made in the Stable Isotope Laboratory at the 

University of Michigan by conventional fluorination techniques (Clayton and Mayeda, 

1963) using ClF3 as the tluorinating reagent. The analyses are reported in the familiar 

10 l 

() l 80 notation relative to the SMOW standard and are reproducible to +/- 0.15 per mil or 

better. The ()18o value of NBS-28 quartz is 9.6 per mil at the University of Michigan. 

Results 

The volatile components display pronounced variations in the SCR MORB, 

although their abundances are not unusual for N- and E-MORB from elsewhere on the mid

ocean ridge system. Large differences are observed between the N-MORB and E-MORB 

groups and between the different E-MORB groups. The relative behavior of F and Cl in 

particular provides a key discriminant between the Segment 3 and Segment 4 E-MORB. In 

the following sections, we describe briefly the variations observed in the SCR lavas. 

Chlorine 

Chlorine abundances vary from -30 to -100 ppm in the SCR N-MORB and from 

-40 to -200 ppm in the E-MORB, with most E-MORB having significantly higher Cl than 

N-MORB at the same MgO content (Figure 3.3). Most N-MORB from the four ridge 

segments behave coherently as a group and show good correlations of increasing Cl with 

decreasing MgO, although there is a sub-set of Segment 4 N-MORB which falls at 

relatively elevated (-30 ppm higher) Cl values when compared at the same MgO content. 

Segment 4 E-MORB have the highest Cl contents ( 107-196 ppm). This is particularly 

noteworthy given the primitive, high MgO content character of these lavas, which indicates 

that high Cl is not the result of fractionation processes. Segment 3 E-MORB have Cl 

contents (50-169 ppm) which are between Segment 4 E-MORB and N-MORB. They are 
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less well-correlated with MgO content than the N-MORB. Segment I E-MORB have 

similar Cl abundances as Segment 3 E-MORB with the same MgO content. Thus, Cl 

abundances in the SCR lavas fall well within the ranges observed in primitive MORB from 

other spreading centers (-20-1000 ppm for N-MORB ; -40-1000 ppm for E-MORB 

(Schilling et al., 1980; Michael & Schilling, 1989; Byers et al., 1983, 1984; Jambon, 

1994; Michael and Cornell, 1998). Chlorine in the "arc-like" Segment 3 E-MORB also lie 

within the range displayed by primitive back-arc basin tholeiitic lavas, which have variable 

(-100 - > 1000 ppm) CI abundances (e.g., Aggrey et al. , 1988). 

Fluorine 

Fluorine abundances vary from -80 to 300 ppm in the SCR N-MORB and from 

- 75 to 400 ppm in the E-MORB. Fluorine increases with decreasing MgO in N-MORB 

(Figure 3.3) and, although there is quite a bit of scatter in the F data, no systematic 

differences between N-MORB from different ridge segments are discernible. Unlike the 

situation for Cl, the F behavior of the different E-MORB types is quite distinct. With few 

exceptions, Segment 4 E-MORB have F contents ( 116-166 ppm) that are characteristic of 

N-MORB at the same MgO content such that there is not a concomitant increase in F with 

increasing Cl. In contrast, Segment 3 E-MORB are systematically enriched in F relative to 

N-MORB at the same MgO content, ranging from -100 to -400 ppm. They also define a 

trend of increasing F with decreasing MgO, but it is much steeper than the N-MORB co

variation. Interestingly, the Segment 1 E-MORB do not show significant F enrichment and 

have F contents which are similar to N-MORB, or perhaps slightly lower. The range in F 

abundances observed in all of the SCR N-MORB and Segment 4 E-MORB are 

characteristic of F contents seen in primitive N-MORB (80- 140 ppm) and E-MORB (-200 

± 80 ppm) from other spreading centers (e.g., Aoki et al. , 1981 ; Smith et al., 1981 ; 

Jambon, 1994; Michael and Schilling, 1989). Segment 3 E-MORB, however, have F 



contents which are unusually high both for E-MORB and for primitive back-arc basin 

basalts, which rarely exceed -200 ppm (e.g., Aggrey et al.; 1988; Dril et al., 1997), 

although part of this enrichment is due to the incompatible behavior of F during crystal 

fractionation and the moderately evolved character of the Segment 3 lavas. 

Water 

Water contents in the SCR Javas are variable between -0. l wt% and -0.5 wt%, 
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and H20 generally increases with decreasing MgO content (Figure 3.3). N-MORB from 

Segments 2, 3 and 4 extend the trend with MgO defined by the Segment l N-MORB to 

higher MgO content, indicating that there are no appreciable differences in H20 content of 

the N-MORB parental magmas from different ridge segments (unlike the situation for Cl). 

The E-MORB have slightly higher H20 than the N-MORB when compared at the same 

MgO content, but the extent of enrichment (up to -2-3 times) is not as great as is observed 

for Cl (-4 times) or K20 (-5 times) Segment 4 E-MORB reach the highest H20 contents 

for a given MgO content, while the Segment 3 E-MORB are intermediate between N

MORB and the Segment 4 E-MORB. Interestingly, the Segment 1 E-MORB has -0.1 wt 

% higher H20 than Segment 3 E-MORB at equivalent MgO, although this is within 

analytical error. The measured H20 contents from the SCR N- and E-MORB are typical of 

MORB from other spreading centers, which have a mean H20 content of -0.33 wt % at 

MgO = 7.5 wt % (e.g., Moore, 1970; Delaney et al., 1978). Although the Segment land 

3 E-MORB have relatively higher H20 contents, they do not come close to reaching the 

very high (but quite variable) H20 contents (average= -0.71 wt %) seen in back-arc basin 

basalts (e.g. , Garcia et al., 1979; Muenow et al. , 1980; Aggrey et al. , 1988; Dril et al. , 

1997; Jambon, 1994). 
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Ratios between H20, K20 and the REE display mostly coherent variations with 

increasing (La/Sm)N ratio (Figure 3.4). With the exception of the Segment l E-MORB, the 

N- and E-MORB define trends with increasing level of enrichment (higher (La/Sm)N) of 

decreasing H20/K20 ratio, slightly decreasing H20/La ratio, flat H20/Ce ratio and 

increasing H20/Nd ratio, regardless of E-MORB type. These correlations match well the 

variations in these parameters identified at other spreading centers (Michael, 1995) and 

confirm that H20 is behaving most like Ce during evolution of the SCR lavas. Although 

the Segment 1 E-MORB fall along the trend for H20/K20, they are consistently enriched in 

H20 compared to the REE for the main trend, with higher H20/La (> 1000), H20/Ce 

(>350) and H20/Nd (-400) ratios . 

Carbon Dioxide 

The C02 contents (using data presently available) of the SCR lavas are quite 

variable and do not display coherent variations as a function of lava type (Figure 3.3-3.5). 

N-MORB samples display a relatively restricted range of C02 contents (-160-180 ppm), 

with the exception of the Segment 4 samples. In spite of their trace element differences, 

Segment 4 N- and E-MORB have similar C02 concentrations which are systematically 

higher (-240 ppm) than in N-MORB from the other segments, and we note that this 

segment is deeper on average (see degassing discussion below). Segment 3 E-MORB have 

average C02 contents similar to the Segment I through 3 N-MORB, but they are more 

variable. There is a suggestion of decreasing C02 content with increasing level of 

enrichment in the Segment 3 E-MORB, but more data are needed to confirm this behavior. 

C02 contents measured in MORB from other spreading centers are extremely variable, 

ranging from <100 - 2000 ppm, with average C02 =1300 ppm± 600 ppm (lcr) (e.g., 

Jambon, 1994; Delaney et al., 1978; Dixon et al., 1988; Johnson et al., 1994). Although 

some of this variability may relate to systematic biases of the different analytical methods 
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(e.g., Johnson et al., 1994 ), most of it is interpreted to reflect various amounts of pre

eruptive outgassing of C02, since MORB are generally super-saturated in C02 relative to 

its solubility in tholeiitic melts (e.g., Dixon et al., 1995). The C02 contents of the Segment 

3 E-MORB are significantly lower than what is typically found in back-arc basin lavas 

(-650 - -1700 ppm), although this difference may partially reflect the generally deeper 

eruption depths of the BABB (e.g., Garcia et al., 1979; Muenow et al., 1980; Aggrey et 

al., 1988). 

Sulfur 

Sulfur contents in the SCR MORB vary between -900 and 1380 ppm, and there is 

good correlation between S and Fe abundances (Figure 3.6). These concentrations are 

quite typical for MORB, which average 1060 ppm± 230 ppm (Moore and Schilling, 1973; 

Mathez, 1976; Delaney et al., 1978; Wallace and Carmichael, 1992; Jambon, 1994). There 

is a general increase in S content with decreasing MgO content, although some deviation is 

observed at constant MgO (especially at higher MgO), and the N-MORB from Segment 1 

define a tight correlation between S and and Fe (Figure 3.6). It is well known that S 

abundances are not directly controlled by fractionation, as shown by comparing the 

predicted liquid line of descent calculated assuming Rayleigh fractionation and perfect S 

incompatibility with the MgO-S variations (Figure 3.6). The E-MORB are subtly, but 

systematically, offset to -30-50 ppm lower S abundances (compared with N-MORB) over 

the range of MgO and the Segment l E-MORB are offset to even lower S relative to most 

of the Segment 3 E-MORB. The unusual sample 59-7 has extremely low S for its Fe 

content, but we note that this sample has unusually high Fe content for its MgO content 

(SKK97). Very low S abundances (<200 ppm) have been seen in some subduction-related 

magmas, which are bimodal in their S behavior (others have MORB like concentrations 

-1100 ppm) (e.g., Nilsson and Peach, 1993). 
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Oxygen isotopes 

Oxygen isotopes have been determined for a sub-set of samples which span the 

compositional range of the SCR lavas, both in terms of extent of fractionation and type of 

enrichment (Figure 3.7). These data indicate that there is little variation in ()18Q, with one 

exception, and that there are no major differences as a function of Java type. Both the N

and E-MORB samples have similar ol8Q values (5.6 - 6.0 %0) which are typical of the 

reported average MORB ()18Q value of 5.7 ± 0.2 %0 (e.g., Ito et al., 1987; Harmon and 

Hoefs, 1995). The only notable exception is sample 59-7 from Segment 4 which has a 

high value of 6.4 %0. Although the oxygen isotopes do not show signific'ant differences 

between the N- and E-MORB, it is interesting to note that the four Segment 3 E-MORB 

samples show a relatively linear trend of increasing 8180 with increasing K!fi. For 

reference, back-arc basin basalts have been shown elsewhere to range between 5.5 - 6.6 

%0, with an average of 5.9 %0 ± 0.3 la (e.g., Harmon and Hoefs, 1995). 

Petrogenetic Evolution of the SCA Lavas 

The ultimate goal of this study is to explore the origin of the geochemical diversity 

of the SCR Javas and place constraints on the origin of the various enriched components 

which have contaminated the depleted mantle source beneath the SCR axis. In order to 

make that analysis, we need to identify the geochemical characteristics of these components 

as they exist within the mantle, which requires removing the effects of shallower processes 

which can change the relative proportions of different chemical species in the melt, such as 

partial melting and fractional crystallization. For the volatile components, the influence of 

several additional processes, such as degassing and pre-eruptive contamination, also needs 

to be considered. In the following section, we consider the contributions of these various 

petrogenetic processes on the abundances of Cl, F, S, H20 and C02, working backward 

from those processes occurring in the shallower parts of the system. 
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Role of Degassing 

Due to the volatile nature of these components, the role of pre- or syn-eruptive 

degassing must be evaluated before considering the significance of differences in the Cl, F, 

H20, C02 and S contents of the N- and E-MORB. Axial depths of the SCR range from 

-2950 m to just under 4000 m, corresponding to hydrostatic pressures of -300-400 bars, 

and it is quite feasible that decompression of magmas during ascent from the mantle and 

eruption at these depths can cause supersaturation and significant Joss of volatiles prior to 

quenching. In addition, enrichment of incompatible elements in residual melts during more 

extensive fractional crystallization in crustal level magma chambers (e.g., Segment 1) may 

lead to oversaturation of these components with respect to their solubilities (e.g., Fisher 

and Perfit, 1990). Evidence in support of this possibility is the MgO-dependent loss in He 

concentrations noted by Sturm et al. ( 1998). In the following sections, we will 

demonstrate that degassing has not been a significant factor in controlling Cl, F or H20 

abundances in the SCR lavas, although C02 and possibly S contents have been modified 

by this process. 

Chlorine Degassing 

Chlorine solubilities in basaltic Javas are not well known and appear to be highly 

dependent on melt composition. Chlorine has relatively low solubility in mafic melts, with 

reported solubilities ranging from a few thousand ppm to about 2 wt% (e.g., Carroll and 

Webster, 1994), and the pressure-dependence of this solubility is not well-determined. 

The pre-eruptive concentrations of Cl found in MORB are generally considered to be 

sufficiently low to preclude significant degassing at normal mid-ocean ridge axial depths 

(e.g., Jambon, 1994). Of greater concern is that Cl is a moderately mobile element which 

partitions strongly into a vapor phase from a melt at low temperatures (Rowe and Schilling, 

1979; Michael and Schilling, 1989; Jambon et al., 1995; Ishikawa et al., 1980). 
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Decompression and eruption have been found empirically to affect Cl concentrations if the 

depth of eruption is shallow enough ( < 700 m) to allow hydrous vapor exsolution (Unni 

and Schilling, 1978; Michael and Schilling, 1989). All of the Chile Ridge lavas have been 

erupted at depths in excess of >2700 m, prohibiting exsolution of an H20-rich vapor phase 

(see below) which otherwise might be a factor in controlling Cl concentration (Michael and 

Schilling, 1989; Schilling et al., 1978; Jambon et al., 1995). Thus, we conclude there has 

probably been little pre-eruptive loss of Cl from the SCR lavas. 

Fluorine Degassing 

Limited solubility data exist for fluorine in silicate melts of basaltic composition. In 

general, Fis highly soluble in silicate melts (particularly aluminosilicate melts) and may be 

as high as several wt% F (e.g., Carroll and Webster, 1994). Fluorine in mafic melts does 

not appear to be significantly affected by degassing, even at low pressure (Aoki et al., 

1981 ; Sigvaldasson and Oskarsson, 1986; Rowe and Schilling, 1979; Jambon, 1994) and, 

unlike Cl, it is highly magmaphilic in the presence of a separate aqueous vapor (Carroll and 

Webster, 1994). We are thus confident that F concentrations in the SCR lavas have been 

unaffected by pre-eruptive degassing processes. 

Water Degassing 

H20 solubility in basaltic melts increases rapidly with pressure (see McMillan , 

1994 for a recent review) . At the depths of normal mid-ocean ridge axes ( -2-4 km, which 

corresponds to pressures of -200-400 bar), solubilities are estimated to be -1-1.5 wt % 

(Dixon et al., 1995). This is well in excess of H20 contents measured in the SCR lavas 

(0.1 - 0.5 wt % ). The observation that the SCR lavas are highly undersaturated with 

respect to H20 strongly suggests that loss of H20 by pre-eruptive degassing has not been a 

problem (e.g., Moore, 1970; Michael, 1988; Sobolev and Chaussidon, 1996; Stolper and 
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Newman, 1994). Loss of H20 during extensive crystallization can also be ruled out by the 

MgO-H20 relationships which show increasing H20 with decreasing MgO and, in fact , 

over-enrichment of H20 compared to predicted fractionation trends (Figure 3.3). Good 

correlations between H20 and other non-volatile, incompatible components such as P20s 

(Figure 3.8) for nearly all of the SCR lavas confirm that pre-eruptive degassing has been 

minimal. We note, however, that station 59 lavas fall well-off this correlation between 

H20 and P205, to low H20 contents, strongly suggesting that these samples have 

experienced significant pre-eruptive H20 loss. 

C02 Degassing 

Although C02 solubility has less of a pressure-dependence than H20 in basaltic 

melts, its overall solubility is much lower than H20. At -300 bars, C02 becomes saturated 

in tholeiitic basalts at only -150 ppm (e.g., Dixon et al., 1995; Pan et al., 1991), and the 

solubility is still less than 1 wt% at pressures near 10 kb (e.g., Holloway and Blank, 

1994). It can be seen in Figure 3.5 that the measured C02 concentrations in the SCR lavas 

(-140-250 ppm) mostly exceed the solubility limits for C02 as a function of pressure 

(eruption depth) for both pure C02 systems and mixed C02 + H20 systems (Dixon et al., 

1995), indicating that most of these lavas were super-saturated with respect to C02 prior to 

eruption. Oversaturated C02 concentrations in the SCR lavas indicates that significant C02 

loss prior to eruption is feasible, although we note that the samples are not highly vesicular. 

However, the absence of correlated decreases in C02 and HzO content in the lavas clearly 

indicates that, if such degassing has occurred, it has only affected C02 concentrations. 

Although the SCR lavas are generally oversaturated with respect to the C02 solubility 

curves, there is a general trend of increasing C02 content with increasing eruption depth 

(Figure 3.5), in contrast to previous studies showing poor correlation between these two 

variables (Dixon et al., 1995). Comparison of the mixed H20-C02 solubility curves with 



the measured H20 and C02 concentrations in the SCR lavas suggests that melts from 

Segments 1, 2 and 3 would have been just saturated at -350 bars , while those from the 

deeper Segment 4 (both N- and E-MORB) would have been saturated at over 500 bars 

(Figure 3.5) . 

Sulfur Degassing 
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Evaluating the role of degassing for the S data is complex because sulfur solubilities 

in basaltic melts are dependent on several factors, including oxygen fugacity f(02), which 

controls sulfur speciation, and the Fe content of the melt (e.g. , Wallace and Carmichael, 

1992). For typical MORB f(02) values between QFM-1 and QFM-2 (Christie et al., 

1986), sulfur is present almost entirely as reduced sulfide (S2-), which is highly soluble in 

silicate melts (e.g., Mathez, 1976; Davis et al., 1991; Carmichael, 1991; Wallace and 

Carmichael, 1992). But with typical S concentrations in excess of -900 ppm, most MORB 

melts are saturated with respect to S solubility, leading to formation of immiscible sulfide 

melts (e .g., Mathez, 1976). The SCR lavas, which have been shown by major element 

modeling to have fractionated under QFM-2 conditions (SKK.97) , plot along or below the 

sulfur saturation curve defined by Mathez ( 1976), and we have calculated the parameter ~S 

to quantify deviation of the measured S contents from the saturation surf ace. The largest 

deviations are seen in the most evolved Segment 1 lavas with higher S and Fe 

concentrations and in several of the Segment 4 E-MORB, particularly the station 59 lavas 

(Figure 3.6). Recent work by Dixon et al. ( 1995) found a similar offset for Hawaiian lavas 

which was primarily due to systematic biases between their analytical method (using a 

sulfate standard) and the Mathez ( 1976) method, which used a sulfide standard for 

calibration. However, we are confident that our offset is not due to analytical differences 

because we used a sulfide standard for calibration and found excellent agreement between 



our measured S contents for the VG-2 standard, which was run as an unknown, and the 

accepted value of 1350 ppm (Self and King, 1996). 

I I 1 

Undersaturation of the evolved Segment 1 lavas and the Segment 4 E-MORB may 

be due to two different processes. During crystallization, olivine fractionation will increase 

S and lower Fe in the melt along a trend perpendicular to the saturation curve, while 

plagioclase fractionation will increase Fe and lower S content in the melt (Figure 3.6; 

Mathez, 1976). Thus, increasing the apparent undersaturation of S can result from . 

increasing the relative proportion of plagioclase crystallized with increasing extent of 

fractionation. An alternative mechanism for lowering the S content is loss of S as a result 

of lower S solubility. Under more oxidizing conditions(> QFM + 1), sulfate species, 

which may be more easily lost to a magmatic vapor phase, become more important (e.g., 

Nilsson and Peach, 1993; Carroll and Rutherford, 1988). In hydrous melts, S solubility 

mechanisms may involve H20 species as well as Fe, leading to the suggestion that there 

will be a negative correlation between melt water content and sulfur solubility (Carroll and 

Webster, 1994). 

The first mechanism appears to be a good explanation for the Segment l lavas, 

which are known to be related by extensive fractionation (SKK97). The second 

mechanism may also apply to the Segment 1 lavas, since we observe an over-enrichment in 

H20 content with increasing fractionation of these melts (Figure 3.3). There is additional 

evidence in the He isotope data of Sturm et al. ( 1998) for increased loss of He by 

outgassing as a function of it does not readily account for the undersaturated Segment 4 E

MORB, which are uniformly primitive and of fairly constant MgO content. For Segment 

4, we prefer the second mechanism and interpret the low S contents to be due to S loss as a 

result of higher water contents and more oxidizing conditions in these melts. In support of 
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this interpretation, we note that the Segment 4 E-MORB as a group show a correlation 

between ~S (up to -200 ppm), H20 and Kffi content (Figure 3.6, Table 3.1 ), although 

this may just be a mixing trend. We interpret the very extreme ~S values in the Station 59 

lavas to indicate extensive degassing of S, in conjunction with the H10 loss noted above 

(Figure 3.8). 

We also note that the Segment 3 E-MORB display a subtle decrease in ~S (i.e., 

approaching saturation) with increasing Kffi. SKK97 interpreted relatively lower FeO* 

contents (at constant MgO) in the most enriched Segment 3 E-MORB as indicating delayed 

plagioclase fractionation (Michael and Chase, 1987). Thus, the decrease in ~S with 

increasing K!fi may reflect prolonged crystallization of olivine in the enriched lavas and its 

influence on the S-Fe relationships noted above (Mathez, 1976). 

In summary, we conclude that only C02 in all SCR lavas and possibly S 

concentrations in the some samples (Segment 4 E-MORB, perhaps most evolved Segment 

1 N-MORB) have been modified by shallow degassing of the SCR melts prior to eruption. 

We cannot rule out the possibility that the enriched endmember components which have 

mixed with the depleted MORB mantle source have experienced degassing of Cl and H20 

in the past, for example during recycling of slab components during subduction. 

However, any changes in the absolute and relative abundances of F, Cl , and H10 

associated with ancient degassing events appear to have been largely preserved (except for 

station 59). 
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Role of Pre-Eruptive Crustal Assimilation 

Another process which can affect the volatile abundances in MORB is 

contamination of the melt by pre-eruptive assimilation of altered oceanic crustal materials, 

with the greatest consequences for H20 and Cl abundances (as well as Sr and oxygen 

isotopes). Chlorine in particular is very sensitive to contamination with seawater

influenced materials, such as hydrothermally-altered oceanic crust or Cl-rich brines (e.g., 

Michael and Schilling; 1989; Michael and Cornell, 1992; 1998; Jambon et al., 1995). The 

Cl/K ratio (Figure 3.7) has been used for identifying Cl-rich contaminants, because both 

elements are silicate incompatible during melting and fractionation, but only Cl is 

significantly increased by seawater addition (e.g., Michael and Cornell, 1998). 

Uncontaminated melts will have Cl/K ratios similar to inferred mantle values of 0.01 for the 

most depleted N-MORB and 0.05-0.08 for E-MORB (Michael and Cornell, 1998). 

The majority of the SCR N-MORB lavas fall well below a Cl/K ratio of 0.08 

(Figure 3.7), indicating that assimilation of altered crust with high Cl contents or brine 

components has not been significant for most melts. A few N-MORB samples, especially 

those from Segments 2 and 4, have slightly elevated Cl/K ratios (most <0.15, but some up 

to 0.32), which suggests that incorporation of Cl-rich materials may have occurred locally 

along these segments. We note that some of these same samples have slightly higher ()18Q 

values (6.0 %0) than typical N-MORB, consistent with minor assimilation of seawater

influenced components (Figure 3.7). However, these small Cl enrichments do not have 

associated enrichments in H20 content (Figure 3.3), strongly suggesting that direct 

contamination with seawater, which will be enriched in both, has not occurred (Michael 

and Schilling, 1989; Jambon et al. , 1995). 

Nearly all E-MORB lavas from Segments 1, 3 and 4 fall well below the mantle limit 

Cl/K ratio, including the anomalous station 59 samples (Figure 3.7). Thus, the Cl contents 

for all SCR E-MORB types have not been altered by assimilation of Cl-rich contaminants 
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during eruption and therefore represent pre-eruptive compositions of the melt. This 

observation also allows us to rule out seawater contamination as the origin of the low 

Ce/Pb and Nb/U ratios observed in the E-MORB (e.g., Jochum and Verma, 1996). It is 

interesting to note that, on average, the E-MORB have lower Cl/K ratios than the N

MORB, although there is significant overlap between the two groups. This is opposite to 

the behavior seen by Michael and Cornell ( 1998), who found that E-MORB had slightly 

higher Cl/K ratios than N-MORB. We also note that, with only a few exceptions, the 

Segment 3 E-MORB are offset to slightly lower Cl/K. ratios compared with the Segment 4 

E-MORB. 

The observation that pre-eruptive assimilation of crustal components has not been 

significant for the SCR lavas is broadly consistent with the model recently proposed by 

Michael and Cornell ( 1998) in which the amount of contamination is controlled by the 

residence time of melts in shallow, crustal-level magma reservoirs and thus is a function of 

spreading rate and/or magma supply rate. This model is based on the observation that Cl 

contents for many depleted MORB from fast-spreading ridges and some slow and medium 

ridges exceed the abundances that can be achieved by crystal fractionation alone (e.g., 

Michael and Cornell, 1992, 1998; Jambon et al., 1995). For example, depleted N-MORB 

lavas from the fast spreading EPR at 9-12 ° N and 27-35° S reach Cl/K ratios up to 0.7 

(Michael and Schilling, 1989). In contrast, evolved N-MORB from most slow-spreading 

ridges have lower Cl abundances which can be reproduced by crystal fractionation models 

and Cl/K ratios which have been used to define the depleted mantle ratios (Figure 3.7). It 

has been suggested that the excess Cl in lavas from fast-spreading ridges is due to 

incorporation of material that has high CI, such as high-Cl amphibole, CI-rich brine, or 

hydrothermally-altered crust (Michael and Cornell, 1998; Jambon et al., 1995). 

The fact that pre-eruptive assimilation primarily occurs in lavas erupted in faster 

spreading environments strongly suggests a fundamental difference in the eruption 
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mechanisms and/or crustal residence times of melts in fast and slow spreading 

environments (Michael and Cornell, 1998). Pronounced differences in the first order 

tectonic variables which define spreading centers (e.g., axial morphology, depth of 

faulting, lava composition) have been interpreted to reflect fundamental differences in the 

thermal structure of the ridge axis (e.g., Sinton and Detrick, 1992; Phipps Morgan and 

Chen, 1993). Faster spreading or "hotter" ridges are characterized by narrow axial highs, 

shallow axial depths, shallow ( 1-2 km) faulting and subdued off-axis relief, and slightly 

more evolved, on average, lava compositions. In contrast, slower spreading or "colder" 

ridges have broad and deep axial valleys, rugged off-axis relief and deeply penetrating 

faults ( 10-12 km), and generally more primitive lava compositions. These fundamental 

differences primarily reflect control of the thermal structure of the ridge axis on the 

rheology of the crust and the presence (at hotter/faster ridges) or absence (at cooler/slower 

ridges) of crustal level magma reservoirs (e .g., Phipps Morgan and Chen, 1993), with a 

continuum between the two types of behavior as a function of spreading rate. 

The SCR is an intermediate spreading rate ridge with a predominantly axial valley 

morphology. In addition, many of the N-MORB lavas from the SCR have experienced 

only limited low pressure fractionation (SKK.97) prior to eruption. On the basis of these 

features, we would have predicted that the SCR operates more like a "colder" or slower 

spreading ridge than other Pacific spreading centers with faster spreading rates (EPR) or 

intermediate rate ridges influenced by near-ridge hot spots (e.g., Juan de Fuca, 

Galapagos), which suggests that crustal magma reservoirs are not long-lived in this setting. 

Thus, the observation that the SCR lavas have experienced low-to-intermediate levels of 

assimilation of seawater altered components prior to eruption is consistent with the 

hypothesis of Michael and Cornell ( 1998), although in detail, there are some minor 

inconsistencies with this model. For example, the Segment 1 lavas, which have clearly 

experienced the most extensive crystallization at crustal levels (and should have therefore 

had the greatest opportunity f~r assimilation) are uniformly low in Cl/K and have lower 
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Cl/K ratios than the more primitive N-MORB from other segments. Furthermore, there is 

no evidence for significant assimilation in the most enriched lavas which erupted from the 

southern end of Segment 3 where the axial morphology shifts to an axial high (SSK97). 

According to the Phipps Morgan and Chen ( 1993) model, this morphological change 

should indicate higher magma supply to this part of the axis and formation of a crustal level 

reservoir, which according to the Michael and Cornell ( 1998) model, should have favored 

assimilation. However, the absence of any discernible contamination in the Segment 3 E

MORB may also merely reflect the relatively lower sensitivity of a Cl-rich E-MORB to 

addition of Cl during assimilation. In spite of these small discrepancies and their possible 

implications for the Michael and Cornell ( 1998) model, the apparent lack of significant 

enrichment in Cl as a result of assimilation in all of the E-MORB and most of the N-MORB 

indicates that our Cl abundances represent pre-eruptive concentrations in the melt. Thus, 

we can use these data for further exploration of the origin of E-MORB enrichments in the 

SCR Javas, the main objective of this study. 

Role of Crystal Fractionation 

The next major process which can affect the concentrations of the volatile 

components is fractional crystallization and in this discussion we only consider those 

components which have been largely unaffected by degassing or assimilation (i.e., not S or 

C02). Major element variations in the SCR lavas have demonstrated that low pressure ( 1 

kb) fractionation of olivine, plagioclase, and clinopyroxene has occurred in most of these 

samples, reaching up to -50% crystallization in the Segment 1 N-MORB (SKK97). 

Chlorine, F, H20, K20 and P20s are all highly incompatibile during crystallization of non-

hydrous phases, although the relative incompatibility of Cl, H20, and K20 is controversial 

(Stolper and Newman, 1994; Jambon and Zimmerman, 1990; Sobolev and Chaussidon, 

1996; Michael, 1988). As noted above, comparison of H20 and REE abundances (Figure 



3.4) suggest that H20 is behaving most like Ce in all of the SCR lavas. A similar 

comparison between F and the 
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The influence of low pressure fractionation on the abundances measured in the SCR 

lavas has been assessed by comparing measured abundances with liquid lines of descent 

(LLD) calculated for Cl, F, H20, K20 and P205, assuming perfect Rayleigh fractional 

crystallization (D=O) (Figure 3.3). Assuming D=O gives the maximum enrichment possible 

for crystal fractionation for a given initial composition (C0 ). Due to the variability which 

we see in the primitive N-MORB lava from different segments of the SCR, we have used 

initial compositions representative of N-MORB from the literature to bracket the SCR N

MORB data rather than use our most primitive lava as a parent composition (e.g., Michael 

and Schilling; 1989; Jambon et al., 1995; Sobolev and Chaussidon, 1996). Higher initial 

C0 values lead to slightly steeper increases in these components with decreasing MgO. 

While the calculated LLDs do a good job of bracketing the abundances of Cl, F, K20 and 

P20s observed in the N-MORB, they cannot reproduce the steeper variations with MgO 

exhibited by the N-MORB H20 contents nor any of the variations in the E-MORB. Over

enrichment of H20 contents in the most fractionated N-MORB suggests that a process 

other than pure fractional crystallization (perhaps in situ fractionation or assimilation) may 

be involved in controlling H20 abundances, although we have already shown that pre

emptive assimilation has not been significant. 

First-order differences in parental magma compositions for these elements (Figure 

3.9) can be assessed by minimizing the effects of fractionation on F, Cl, H20 and P205 

abundances and "backtracking" to constant MgO = 8 wt % (Klein and Langmuir, 1987). 

Chlorine, F, and P205 variations with MgO in the Segment 1 N-MORB agree well with the 

calculated LLDs (Figure 3.3), so we have used a linear regression through the Segment I 
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N-MORB to define the slope used in this back-tracking for all of the N-MORB. For H20, 

for which there is some disagreement at lower MgO values between the calculated LLD and 

the Segment 1 N-MORB trend, we have used the LLD slope assuming a C0 of 0.17 wt%; 

this is the water content of sample 18-3, which was found to serve as the best parental 

magma for modeling most major element variations in the Segment 1 N-MORB (SKK97). 

We have used the N-MORB-defined trend for backtracking the E-MORB rather than make 

unconstrained assumptions about the C0 in the different E-MORB parental magmas. 

Although this will introduce some minor errors in the magnitude of the final back-tracked 

values for the E-MORB (because LLDs formed from primitive magmas with higher C0 

values will have steeper slopes), the relative differences inferred between the N-MORB and 

E-MORB parental magmas will still be valid. Note also that the relatively constant and high 

MgO content in the Segment 4 E-MORB implies that this backtracking correction is very 

mmor. 

Role of Partial Melting/Mantle Heterogeneity 

Concentrations of Cl, F, H20 and P20s backtracked to constant 8 wt % MgO are 

plotted in Figure 3.9 as a function of K!fi ratio. Minimizing the effects of low pressure 

fractionation causes the data to fall into well-defined groupings, separated by E-MORB 

type, that are generally well-correlated with increasing K!fi content. The K!fi ratio serves 

as an index of enrichment in the mantle source because it is not significantly fractionated by 

partial melting or low pressure crystallization (le Roex et al., 1983). The study of SKK97 

has previously used backtracked major element concentrations of the SCR lavas to 

demonstrate that there are not significant differences in the extent or pressure of partial 

melting between the N-MORB and E-MORB groups or between the different ridge 

segments. Thus, the differences displayed by the backtracked volatile compositions in the 

most enriched (highest K!fi) SCR lavas (Figure 3.9) are not the result of fractionation 
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during partial melting, but instead reflect fundamental heterogeneities in these components 

in the mantle source and the consequences of mixing between melts derived from a depleted 

mantle source and melts derived from mantle which has been contaminated with these 

different enriched "endmembers" . 

The back-tracked compositions at the highest K!fi ratios can be used to 

"fingerprint" the enriched endmember mixed with the depleted MORB source (Figures 3.9, 

I 0). Compared with N-MORB, the Segment 4 enriched endmember is characterized by the 

highest Cls (-200 ppm), high (H20)s (-0.40 wt%) and, not shown, Ks (-0.40 wt %). 

These represent enrichments of -4x for Cl and K20 and -3x for H20, compared with N

MORB abundances . In contrast, P205 is only slightly enriched (-2x) over N-MORB 

values, reaching (P20s)s values up to -0.20 wt %. Fs values (-180 ppm) are similar to 

those seen in average N-MORB. As a result, mixtures between N-MORB melts and melts 

influenced by this enriched component show increasing K20/H20 and Cl/F ratios, 

increasing Cls and (H20)s contents (but at relatively constant H20/Cl ratios) and nearly 

constant Fs and (P20s)s values (at constant P/F ratios) with increasing K/Ti ratios. Similar 

to the Segment 4 endmember, the Segment 3 endmember is characterized by high (H20)s 

(-0.48 wt %) and Ks (-0.37 wt%), moderately high Cls (-125 ppm), and relatively 

normal, N-MORB-like (P20s)s values (-0.10-0.15 wt %). Unlike Segment 4, the 

Segment 3 enriched endmember also has very high (-350 ppm) Fs abundances, which 

represents a two- to three-fold enrichment over the depleted mantle source. Addition of this 

component to the depleted mantle source results in magma mixtures which have correlated 

increases of Clg, Fs and Hs abundances (at relatively constant ratios of H20/Cl, H20/F and . 

Cl/F), increasing K20/H20 ratios, and decreasing P/F ratios as a function of increasing 

K!Ti ratio (Figures 3.9, 3.10). Interestingly, the Segment 1 E-MORB, which have an arc 

trace element signature similar to that of Segment 3, have much higher (H20)s and 
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relatively lower Fg (but similar Clg and (P20s)s) compared with the Segment 3 

endmember. This leads to pronounced differences in the ratios of H20, F and Cl for the 

Segment 1 enriched endmember (Figure 3.10). 

SKK97 concluded that all of the SCR lavas have been generated by an average of 

-16-18 % melting, although the magnitude of the extent of partial melting inferred from the 

major element data is highly model dependent (e.g., Kinzler and Grove, 1993). 

Furthermore, comparison of the N- and E-MORB lavas required double-backtracking to 

account for systematic major element differences as a function of K!fi content (SKK97; 

Shen and Forsyth, 1995). Trace element modeling suggests a lower average extent of 

melting, closer to -10% (SKGK98). These values imply that the abundances of 

incompatible elements inferred above for the enriched endmembers are probably 5- l 0 times 

their abundances in the mantle source. Due to uncertainties in the relative incompatibilities 

of these components during fractionation, melting, and mixing, and uncertainties related to 

their specific melting and magma mixing histories, we will only utilize ratios between the 

volatile elements rather than absolute element abundances in the remaining discussion of 

their petrogenesis. 

Discussion 

On the basis of trace element and Nd-Sr-Pb-He isotope systematics, SKGK98 have 

recently concluded that the diverse SCR Javas represent mixtures between depleted MORB 

mantle and various combinations of altered oceanic crust and pelagic and/or terrigenous 

sediments introduced by subduction zone recycling. While the isotopic signatures argue 

that most of these recycled materials are ancient(> 2 Ga), and thus unlikely to be related to 

the nearby Chile Trench, there is evidence in the Segment 1 lavas that these contaminants 

may have been introduced in the upper mantle only recently ( < 12 Ma). The results of our 
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study show that the pronounced trace element and isotopic distinctions between the 

Segment I, 3 and 4 E-MORB also extend to the volatile constituents, particularly with 

regard to the Cl-F relationships. In the following discussion, we consider the possible 

origin of these distinctive volatile component relationships in the different E-MORB 

endmembers and their implications for the mechanisms which have introduced these 

enrichments to the sub-ridge MORB mantle source. We approach this analysis with great 

caution, acknowledging the challenges to deciphering contributions of slab-derived 

components which plague all studies of arc and back-arc volcanism (i.e., limited 

constraints on the composition of subducted materials, complex dehydration reactions and 

fractionations during subduction, ambiguity of roles played by the sub-arc mantle wedge 

and lithosphere) . For the SCR lavas, these complexities are further compounded by the 

fact that our recycled materials may have originated at a completely different subduction 

zone or may have experienced a very different metamorphic history associated with the 

hotter geotherm of young plate subduction (e.g., Peacock, 1993). 

Volatile Component Constraints 

Volatile components can be derived from a subducting slab in three ways - as 

metasomatic aqueous fluids released during dehydration reactions, as hydrous siliceous 

melts formed by sediment or slab melting, or by direct incorporation of residual slab 

materials into the melting region (e.g., Stolper and Newman, 1994; McCulloch and 

Gamble, 1991 ). Both sediments and seawater-altered oceanic crust can contribute to the 

volatile budget. Sediments which drape the slab will lose their pore fluids at relatively 

shallow (< 15 km) depths (von Huene and Scholl , 1991) and will probably melt while the 

underlying basalt/gabbro evolves by sub-solidus dehydration reactions (e.g. Plank and 

Langmuir, 1993; Nicholls et al., 1996). Descending slabs will undergo prograde 

metamorphism and make the transition from greenschist or blueschist facies to eclogite 
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facies, depending on the age of the slab and its thermal structure (Peacock, 1996; Liu et al., 

1996). Phases stab le in the shallow slab (e.g., Na-amphibole, talc, chlorite, lawsonite, 

and serpentine) will react to form amphibole and phlogopite, with significant release of 

hydrous fluids that can carry other fluid-mobile elements (e.g., Cl, Cs , Rb) (Tatsumi et al., 

1986). Warmer slabs, such as those associated with young plate subduction like the SCR, 

can be expected to experience dehyration reactions at shallower depths and may even 

encounter P-T conditions which allow slab melting (Drummond and Defont, 1990; 

Peacock, 1996; Leeman, 1996). The volatile components considered here are all 

incompatible, and will thus be enriched in such melts unless there are residual halogen

bearing hydrous phases. Thus, most volatile species which survive the early stages of 

subduction are carried mineral-bound deeper into the mantle. 

Although H20 can be carried by several hydrous phases, the halogens are primarily 

hosted by three phases under upper mantle P-T conditions: amphibole (pargasite or K

richterite), mica (phlogopite or phengite), and apatite (e.g., Aoki et al. , 1981; Pawley and 

Holloway, 1993; Schmidt, 1996; Poli and Schmidt, 1993; Smith et al., 1981; Domanik and 

Holloway, 1996; Ionov et al., 1997; Edgar and Pizzolato, 1995). As a general rule, 

amphibole is stable at shallower pressures ( <3.5 GPa for pargasite - Pawley and 

Holloway, 1993) than mica (stable to -6-7 GP a for phlogopite - Sudo and Tatsumi, 1990: 

-8-10 GPa for phengite - Domanik and Holloway, 1996). Apatite has a broad stability 

field over a large range of T and P conditions (Nash, MSA short course 1984). These 

three mineral phases have solid-solutions between the hydroxy-, chloro-, and fluoro

endmembers. The fluorine-rich endmembers becoming increasingly stable at higher 

pressures, accompanied by the preferential loss of Cl- and H20-rich components in fluids 

(e.g., Foley, 1991 ), and provide a mechanism for transporting volatile components to 

greater depths in the mantle than limited by the stability of the hydroxy-rich endmembers. 
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These three main halogen-bearing phases have distinctive relative proportions of F, 

Cl, K, OH, and P which can be used to fingerprint their contributions to melting beneath 

the SCR. All three phases have Cl/F ratios< 1 (Smith et al., 1981 ), due to the greater 

compatibility of F, and decreasing F abundances in the order phlogopite >apatite> 

amphibole (Edgar and Pizzolato, 1995; Foley, 1991). Studies of xenoliths bearing these 

phases indicate significant compositional variability in natural samples, depending on the 

tectonic setting and whether the minerals occur as primary vein phases or disseminated, 

secondary phases (e.g ., Smith et al., 1981 ). Natural phlogopites have KIF, H20/F, and 

K20/H20 ratios of-17 - 25, -10, and-2.5 , respectively (Aoki et al. , 1981), and Cl/F 

ratios between 0.02-0.5 (Smith et al., 1981 ). Pargasitic amphiboles have much lower KIF 

ratios ( -8 - 12) and K20/H20 ratios ( -1) because of lower K contents, similar H20/F 

ratios of -10 and Cl/F ratios <<0.1 (Aoki et al., 1981 ). Apatites have virtually no K, 

higher Cl/F ratios ( -0.3) and P/F ratios which vary from -4.89 (pure fluorapatite) to > 12 

(fluor-hydroxyapatite). Mineral-melt and mineral-fluid partition coefficients for fluorine in 

all of these phases are near to or greater than I, in contrast to Cl and H20 (e.g., Edgar and 

Pizzolato, 1995; Brenan, 1993). Thus, fluids and melts in equilibrium with these phases 

will be preferentially enriched in Cl and H20 over F. Conversely, residual slab materials 

which have been deeply recycled are expected to have relatively high F contents, due to 

preferential loss of Cl and H20 at lower pressures. 

Amphibole, mica and apatite also play important roles as selective hosts of specific 

trace elements . Recent studies summarized by Ionov et al. ( 1997) and Brenan et al. ( 1995) 

have shown that both amphibole and mica can be major hosts for Nb and that mica is a 

dominant host of Rb and Ba. Apatite is high in Th, U, Cl, LREE and Sr, although Th and 

U abundances can be quite variable. They also note large differences in the abundances of 

some of these elements (particularly Nb) depending on whether the amphiboles and micas 



occur in veins or as disseminated phases. In light of the above features of the halogen

bearing phases, we use the relationships between F, Cl, K, H20, P (Figure 3.10) and 

some key trace elements (Figures 3. 11 , 3. 12) to explore their contributions to the 

petrogenesis of the SCR lavas. 

Segment 4 E-MORB 
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The combined volatile data suggest that the Segment 4 E-MORB contaminant is 

most likely a H20-and Cl-rich metasomatic fluid. Although the relative enrichments in Cl, 

H20 and K20 found in the Segment 4 E-MORB may indicate contributions from 

amphibole or phlogopite during partial melting of this source, the detailed relationships 

between these components rule out the involvement of a specific mineral phase. High 

K20/H20 ratios (up to 1.4) and low H20/Cl ratios (-20) are consistent with the 

involvement of amphibole, as has been recently suggested for E-MORB from the northern 

Juan de Fuca Ridge (Cousens et al. , 1995; Cousens, 1996). However, the high H20/F 

ratios (up to 30) and KIF ratios(> 14 for most) in the Segment 4 endmember are too 

extreme to be attributed to pargasitic amphibole alone. The KIF ratio closely resembles that 

of phlogopite and Ba-Sr relationships (Figure 3.12) generally point in the direction of 

natural phlogopites (Ionov et al. , 1997). However, the Cl/F ratio of the Segment 4 

enriched endmember is much greater than l, which is inconsistent with the very low ( <0.5) 

Cl/F ratios found in phlogopites. In fact, the observation that the Cl/F ratio is> l strongly 

suggests that melting in the presence of mica, amphibole, or apatite (all of which have Cl/F 

<< 1) has not exerted primary control on Cl abundances in the Segment 4 enriched 

end member. 

The metasomatic fluid which has contaminated the Segment 4 mantle to produce the 

enriched endmember may be either a low degree partial melt or a CI-bearing hydrous fluid. 
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We do not favor the interpretation that it is a low degree partial melt because, for the 

following reasons. Although the Segment 4 E-MORB endmember has a low CaO/Al203 

ratio for its MgO content (SKK97), which could be produced by lower degrees of partial 

melting of a peridotite, it has a Nas ratio (also an indicator of extent of melting) similar to 

that for the SCR N-MORB (SKK97). Furthermore, the most enriched Segment 4 lavas 

with the lowest CaO/ Al203 ratios have correspondingly low Ce/Pb ratios (Table 3.1 ). This 

is also inconsistent with a partial melting explanation, since Ce is at least as incompatible 

as, or possibly more incompatible than, Pb (Sims and DePaolo, 1997). 

We thus conclude that the contaminant responsible for the Segment 4 E-MORB was 

most likely an aqueous fluid. Lower Ce/Pb ratios in the endmember largely reflects a 

preferential enrichment in Pb compared with Ce. Lead is known to be highly fluid-mobile 

(e.g., Kogiso et al. , 1997), as are Rb, Ba, Cs, Cl, all of which are enriched in the Segment 

4 E-MORB endmember (SKGK98). The relative proportions of Cs, Cl, Rb and Ba, 

however, are not entirely in the sequence predicted for their mobility (Tatsumi et al. , 1986; 

Kogiso et al., 1997), which suggests that there has been some preferential loss of the most 

mobile elements (e.g., Cl) during transport through the mantle or, more probably, during 

dehydration reactions in the subduction zone (e .g., Webster and Holloway, 1988). The 

high K10IH20 ratios of these lavas (Figure 3.10), similar to those observed in back-arc 

basin lavas, are also consistent with preferential loss of H20 prior to incorporation of this 

component in the sub-ridge mantle (e.g., Jambon, 1994). While we cannot discriminate 

the ultimate source of this Cl-rich, H20-rich fluid further, it is feasible that it was derived 

from a mixture of altered oceanic crust and pelagic sediment (e.g., Staudigel et al., 1996; 

Cousens et al., 1994), as deduced from the trace element modeling of SKGK98. 
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The nearly constant P/F ratio of -5 (Figure 3.10) seen in the Segment 4 E-MORB 

(as well as most of the N-MORB) also suggests the participation of fluorapatite during 

partial melting beneath this segment. This behavior has been seen previously in studies of 

N-MORB by Smith et al. (1981 ). Ba/Sr versus Ba relationships in the Segment 4 E-

M ORB (Figure 3. 12) are also consistent with contributions from apatite. If apatite is 

residual during melting, there should be strong depletions in Sr, LREE, and possible U and 

Th, which are highly compatible in apatite (Figure 3.11). Depletions in these apatite

compatible elements are not observed in the trace element patterns of the most extreme 

Segment 4 E-MORB (Figure 3.11), suggesting either that apatite was not a residual phase 

during melting, the apatite had a low Th/U content (Ionov et al., 1997), or these elements 

were contributed by an additional phase. While it is possible that the aqueous metasomatic 

agent has contributed additional LREE, Sr and U to counter loss of these components to 

residual apatite during melting, this is not a good explanation for Th, which is generally 

considered to be less fluid-mobile (e.g., Tatsumi et al., 1986). 

Segment 3 E-MORB 

The Segment 3 E-MORB are the most unusual of the SCR lava, due to their 

relatively high LILEIHFSE and LREE/HFSE ratios and apparent affinities with lavas 

produced in convergent margin settings (KK95). For the volatile components, the most 

distinctive feature is the correlated enrichment between F and the other components which 

were enriched in the Segment 4 E-MORB (i.e., Cl, K20, and H20). In fact, parental 

magma abundances of F reach nearly 400 ppm, which is almost twice the abundance 

observed in normal parental E-MORB from other spreading centers (Jambon, 1994; 

Michael, 1988). The F content is also relatively high compared with BABB lavas (Aggrey 

et al., 1988), although the available F data from this tectonic setting is rather limited and 

difficult to compare directly with our results, because they were measured using a mass 
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spectrometric technique. Remarkably, these F increases occur in the absence of correlated 

P increases and the P/F ratio decreases rapidly (to -2) with increasing K!fi ratio (Figure 

3.10). This clearly indicates that, unlike the situation for the N-MORB and Segment 4 E

MORB, apatite has not controlled F abundances in the Segment 3 E-MORB endmember. 

One of the most important implications of this observed F enrichment is that the fluid which 

has contaminated the Segment 3 mantle cannot have been an aqueous fluid, because F is 

not mobile under those conditions. Instead, a hydrous siliceous melt is favored as the 

metasomatizing agent. 

Relative proportions of the volatile components do not clearly indicate the 

involvement of a specific mineral phase in the formation of the Segment 3 E-MORB 

endmember. The H20/F ratios of -10 are similar to the ratio for both amphibole and 

phlogopite, while the KIF ratios (7.5-14) are more consistent with the interpretation that 

amphibole is the most likely source of F for these lavas. However, Ba/Sr versus Ba and 

Ce/Nb versus Nbffh relationships in the Segment 3 E-MORB (Figure 3 .12) do not clearly 

support the involvement of either amphibole or phlogopite. In particular, the low Nbffh 

and Ce/Nb in the Segment 3 endmember is opposite any trend which might arise from 

mixing between either amphibole or phlogopite and the depleted MORB mantle. On the 

basis of this decoupling between F and the other trace elements , we conclude that these 

other trace elements may have been contributed by additional phases in addition to 

amphibole or phlogopite. 

Deciphering the ultimate source of fluorine in the Segment 3 lavas is greatly 

hampered by lack of information about the fluorine content of materials likely to be recycled 

at subduction zones. While seawater is an excellent source of Cl , its F content is extremely 

low (1.3 ppm) and it has a very high (>7800) Cl/F ratio (e.g., Stumm and Morgan, 1970). 
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Direct contamination of the depleted mantle with seawater trapped in the pores of pelagic 

sediment can be ruled out because it would yield a mantle source with a lower F content 

than that of N-MORB and would require substantial preferential loss of Cl by degassing to 

shift the Cl/F ratio to that observed. Altered oceanic crust may contain elevated fluorine 

abundances relative to seawater, but there are no good estimates for how much fluorine 

altered crust actually contains (H. Staudigel, pers . comm., 1998). High temperature 

hydrothermal vent fluids sampled at mid-ocean ridges exhibit loss of fluorine from 

seawater (e.g., Oosting and Von Damm, 1994), indicating that fluorine is added to the 

oceanic crust during hydrothermal alteration. However, apatites analyzed from Hess Deep 

and MAR gabbros are Cl-rich and F-poor (Gillis ODP 147; Meurer and Natland, 1987), 

suggesting that only upper oceanic crust may contain significant F. Evaluation of the F 

budget for seawater indicates that ocean crust alteration provides a sink for only -5-10% of 

the fluorine added to the oceans by riverine input (M. Mottl , pers . comm., 1998) and that 

most fluorine must be lost to biogenic (calcareous) sedimentation (average 300 ppm F 

content) , opal formation (average 50 ppm F), and formation of authigenic carbonate 

fluorapatites during phosphorite deposition (e.g., Froelich et al. , 1983). 

The lack of correlation between F and P205 in parental melts rules out re-worked 

shallow continental slope phosphorites, which have a F:P ratio of I :3. It is interesting to 

note that the Segment 3 E-MORB have systematically more Si02 than the N-MORB 

(SKK.97), which might indicate an opal source (and the Southern Ocean is a high 

productivity area for siliceous sediments), but F increases are completely uncorrelated with 

Si02 variations. We cannot completely rule out biogenic calcareous sediments as the main 

F source because of problems with C02 degassing, but our very low C02 contents would 

seem to suggest this is not the likely source. Other trace element constraints (e.g., U/Pb) 



have already sugggested a very limited pelagic sediment input to the Segment 3 source, 

however (SKGK97). 

129 

Terrigenous sediments or delaminated continental crust introduced by subduction 

thus seem to be the likely source of F to the SCR melts, as has been suggested for lavas in 

the Banda Arc (Vroon et al., 1989). ODP Leg 141, which drilled the modem fore-arc 

sediments adjacent to Segment I, recovered predominantly Quaternary and Pliocene 

terrigenous turbidites and hemipelagites and only minor biogenic carbonates and silicates, 

indicating they have been derived primarily from local Andean provinces (Kumosov et al. , 

1995). These sediments are dominated by quartz and feldspar, but are also rich in 

amphibole (hornblende), epidote and clinopyroxene; apatite, hydromica, and chlorite are 

ubiquitous accessory phases. While the radiogenic isotopes don't allow us to argue that 

sediments recycled from the adjacent trench are the source of the Segment 3 contaminant, 

we merely note that they do have the appropriate mineralogy to host F. Although Cl and F 

have elevated abundances in average continental crust (Cl -179 ppm; F -602 ppm), it has a 

Cl/F ratio (0.30) not unlike that of N-MORB (0.22), so addition of continental crust to the 

mantle source for Segment 3 is allowed by our data (Wedepohl, 1995). 

Unfortunately, Fis not yet commonly analyzed in subduction zone lavas, so 

placing the Segment 3 results in context is difficult. One of the few studies which includes 

F for BABB indicates that Fis not significantly elevated over N-MORB values in primitive 

lavas from the Lau, Manus and Fiji Basins (Aggrey et aL, 1998). In contrast, samples 

from the Banda Arc (Vroon et al., 1989) do have high F contents. The Aggrey et al. 

( 1998) study utilized a mass spectrometric (MS) method, and comparison of lavas analyzed 

with this method and the electron microprobe method (Appendix D) demonstrates a large 

and non-systematic discrepancy between the MS and microprobe results for F. In 
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particular, the MS data are much lower than the microprobe data and never exceed 200 

ppm, even in samples which yielded 600 ppm by microprobe. Thus, we would argue that 

F abundances in subduction zone lavas may prove to be an excellent (and relatively 

inexpensive to acquire) indicator of contributions by terrigenous sediment and/or 

continental lithosphere, although there are insufficient data at this time to prove that this is a 

widespread occurrence in arc/back-arc lavas. 

Segment I E-MORB 

The volatile characteristics of the Segment 1 E-MORB are consistent with the 

inference made on the basis of He-Pb isotopes that the contaminant to the Segment 1 source 

is recently recycled local sediments. Like the Segment 3 E-MORB, the Segment 1 E

MORB have higher Cl, K20, and H20 than N-MORB, although they are not highly 

enriched (Kffi only to 0.18). Unlike Segment 3, Segment 1 E-MORB do not have F 

enrichments, and in sample 20-1 Fis actually depleted compared to the N-MORB. For 

most of the Segment l E-MORB, the KIF ratio falls within the field of amphibole, similar 

to Segment 3, and the P/F ratio falls near the fluorapatite control ratio, similar to Segment 

4. The Segment 1 E-MORB also have elevated H20 contents, low K20/H20 ratios and 

high H20/Cl ratios for their K!fi ratio (Figure 3. lO). Compared with the Segment 3 

endmember at the same K!fi ratio (whose values are in parentheses), sample 20-1 has KIF 

= 30 (10), F/P = 0.08 (0.25), Cl/F = 1.7 (0.3-0.6), H20/CI = 45 (22-32), H20/F = 75 

(10-20), and K20/H20 = 0.5 (0.8). In summary, the Segment l E-MORB, and in 

particular sample 20-1, are most enriched in the components which should be most easily 

lost from the slab during dehydration (i.e., Cl, H20, as well as Cs). 

Although no geochemical data are available for the F-content of the local sediments, 

they do contain F-bearing phases as discussed above, so absence of F in the source does 
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not seem to be a reasonable explanation for the absence of coupled F-CI enrichment in the 

Segment 1 E-MORB source. Absence of F might indicate that, although F was available in 

the original source, it has not been carried along with the enriched component because of 

transport by an aqueous fluid. Another possibility is that this endmember has experienced 

a different recycling history. Recent (<12 Ma) recycling, suggested by the He isotopes 

(SKGK98) would indicate relatively shallow ( <250 km?) recycling of slab materials 

compared with Segment 3. It is thus possible that the loss of Cl and H20 through 

dehydration reactions has not been as extensive (consistent with the higher Cs/Cl ratio in 

Segment 1 compared with Segment 3) or that the source of the enrichment involves 

different halogen-bearing phases which have a lower proportion of F (e.g., fluor

hydroxyapatite) or hydrous phases which do not contain appreciable halogens. It is our 

hope that studies of other components (e.g., B) which are lost at the shallowest levels in 

the subduction zone, currently underway, will help to resolve this issue further. 

Oxygen Isotope Constraints 

The restricted range observed in &I SO values for the suite of SCR lavas places limits 

on the possible contributions of sediment and altered oceanic crust to the contaminants 

which have produced the enriched MORB endmembers. Below, we evaluate whether the 

proportions of these components inferred by SKGK98 on the basis of trace elements and 

radiogenic isotopes are consistent with the oxygen isotope constraints. In making this 

assessment, we have assumed 8180 values of+ 18 %0 and +8to+12 %0 for pelagic and 

terrigenous sediments respectively (Harmon and Hoefs, 1995). Contributions associated 

with hydrothermally-altered oceanic crust are more difficult to limit, because oxygen 

isotope ratios vary significantly in different parts of the crust, depending on the temperature 

of seawater alteration. A typical oceanic section of -1/3 upper level extrusives and dikes 

(with &ISO values of +9-+19 %0; e.g., Kempton et al., 1991; Staudigel et al. , 1996) and 



-2/3 lower gabbros (with o18Q values of<+ 4 3 o; e.g., Alt et al., 1986) actually would 

have oISQ values that are largely indistinguishable from fresh MORB (i.e., -5 .7%0), as 

argued previously by Muelenbachs and Clayton ( 1972) and Gregory and Taylor ( 1981 ). 

Selective incorporation of only - I 0% of either lower or upper crustal sections alone, 

however, could cause detectable shifts in the oxygen isotopes. 

E-MORB from the northern part of Segment 4 (4B) have been explained by 
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addition of melts derived from a depleted source affected by I 0% contaminant (7% ancient 

pelagic sediment and 93% ancient altered crust), while the Segment 4A endmember (sample 

59-7) requires a greater proportion of altered oceanic crust (97%) and only 3% pelagic 

sediment, but a similar amount of total contaminant ( 10% ). Oxygen isotopes for the two 

Segment 4B samples analyzed do not differ significantly in their (J18Q values (E-MORB = 

+5.93o and N-MORB = +6.030). Addition of this small amount of pelagic sediment 

would only shift the isotopic ratio by <+0.1 3o, which is allowed by our data. There is also 

no evidence in the oxygen isotope ratios to indicate selective addition of either the upper or 

lower portions of altered oceanic crust. The situation for Segment 4A is not as 

straightforward, however, as sample 59-7 exhibits the highest (Jl8Q values (+6.43o) 

measured for the entire suite of SCR samples. Trace element modeling of 59-7 indicates 

addition of only 0.3 % total pelagic sediment to the depleted mantle source, which would be 

insufficient to shift the oxygen isotopic ratios by +0.73o (assuming the baseline is the 

global N-MORB value of +5.730), unless the sediment has the highly unrealistic isotopic 

ratio of >200%0. We have already noted before the systematically unusual character of 

sample 59-7 in its major element characteristics and the fact that it has clearly experienced 

degassing prior to eruption (e.g., Figure 3.8). We conclude that the geochemical behavior 

of station 59 lavas are not entirely accounted for by the trace element-based modeling of 

SKGK98, and that other processes have been involved. 
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SKGK98 have inferred that the Segment 3 enriched endmember represents 

contributions of melts derived from a source with 8-15% contamination of the depleted 

MORB mantle with an endmember that consists of 3% terrigenous sediment and 97% 

altered oceanic crust and <l % pelagic sediment. These small contributions by pelagic 

sediment (assuming+ I 8%0) and terrigenous sediment (assuming+ 10%0) would only shift 

the oxygen isotope ratios of the most contaminated Segment 3 lavas by +0.02%0, which is 

well within the range of variability exhibited by N-MORB. As noted above, addition of a 

complete section of altered oceanic crust would not have much impact on these ratios. 

Oxygen isotopes for Segment 3 E-MORB range from +5.6 to +6.0%o and they extend to 

lower and higher ratios than the SCR N-MORB. Although the E-MORB overlap with the 

range of values displayed by the N-MORB (which average slightly higher than the global 

N-MORB average of +5.7%o), their variability appears to indicate a correlation between 

increasing ()18Q and Kffi ratios (and thus 87Sr/86Sr ratios). If we take these ratios at face 

value (i.e., ignoring errors and the small number of samples), we find that the proposed 

terrigenous sediment input would be insufficient to increase the ()18Q ratio by +0.4%0, 

unless the sediment has an unreasonably high(>+ 70%0) ratio. Instead, this increase in 

()18Q can only be due to incorporation of either a greater sedimentary input (up to 7% 

sediment with+ 10%0) or altered oceanic crust with a composite ()18Q value of -8%0, which 

would imply a greater proportion of upper crustal components with higher a I So than the 

amounts suggested above. However, these variations are extremely subtle and fall within 

the analytical errors, indicating that the oxygen isotope variations are largely compatible 

with the trace element modeling results. 

The trace element modeling indicates that the main difference between the Segment 

3 and Segment 1 enriched endmembers is that the latter requires much less (only 2 % ) 

contaminant consisting of -20% sediment and -80% altered oceanic crust and, unlike 
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Segment 3, the contaminant was recently (<12 Ma) introduced (SKGK98). The radiogenic 

isotopic variations in these enriched Javas are compatible with the sediment being of local 

origin, indicating that they are primarily hemipelagic turbidite deposits derived from the 

southern Andes (Kumosov et al., 1995). Sample 20-1, the most extreme of the Segment 1 

E-MORB, has a a1so value of +5.9%o, which is only slightly elevated relative to the global 

N-MORB average and similar to the values exhibited by the SCR N-MORB . The 

measured a1so value in sample 20-1 is thus generally consistent with the very small 

amount of contaminants with higher a1so values inferred from the trace element and 

isotopic modeling. 

Conclusions 

The distinct geochemical characteristics found in the E-MORB Javas from the four 

ridge segments of the SCR extend to the volatile components Cl, H20, F, and S, and help 

to further constrain the origin of the various enriched endmembers. 

I. Various levels of enrichment are observed in the abundances and relative proportions of 

the E-MORB for CJ, H20, K20 and F, compared with N-MORB. The different 

relationships seen between F, Cl and P205 are particularly meaningful, given the different 

geochemical behavior of F (aqueous fluid immobile) compared with CJ (fluid-mobile) and 

that F-P increases should be correlated in a predictable manner if phases such as apatite are 

involved. 

2. Cl/K ratios are very low ( <0.1) in most of the SCR lavas, indicating that pre-eruptive 

assimilation of Cl-rich, seawater-altered oceanic crust has not been significant for most 

samples, especially the E-MORB. This is consistent with the hypothesis of Michael and 

Cornell ( 1998) that spreading centers with axial valley morphologies should be least 

affected by this process. Our data for the SCR confirms that this hypothesis can be 

extended to intermediate spreading rates with the appropriate ridge morphology. 
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3. Oxygen isotope ratios are restricted to values near the range of typical N-MORB. They 

place an upper limit on how much and what type of recycled materials can contaminate the 

sub-ridge mantle and are consistent with the results of SKGK98 regarding the amounts of 

recycled sediment and altered oceanic crust inferred from trace elements and isotopes. 

They also suggest that the altered crust contribution is not selectively sampling the upper or 

lower crust, either of which would contribute dramatically different isotopic ratios to the 

mix (compared with our estimated crustal composite that has near MORB-like ratios) . Only 

the sample from station 59, which is anomalous in other geochemical features, has 

unusually high (6.4 %0) oxygen isotope ratios. 

4. Segment 4 E-MORB, which have trace element variations more typical of E-MORB 

(i.e., like some ocean island basalts), do not have F enrichments in conjunction with Cl, 

H20 and K20 enrichments. We interpret this contaminant to represent metasomatism of 

the depleted mantle source by a Cl-rich, H20-rich metasomatic fluid. A constant F-P ratio 

over a range of K!fi ratios in these samples suggests that fluorapatite has been present 

during melting to form this suite of lavas. 

5. Segment 3 E-MORB, which have convergent margin trace element characteristics, have 

correlated increases in Cl, H20, K20 and F, without correlated F-P variations. The 

presence of F in the enriched component strongly suggests contribution by terrigenous 

sediments which have been recycled (possibly present in the form of amphibole) and 

requires transport of this component to the sub-ridge mantle via a hydrous siliceous melt. 

6. Segment l E-MORB, which share many trace element characteristics with Segment 3, 

are distinguished by much higher H20 and Cl, but very low F, for the same K20 content. 

H20 and Cl should be lost early during subduction zone recycling. We thus interpret their 

preferential enrichment in the Segment l enriched mantle source to be consistent with the 

isotopic-based inference that this contaminant represents recent, and thus shallower, 

recycling of slab materials. 
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Table 3.1. Representative Glass Analyses for Southern Chile Ridge Lavas 

Sample# Kffi MgO Cl F s H10 C02 5180 Rb/Cs Nb/U Ba/N 
(wt%) (ppm) (ppm) (ppm) (wt%) (wt%) (%0) b 

Segment I N-MORB 

DI-I 0.11 6.30 87 46 39 7.4 
04-2 0.13 6.88 66 40 38 7.3 

05-1 0.11 7.49 58 176 1118 

07-2 0.11 7.27 59 180 1176 0.34 43 39 

D8-l 0.12 6.41 71 291 1357 0.4 l 

Dl0-5 * 0.12 7.14 52 72 1014 0.31 0.016 40 37 7.8 
DI l-6 0. 11 7.17 42 

014-2 O. l l 6.36 74 0.44 0.018 6.0 44 41 7.3 

014-9 0.05 8.19 41 0.17 66 53 8.2 

015-4 0.12 6.06 75 220 1363 
Dl8-2 0.1 l 8.45 46 72 968 0.17 0.016 54 49 8.4 

019-2 0.08 7.48 42 162 1113 0.22 0.017 60 47 7.1 

D28-l 0.09 7.70 52 133 1105 5.8 76 44 6.5 

029-1 0.11 6.86 81 214 1247 39 35 7.5 

Segment 1 E-MORB 

D20-l 0.19 7.59 87 51 1013 0.38 5.9 26 18 12. l 

020-3 0.18 7.59 84 140 1017 27 17 12.4 

021-3 0.18 7.82 83 164 989 

Segment 2 N-MORB 

032-l 0.06 8.51 58 78 1094 6.0 81 52 1 l.3 

033-3 0.09 8.57 50 111 1051 80 46 14.3 

D34-l 0.04 7.88 33 108 1135 0.11 6.0 82 51 10.9 

035-2 0.04 8.26 98 121 1058 61 38 6.4 

036-2 0.03 9.16 33 128 979 0.08 0.017 66 47 

Segment 3 N-MORB 

052-1 0.01 8.53 50 181 879 0.13 0.016 52 37 

053-2 0.01 8.81 51 126 975 47 35 8.6 

RC54 0.02 9.08 88 176 916 0.27 45 38 9.4 

Segment 3 E-MORB 

D39-l 0.42 6.64 135 392 1213 0.44 36 18 

RC40 0.4 7.38 99 343 1144 

041-1 0.49 7.69 107 309 1052 33 19 24.8 

042-4 0.53 7.98 110 391 1042 0.33 34 15 28. l 

043-1 0.47 7.51 140 275 981 0.27 32 15 29.8 

044-8 0.26 8.31 147 229 945 0.21 5.8 39 20 23.9 

RC45 0.55 8.18 125 211 981 0.46 0.016 33 16 

D47-l 0.42 8.63 121 0.26 0.018 6.0 35 16 25.8 

048-3 0.2 8.78 69 102 961 0.014 
D49-l 0. 17 9.09 56 140 957 0.14 5.6 46 23 
D50-l 0.25 7.74 72 257 1068 0.26 39 25 14.3 

051-l 0.17 7.55 69 196 1128 0.23 0.020 5.7 39 25 15.6 
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Table 3.1. (continued) 

Sample# K/Ti MgO Cl F s H20 C02 81s0 Rb/Cs Nb/U Ba/N 
(wt%) (ppm) (ppm) (ppm) (wt%) (wt%) (%0) b 

Segment 4 N-MORB 

058-2 0.07 8.81 42 78 1011 0.18 113 46 
058-4 ** 0.07 8.74 46 0.15 104 44 7.0 
060-4 0.05 8.86 0.25 107 48 

060-7 *** 0.09 8.54 47 137 1028 0.25 

061-5 **** 0.05 8.65 42 173 1073 104 47 6.1 

062-2 0.04 8.63 20 0.13 0.024 98 50 6.1 
062-10 0.05 8.01 46 62 1127 
064-1 0.09 8.55 82 103 997 101 48 7.0 
RC64 0.12 7.79 92 145 1111 

066-4 0.07 8.00 65 6.0 97 49 7.0 
Segment 48 E-MORB 
063-4 0.54 8.08 161 144 997 5.9 
063-5 0.71 8.29 196 162 970 0.38 0.025 80 41 11.3 

065-1 0.3 8.41 124 244 986 0.28 89 42 9.7 

066-2 0.34 8.48 130 175 974 0.31 85 43 9.9 

Segment 4A E-MORB 

059-7 0.19 8.29 105 143 1031 0.08 6.4 86 43 6.7 

Some data for equivalent samples from the same rock type as follows: 

* F, Cl , S data for sample 010- l ; ** Ba/Nb data from sample 058-4; *** H20 data from sample 060-4; **** 
Rb/Cs, Nb/U, and Ba/Nb data from sample 061-1. 



Figure 3.1. Southern Chile Ridge axis segmentation and station locations (black dots) for samples used in this study. Inset: 

Study area in reference to major plate boundaries (solid lines) in the Southeast Pacific and the South American continent. 

Abbreviations: EMP =Easter microplate; JF =Juan Fernandez microplate. 
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Figure 3.2. Rb/Cs (a) and Nb/U (b) as a function of Kffi ratio for the SCR glasses, 

modified from Klein and Karsten (1995). Average N-MORB and an E-MORB are 

from Sun and McDonough ( 1989). 
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Figure 3.3. Abundances of CI, F, H20, C02, P205, and K20 as a function of MgO 

content in the SCR lavas. Solid and dashed curves represent liquid lines of descent 

calculated assuming perfect Rayleigh crystal fractionation (D = 0) and a range of 

initial concentrations (C0 ) of these components typical for N- and E-MORB (Michael 

and Schilling, 1989; Jambon et al. , 1995; Sobolev and Chaussidon, 1996). 



200 

160 

120 

80 

40 

400 

300 

200 

100 

1.0 

0.8 

0.6 

0.4 

0.2 

0.0 
5 

', C =100(ppm) 
.. 0 

0 

' ' 
6 

C =50(ppm) 
0 

Cl(ppm) 

0 

.. 
C

0 
= 200 (ppm)' , 

• 
• 

F(ppm) 

',0 

' .. 0d 
@'O.~ 

0 
~+ 0 

0 0 + 
.0 ++0 

0 

-' 0 if~ 

0 00 
00 

',0 0 
..0 .... 9 

• '0 
0 0 .. 

• 0 [J 0° 

6<=i 

t 

' c = 0.51 (wt%) 
0 

c = 0.17 (wt%) ··-
' 0 

0 
0 00 

·----- e• 0 E 
- - - s0 cr0 

------- - -<:>_ - -~ + 0 

c =0.12(wt%) ~"*0 
0 ffi 6 

6 7 8 9 
MgO (wt%) 

10 5 

0 

• 
• 

I co2 (wt%) I 

• 
c =0.15(wt%) 

0 

• 

0 

00 

0 

0 

0 

00<D 
0 

+ 

t 
0 

0 

e Seg 1N 
• Seg 2N 
o Seg 3N 
+ Seg 4N 
o Seg 1 E 
<;> Seg 3E 
r::J Seg 4E 
EB 4E: 59-7 

0 

f 

0 0 

e C
0
=0.12 (wt%) O d/B 

--- 0 
.-. - -.. 0Q 
,. ... ?~ @ 0 

c~\o;<% 
0 ·~ti.. 6 

6 7 8 9 
MgO (wt%) 

143 

0.024 

0.021 

0.018 

0.014 

0.40 

0.35 

0.30 

0.25 

0.20 

0.15 

0.10 

0.5 

0.4 

0.3 

0.2 

0.1 

10 



144 

Figure 3.4. Ratios of measured H20 content, K20 and selected rare earth elements in 

the SCR glasses as a function of chondrite-normalized La/Sm ratios. Constant ratios 

of H20/Ce over a large range of La/Sm ratios suggests that these two elements are of 

similar incompatibility during the evolution of SCR melts for both the Segment 3 and 

Segment 4 E-MORB. Note also, that the Segment 1 E-MORB lie at systematically 

higher H20/REE values compared with the other E-MORB and N-MORB. 
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Figure 3.5. Measured C02 contents as a function of eruption depth and Kffi i;atio for 

the SCR lavas. The top panel also shows the calculated solubility limits for C02 as a 

function of pressure (converted from water depth) for pure C02 and mixed C02 + 0.5 

wt% H20 systems (Dixon et al., 1995). Nearly all SCR lavas are over-saturated with 

respect to C02 solubility, and thus may have been affected by degassing prior to or 

during eruption. 
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Figure 3.6. Sulfur variations measured in SCR glasses. Top panel : S content as a 

function of MgO content. The curve indicates a calculated liquid line of descent 

which would result from perfect crystal fractionation (D = 0), assuming a C0 = 900 

ppm (Mathez, 1976). Middle panel : S content as a function of molecular Fe content. 

The curve indicates the limits of S saturation from Mathez (1976). Bottom panel : 

Deviation between measured S content and the S saturation limit (the parameter ~S) as 

a function of Kffi ratio. The smaller the ~S , the closer the lavas are to the S saturation 

line. Note that the Segment 4 E-MORB, especially station 59 samples, and many 

Segment l N-MORB lie at high ~S values. 
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Figure 3.7. Oxygen isotope ratios (()18Q) and Cl/K ratios versus Kffi for the SCR 

glasses. Symbols as in Figure 3-6. Top panel: Cl/K ratios for depleted N-MORB 

mantle (dark shading) and E-MORB mantle, and fields bracketing Cl/K ratios 

measured in glasses from other spreading centers are shown, using data from Michael 

and Cornell (1992, 1998). Bottom panel: Average (518Q value for MORB lavas (+5.7 

± 0.2 (%0)) from Harmon and Hoefs (l 995). 
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Figure 3.8. H20 versus P20s in the SCR glasses . Correlated increases between these 

two elements suggest that there has been limited degassing of H20 prior to or during 

eruption for most SCR lavas, with the exception of station 59 samples, which clearly 

have experienced significant H20 loss. 
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Figure 3.9. Fractionation-corrected compositions of Cl, F, H20, and P205, in the 

SCR lavas backtracked to constant MgO = 8 wt% as a function of Kffi ratio. Note 

that Hg and Pg correspond to backtracked compositions of (H20) and (P205), 

respectively. Compositions of Cl, F, and P205 were backtracked using the slope 

defined by the Segment 1 N-MORB and the methods of Klein and Langmuir (1987). 

H20 was backtracked using the liquid line of descent from Figure 3-3 with an initial 

concentration of 0. 17 wt % H20 (which is the water content of the best parental 

magma for the Segment 1 Javas), because of over-enrichment in the Segment 1 N

MORB H20 contents relative to fractionation trends (see text). 
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Figure 3.10. Selected ratios between K20 (K), H20, Cl, F, and P as a functio\} of 

Kffi ratio in the SCR Javas. 
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Figure 3.11. N-MORB normalized trace element abundances for the SCR lava 

endmembers compared with possible contaminants, using trace element data for the 

SCR lavas from Klein and Karsten ( 1995) and N-MORB normalization values from 

Sun and McDonough (1989). Symbols: Segment 1 E-MORB (sample 20-1) =open 

diamond; Segment 3 E-MORB (sample 42-4) =open circle; Segment 4 E-MORB 

(sample 66-2) =open square. Compositions for possible contaminants are taken from 

the following sources: Top panel: vein amphibole (pluses) from Ionov and Hoffman 

( 1995); altered MORB (filled diamonds) from Hawkesworth et al. (1991 ); and average 

fluid produced by experimentally-dehydrated amphibolite (filled triangles) from 

Kogiso et al. (1997). Bottom panel: vein phlogopite (pluses) and vein apatite (filled 

diamonds) both from Ionov et al. (1997); pelagic sediment (crosses) from Cousens et 

al. (1994 ); and the H20-rich component subduction component of Stolper and 

Newman ( 1994) (filled triangles) . 
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Figure 3.12. Selected trace elements in the SCR glasses compared with possible 

contaminants. SCR data from Klein and Karsten ( 1995) and Klein et al. (in 

preparation). Top panel: Ce/Nb versus Nbffh ratios. Bottom panel: Ba/Sr vs. Ba. 

Data for vein apatite, phlogopite and amphibole are from Ionov et al. ( 1997). Data for 

primitive mantle (PM), E-MORB, N-MORB, ocean island basalt (OIB), average arc 

(avg arc) and average continental crust (avg cont crust) from Hoffman (1988) and Sun 

& McDonough ( 1989) are also shown for reference. 
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Chapter 4: New geochemical data from the Eastern Woodlark 

Basin: A comparison with previous geochemical results from 

Eastern Woodlark and Southern Chile Ridge. 

Introduction 

162 

Currently there are two locations where ridge subduction is occurring, Southern 

Chile Ridge (SCR) and the Woodlark Basin. Subduction of spreading centers may have 

several different effects on the petrogenesis on the downgoing ridge segment, such as 

perturbation of the melting regime or communication between the sub-arc mantle and the 

sub-oceanic mantle. Studying the geochemistry of lavas from a perturbed environment 

such as these subducting spreading centers may help to elucidate the processes that occur 

beneath mid-ocean ridges under simpler tectonic settings. 

There is a mixture of lava types that were recovered from the eastern Woodlark 

Basin, that have geochemical characteristics that extend from typical MORB lavas to 

transitional back-arc basin (BAB) and through to arc-like rocks which suggest that there 

was contamination of the sub-ridge mantle by slab materials (e.g. Perfit et al., 1987; 

Johnson et al., 1987). Previous geochemical studies on the two most eastern ridge 

segments, ridges, and seamounts from the eastern Woodlark Basin show increasingly arc

like chemistry with proximity to the subduction zone (e.g., Perfit et al., 1987; Johnson et 

al., 1987). Arc-like andesitic lavas were recovered from Ghizo ridge and two seamounts 

that are located in front of the trench. Typical MORB like lavas were sampled from a ridge 

segment located approximately 65 km away from the trench. 
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New geochemical data for rocks recovered during the 1993 Hakueri Maru No. 2 

cruise extend the limited coverage of samples in the eastern Woodlark Basin. Many of the 

samples were located near sites previously sampled. These new samples have some 

geochemical similarities with previous samples, but there are some new interesting results. 

One new finding is that lavas from the ridge segment located closest to the trench have 

geochemical affinities with BAB lavas. This extends the distance from the trench where 

lavas show an arc-signature. Not only do these samples have major and trace element 

characteristics which are typically found in BAB lavas, the volatile elements also have 

similar BABB affinities, i.e., low S, and high Cl. Low S contents, which are charactistic 

of arc lavas (Nilsson and Peach, 1993) were not found in the ridge segments located in 

front of the subduction zone in the previous study. 

Petrological data of rocks collected at 15 sample sites from the 1993 Hakurei Maru 

No. 2 cruise are presented here, and are compared with the samples obtained from two other 

cruises to the Woodlark Basin, as well as lavas from Southern Chile Ridge which is another 

site of ridge subduction. The purpose of this chapter of the thesis is to present the new 

geochemical data collected from the 1993 cruise to the eastern Woodlark Basin and compare 

the data with the results of the previous two cruises. In addition, the Woodlark Basin rock 

data is compared with lavas recovered from the other site where ridge subduction is 

currently occurring, the SCR, to identify common characteristics which may be attributed to 

ridge subduction. 

Tectonics 

The Woodlark Basin is an actively spreading marginal basin located in western 

Melanesia southwest of the Solomon island arc and east of the Papuan Peninsula (Fig. 

4.1). It is bounded by the Woodlark rise to the northwest and the Pocklington rise to the 



southeast (e.g., Taylor and Exon, 1987; Perfit et al., 1997; Crook and Taylor, 1994; 

Taylor et al., 1995). The Woodlark spreading center separates the Solomon Sea plate 
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from the Australian plate and the two plates meet the Pacific plate at a trench-trench

transform fault (TTF) triple junction. The location of this triple junction at the northern tip 

of Simbo ridge, NNW of Simbo Island was ascertained using SeaMARC II side-scan 

imagery and bathymetry, single-channel seismic reflection profiles, 3.5 kHz echo-character 

records, petrologic, magnetic, and gravity data (Crook and Taylor, 1994). 

The Woodlark and Pocklington rises previously were the eastward extension of the 

Papuan peninsula, but they were separated by the Woodlark spreading center as it extended 

westward and propagated into the Papuan peninsula (Taylor et al., 1995; Goodliffe, et al., 

1997). The eastern part of the Woodlark Basin began spreading - 6 m.y. and most of the 

ridge axis has been consumed beneath the Pacific plate east of Ghizo ridge (Taylor, 1987; 

Perfit et al, 1987). Based on acoustic imagery, bathymetry and magnetization, the 500 km 

long Woodlark spreading center can be divided into five main segments, with number one 

being the westernmost ridge crest (Fig. 4.2) (Goodliffe, et al. , 1997). West of the 

Moresby transform (154.2° E) the spreading center (segments 1 and 2) has rifted axial 

highs and only non-transform offsets with a shallower and smoother sea-floor fabric than 

the eastern part of the Woodlark basin which has axial lows with axial ridges, transform as 

well as non transform offsets for the ridge segments (segments 3-5) and a well developed 

abyssal hill fabric (Goodliffe, et al., 1997). The ridge crest to the west of the TTF triple 

junction has intermediate spreading rates between 60-70 mm/yr and the triple junction is 

72mm/yr (Taylor, 1987). 

Several tectonic features located in the Woodlark Basin were dredged, as well as 2 

segments of the spreading center. Goodliffe et al., ( 1997) described the two ridge 
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segments, 4 and S, of the Woodlark spreading center that we sampled and their results are 

briefly summarized. Segment 4 is separated from segment 3 by a transform fracture zone 

and is divided into approximately S subsegments, (Fig. 4.1) (Goodliffe et al., 1997). The 

eastern most ridge segment, segment 5 is separated from segment 4 by a propagating 

spreading center and is divided into two subsegments, Sa and Sb. Besides the two eastern 

most ridge segments, there are several other features which were sampled in the Woodlark 

basin ; Simbo Transform ridge, Ghizo Rige, and two seamounts , Kana Keoki and 

Coleman. Simbo Transform ridge trends N-S, is lSOO m above sealevel and contains the 

Simbo Transform fault which separates the Solomon Sea plate from the Australian plate 

(Crook and Taylor, 1994). East of the Simbo fault on the Australian plate are volcanic 

edifices which may be related to leaky transform magmatism and the triple junction 

tectonism (Crook and Taylor, 1994). Ghizo ridge, formed by uplift and shearing of fault 

blocks, appears to be a deformational feature rather than a remnant spreading ridge (Crook 

and Taylor, 1994). Two submarine strato-volcanoes, Kana Keoki and Coleman 

seamounts, are located west of Ghizo ridge near the subduction zone on the Australian plate 

(Fig. 4.2). They are separated by a saddle and appear to be connected by a rift zone. Kana 

Keoki has two peaks which are 2.8 km above the seafloor, and is somewhat dissected. 

Unlike Kana Keoki seamount, Coleman seamount has a uniform cone shape and is 

undissected. Both seamounts may be related to island-arc type magmatism (Crook and 

Taylor, 1994). 

Sample Locations 

Three sampling cruises were conducted in the Woodlark Basin ( 1982, 1986, and 

1993). A 1982 geophysical and geological survey of the eastern Woodlark Basin and the 

flanks of the New Georgia Group (part of the Solomon island arc) was conducted on the 

RIV KANA KEOKI (KK4) (e.g., Taylor and Exon, 1987; Perfit et al., 1987). Underway 
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geophysics and heat flow studies as well as dredge and core sampling were carried out over 

the 24-day cruise (e .g., Taylor and Exon, 1987; Perfit et al., 1987). Twenty-seven 

stations were sampled, (1 2 dredges and 15 cores) from along the Woodlark spreading 

center, (segment 4), the triple junction region, and the forearc area (Fig. 4.2) (e.g., Taylor 

and Exon, 1987; Perfit et al., 1987; Johnson et al., 1987: Staudigal et al., 1987) Samples 

from this cruise are designated by an RD before the sample site number. Three samples 

were collected in 1986. Samples from this cruise are given the letter Din front of the 

dredge number (Danyushevsky, et al., 1993). 

Samples obtained from a cruise in 1993 are the focus of this paper. Two 

geophysical surveys were conducted in 1993 on the Woodlark basin, one on the western 

half (April-May) and the other on the eastern part of the basin (August-October), which 

provided total-coverage bathymetry, acoustic imagery, and interpolated magnetic field data 

of the spreading center and its flanks (Goodliffe, et al., 1997). The western Woodlark 

geophysical survey entailed HAWAII-MRI sidescan (acoustic imagery and bathymetry) 

and the eastern Woodlark was mapped using Hydrosweep multibeam bathymetry and 

magnetic data (Goodliffe et al., 1997). The eastern Woodlark survey was divided into two 

cruise legs conducted aboard the RIV Hakurei Maru No. 2. Leg 2 (Sept. - Oct.) involved 

detailed sidescan and Finder-attached Deep-sea Camera (FDC) work on shallow water 

volcanic highs, e.g., Kana Keoki and Coleman seamounts, as well as sampling of the 

spreading center and areas around the triple junction. Sixteen sites were sampled; a chain 

bucket was used to sample twelve of the sites and the finder-attached power grab (FPG) 

was used for three sample sites located on Kana Keoki and one on Coleman Seamount. 

Letters WB before the dredge site number are assigned for samples from this cruise. Four 

areas were sampled, the spreading center, segments 4 and 5, Simbo Transform Ridge, 

Ghizo Ridge, and the seamounts, Coleman and Kana Keoki. 
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The sample locations are listed in the following order , I) spreading ridges, 

segment 4 and segment S, 2) Simbo Transform ridge, 3) Ghizo ridge, and 4) Kana Keoki 

and Coleman seamounts. During 1993, two samples were dredged from the eastern part of 

segment 4, (subsegment 4e) (Fig. 4.2) (Goodliffe et al., 1997). One sample, WB 1, was 

from the ridge axis and the other sample, WB2, was from the inside comer high (0.3 Ma 

age crust) of subsegment 4e (Taylor et al., submitted). Previously during the KK4 cruise, 

one sample was dredged from the western most part of the segment, subsegment 4a 

(RD26) on the northeast axis tip from 0 age crust and another, D4, collected during the 

1986 cruise, from the axial valley of subsegment 4b/c. All of the samples from segment 4 

have the geochemistry of a normal MORB basalt (e.g., Perfit et al., 1987), except D4 

which are andesites with arc-like affinities. 

The easternmost segment, segment S was dredged in four locations and was not 

sampled during the 1982 cruise, but one sample from the axis was sampled on the 1986 

cruise, DS (Danyusheveky et al., 1993). Sample, WB3, is from subsegment Sal transform 

valley on crust that is approximately 0.2 Ma (Taylor et al., submitted). Samples WBS-7 

are all from subsegment Sb. Unfortunately, there was only one rock recovered from the 

axis, WB4, which was not available for geochemical analysis. However, the north wall 

and south wall of sebsegment Sb were dredged, WBS and WB6, respectively, both of 

which were located on approximately 0.1 Ma old crust (Taylor et al., submitted) and 

recovered enriched lavas with backarc basin affinities. Interestingly, dredge DS recovered 

MORB lavas that have similar major element geochemistry to the lavas retrieved from 

segment 4. An off-axis seamount on approximately 0.7S Ma crust (Taylor et al., 

submitted) was the fourth sample, WB7, from subsegment Sb and it also recovered an E

MO RB with similar backarc basin characteristics. 



168 

Two lava types were dredged from the southern end of the Simbo Transform ridge 

(RD32) on the KK4 cruise, an unusual lava type, designated NaTi basalts, were recovered 

exclusively from this dredge, as well as highly vesicular quartz tholeitties and low-Ti 

basaltic andesites (e.g ., Perfit et al., 1987). Again, the southern end of Simbo Transform 

Ridge was sampled (WB8) but no NaTi basalts were recovered, only a moderately 

fractionated (MgO - 6.9 wt%) E-MORB with a pronounced backarc basin flavor. The 

northern end of Simbo Transform was dredged, RD3 l , during the KK4 cruise and 

recovered island arc-type andesites and dacites (Johnson et at., 1987). 

Two localities on Ghizo ridge were sampled, RD30 and WB9 as well as two 

forearc seamounts, Kana Keoki and Coleman. Kana Keoki seamount had previously been 

sampled during the 1982 cruise, RD33 , which recovered pumice and lava clasts. Three of 

the five sites, WB 11-13, which sampled Kana Keoki seamount employed the Power Grab 

tool, a mechanical claw with a movie camera attached, which allowed visual selection of the 

sample site . Two sites were sampled on the Coleman seamount, WB 10 and WB 16. The 

power grab tool was used for WB 10 and recovered vesicular rocks with varying amounts 

of phenocrysts. Only 3 rocks were collected from site WB 16; white pumice, brown scoria, 

and a black vesicular basalt but there are no geochemical data from samples recovered from 

this site. 

Methods 

Major element oxides were determined using three different methods, electron 

microprobe and X-ray fluorescence (XRF) at the University of Hawai'i, and direct-current 

plasma emission spectrometry (DCP) at Duke University (techniques described in, chapter 

2, sample locations and analytical methods section; Norrish and Chappel, 1977; and Klein 
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et al. , 1991 , respectively). Comparison of results of samples analyzed using multiple 

techniques give varying agreement (Appendix C). Microprobe analyses compared with 

both the XRF and DCP data (Figs. C. l and C.2) show a poor correlation for WB8- l and 

WB9- l for many of the major element oxides. The samples, WB 1-1 and WB l-2 have 

higher FeO* and WB7-3 has slightly higher Si02 wt% when analyzed by the electron 

microprobe compared with the whole rock samples analyzed using XRF (Fig. C. l ). These 

three samples also have discrepancies between the microprobe analyses compared with the 

DCP analyses, but not for the same elements. Compared to the microprobe data, WB 1-1 

has lower Ti02, WB 1-2 has lower FeO*, and WB7-3 has higher CaO than what was 

obtained using DCP (Fig. C.2). However, there is excellent agreement between the major 

element oxide abundances measured using DCP and XRF (Fig. C.3). Titanium oxide has 

slightly higher results for the samples measured using DCP compared with the data from 

the XRF. Along with the major elements, a suite of trace elements , Nb, Zr, Y, Sr, Rb, Zn, 

Cu, Ni , Co, Mn, Cr, and V were analyzed on alumina- and tungsten carbide-ground 

powdered samples by XRF using the technique described by Norrish and Chappell , l 977. 

Additional trace elements, Ba, Sr, Zr, Y, V, Sc, Cu, Cr, and Ni, were also analyzed using 

the DCP. 

Halogens, F and Cl , as well as S were analyzed using the Cameca SX-50 electron 

microprobe at the University of Hawai'i on the glasses recovered from the 1993 cruise to 

the Woodlark basin using the technique described in the methods section of chapter 3. 

Additionally , Muenow et al. , (1991) has analyzed Cl, F, and S using a high-temperature 

mass spectrometer for the samples from dredge sites RD26, RD29, and RD32, of the 1982 

cruise. 

In order to compare data from the Woodlark Basin it was necessary to see if the 

results from the high-temperature mass spectrometer could be reproduced using the electron 
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microprobe. A subset of samples from the Manus Basin which had previously been 

analyzed by the mass-spectrometer were analyzed by the electron microprobe (Sinton et al., 

unpublished data) There is a discrepancy in the results obtained for these elements using 

these two different analytical techniques. Both the Cl and S appear to have a linear 

relationship for the results from the two techniques, but it is not a l: l correlation. Chlorine 

abundances are shifted to lower values and S contents are higher for the electron 

microprobe abundances compared to the mass spectrometer results, but the correlation 

appears to be roughly parallel (Fig. C.4). A correction for the offset cannot be employed 

for the Woodlark Basin data, however, because the offset is higher than some of the 

abundances for the Woodlark samples and would result in corrected values that are 

negative. Therefore the data has remained uncorrected but it must be kept in mind that 

some of the differences may be analytical. 

Fluorine is problematic because unlike, Cl and S, there is no lineafrelationship for 

the abundances obtained using the two techniques (Fig. C.4). It appears that there is a 

threshold for the F analyzed using the mass spectrometer for these samples. It is 

speculated that the use of a lower temperature furnace for the sample preparation of these 

Manus Basin samples was not able to drive off all of the HF and the F was overcorrected, 

resulting in low F abundances. Fluorine abundances on three samples (secondary 

standards ranging from 150 -520 ppm originally analyzed by radiochemical neutron 

activation analysis; Schilling et al., 1980) were reproduced by the electron microprobe at 

the University of Tulsa as well as the Univervisty of Hawai'i. 
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Results 

Major elements 

As previously discussed the major elements were analyzed by electron microprobe, 

DCP and XRF (Table 4.1 , 4.2, and 4.3). Microprobe analyses are shown if available, and 

if not, then DCP data are plotted. XRF data is shown for one sample, WB 10-3, since it 

was not analyzed by either the microprobe or by DCP. Figure 4.3 shows the data from the 

1993 cruise for the samples from segments 4 and S, Simbo Transform ridge, Ghizo ridge 

and the two seamounts, Kana Keoki and Coleman, as well as fields for the SCR lavas for 

reference. 

Segment 4: 

The lavas retrieved from stations WB l (segment 4e) and WB3 (segment 

Sa/transform valley) , have major element abundances similar to SCR lavas, and to other 

MORB lavas (e.g. , Sherman et al. , 1997). FeO*, Ti02, Na20, K10, and P205 all 

increase with differentiation, while CaO, and Al203 decrease with increasing MgO content 

for these lavas. Rock dredge, RD26 from this segment ( 4a) also recovered MORB type 

lavas and has similar major element abundances (Fig. 4.4). Dredge site 04 from the 1986 

cruise recovered basaltic andesites from subsegment 4b/c and has distinctive chemistry; 

very low FeO*, Ti02, Na20 with high K10 and Al203 (Fig. 4.4). 

Segment S: 

Basaltic lavas recovered from sites WBS-7 from segment S (Sb), however, have 

major elements which fall outside the SCR data fields, e.g. , lower FeO*, Ti02, and Na20 

with higher Al203. One of the common characteristics of back-arc basin basalts (BABB) 

is higher Al203, and lower FeO* and Ti02 compared with MORB (Fryer et al., 1981; 

Sinton and Fryer, 1987; Perfit et al., 1987; Hawkins, l 99S) (Fig. 4 .5). In addition, these 



172 

samples have positive correlations between FeO* and Ti02 which is more typical behavior 

of arc lavas, than MORB or BABB (Hochstaedter et al., 1990). All of these major element 

relationships, except the lowered Na20 contents, may be attributed to elevated water 

contents which may delay plagioclase fractionation and facilitate the early fractionation of 

Fe-Ti oxides (Hawkins, 1995). Interestingly, the Na20 contents of the segment S lavas 

are lower than the more typical MORB lavas from segment 4 in the Woodlark Basin, 

commonly BABB have higher Na20 contents (e.g., Hawkins, 199S). The only other site 

sampled from subsegment Sb was obtained during the 1986 cruise, 05 . 05 recovered 

basaltic lavas which have similar major element concentrations as the lavas recovered from 

segment 4, i.e. , MORB-like (Danyushevsky et al. , 1997). Site RD29 from the 1982 cruise 

sampled segment 6 off-axis/abyssal hill crust, approximately 1.6 Ma (Taylor et al. , 

submitted). Three rock types based on their major element chemistry were collected from 

RD29 (Perfit et al., 1987). Based on the BABB field from Fryer et al., 1981, Perfit et al. 

( 1987) concluded that two of these groups fall outside of the MORB range and have 

affinities with BABB, high Na20 and low Ti02 and FeO*. The samples recovered from 

subsegment Sb have even lower Ti02 and FeO* than the RD29 Javas, in fact , they are even 

lower than the Marianas BABB as seen in Fig. 4.S. 

Simbo Transform ridge: 

Three sites on Simbo Transform ridge were sampled, one on the northern end, 

RD3 l, and two to the south, R032 and WB8. Two rock types were found at site R03 l , 

island arc-type andesites and dacites similar to rocks from Simbo island and boninitic-like 

high-MgO andesite lavas (not shown on figures) (Johnson et al., 1987). Site RD32 

recovered three chemically distinct rock types; quartz tholeiites and basaltic andesites with 

backarc basin and island arc affinities, and an unusual Na and Ti-rich basalt type (NaTi) 

with MORB affinities (Johnson et al. , 1987; Perfit et al., 1987). The NaTi basalts do not 
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share any geochemical characteristics typical of an island arc setting, despite the fact that 

they were retrieved from the same dredge site which did sample lavas with chemical 

affinities with a subduction zone setting. When the southern end of Simbo Transform 

ridge was dredged again in 1993, WB8, no NaTi basalts were retrieved. But basaltic 

andesitess with BABB affinities , similar FeO*, Ti02, and Na20 contents, were recovered 

(Figs. 4.3 and 4.5) (Perfit et al. , 1987; Johnson et al., 1987). 

Ghizo Ridge: 

The southern flank of Ghizo ridge was dredged, RD30, and the dredge haul yielded 

rocks that had back arc basin geochemical characteristics similar to the Javas from RD32 

(excluding the NaTi basalts) (Johnson et al., 1987). RD30 and RD32 lavas have similar 

K20 and P205 contents, but the rocks from RD32 have consistently higher Na20, Kffi, 

Mg#, Ni , and Cr abundances compared with the RD 30 lavas (Johnson et al., 1987). WB9 

is located northwest from RD30 on Ghizo ridge and has major elements that more closely 

resemble those from WB8 than RD30. WB9 is a basalt and the lavas from RD30 are all 

low-Si02 andesites (nomenclature after Johnson et al., 1987) (Fig. 4.6). Compared with 

the Marianas BABB, WB9 has comparable FeO* and Al203 contents, but lower Ti02 ·and 

Na20 abundances and RD30 lavas have higher Al203 and lower Na20, FeO*, and Ti02 

contents (Fig. 4.5). 

Coleman Seamount: 

There is only one sample site which yielded samples that was analyzed from 

Coleman seamount, site WB I 0. The dredge haul consisted of vesicular low-Si02 

andesites (20-40% vesicles) with varying amounts of phenocrysts from aphyric to 

porphyritic. All of the lavas from WB IO have positive correlations between FeO* and 
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Ti02 with MgO contents, which is different from the N-MORB lavas from RD26 and the 

SCR MORB which have a negative correlation (Figs. 4.3 and 4.7). 

Kana Keoki Seamount: 

Kana Keoki , located adjacent to Coleman seamount, was sampled using the power 

grab for sites WB 11-13 and 2 sites were dredged, WB 14-15. Only WB 11, WB 12, and 

WB 15 recovered lavas, WB 13 consisted of sediment and WB 14 contained pumice and 

altered rock. Lavas from WB 11 and WB 12 show a linear correlation with the major 

elements versus the differentiation index of MgO that range from low-Si02 to high-Si02 

andesite up to dacite (Fig. 4.3 and 4.6). WB 15 is a high-Si02 andesite, but it falls off the 

trend of the other Kana Keoki seamount lavas, and has substantially higher Al203 , higher 

FeO*, Ti02 and CaO and lower Na20, K20, and Si02 than would be found on the trend 
' 

extended from the WB 11 and WB 12 lavas (Fig. 4.3 and 4.6). The K20 contents reach up 

to 2.0 wt% for the dacite. RD33 dredge site sampled Kana Keoki seamount during the 

1982 cruise and recovered pumiceous dacites and porphyritic andesites (Johnson et al., 

1987). Samples from site RD33 have yielded the most fractionated lavas of all the rocks 

presented here and have geochemistry and mineralogy most similar to rocks found from 

island rocks which is of interest since it is from a volcano that is situated in front of the 

subduction zone (Johnson et al., 1987). 

Volatiles 

Chlorine, F, and S versus MgO for the Woodlark basin samples from this study as 

well as glasses from three dredge sites from the Kana Keoki cruise (KK4) RD26, RD29, 

and the NaTi basalts from RD32 are shown on fig. 4.8, along with calculated liquid lines 

of descent (LLD) (Table 4.4). As noted above, direct comparison of these volatile elements 

between the two analytical methods is problematic. Cl abundances for the Woodlark Basin 
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lavas are almost all higher than what was determined for the SCR lavas, with the exception 

of the lavas from subsegments 4e and Sa/transform valley (WB 1 and WB3, respectively), 

and one sample each from RD26, RD29, and RD32 (Fig. 4.8). The rest of the lavas are 

over enriched in Cl compared to what abundances would be expected from fractional 

crystallization alone (using assumed initial starting conditions typical of N and E-MORB 

lavas) (see chapter 3). None of the lavas have high F abundances like the enriched lavas 

from segment 3 of SCR. Western Woodlark F contents from WF and WE are also shown 

on figure 4.8, there are no Cl or S data for these samples (Dril et al., 1997). The majority 

of the lavas are bracketed by the LLD calculated by Rayleigh perfect crystal fractionation 

(D=O) for the range of C0 selected (after Michael and Schilling, 1989; see chapter 3). 

Interestingly, the S contents for the BABB-like lavas from sites WB7-9, and WB6-l (but 

not WB6-2) have low S contents which are more common for island-arc lavas. The lavas 

from RD26 and RD29 have S abundances that are similar to the WB 1, WB3, and the SCR 

lavas. NaTi basalts have a large range in S contents for a similar MgO content, show 

restricted F abundances, and a bimodal distribution for Cl contents. All of the lavas fall 

within the SCR field for S vs. Fe except for the samples from dredge sites, WB6-9, and 

the NaTi basalts (Fig. 4.9). The samples that were over enriched in Cl and had low 

abundances of S also have high Kffi contents (Fig. 4.10). Almost all of the samples that 

have Kffi less than 0.15 fall within the SCR N-MORB field for Cl, F, and S vs. Kffi , but 

the CJ analyzed using the high temperature mass spectrometer from the KK4 cruise all have 

higher Cl contents than the SCR. Only the F abundances are similar to the SCR segment 4 

E-MORB for the WB6-9 lavas, the Cl and Sare overenriched and depleted, respectively. 

Trace elements 

Woodlark basin samples have distinctive trace elements characteristics which are 

correlated with tectonic setting, (e.g., Perfit 1980; Saunders and Tarney, 19?; Perfit et al., 
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1987; Hawkins, 1995) (Tables 4.5 and 4.6). Lavas with arc-like geochemical affinities 

have enrichments in alkalis and alkaline earths with concomitant depletions in high field 

strength elements, HFSE. MORB basalts that are enriched may also show higher 

abundances of alkalis and alkaline earths, but no corresponding depletion in the HFSE. 

Back-arc rocks often show geochemical characteristics that are transitional between MORB 

and island arc lavas. The lavas sampled from Woodlark have an increasingly arc-like 

signature with proximity to the subduction zone (Johnson et al., 1987). Figures 4.11 and 

4-12 are plots of Ba, K20, Rb, and Sr (elements that are enriched in arc-related rocks 

compared with MORB) vs. the HFSE, Nb and Zr (depleted in arc and BABB lavas versus 

MORB). The Kana Keoki seamount lavas have been excluded from figure 4.11 because 

when they are plotted (Fig. 4.12) it is difficult to see the details of the trace element 

behavior for the other lavas from the Woodlark Basin. 

The lavas from segment 4 (WB l and RD26) have similar trace elements and are 

typical of MORB (Figs. 4.11 and 4.12). Segment 5 lavas (WB5, axis and WB7, off-axis 

seamount) and off axis/abyssal hill from segment 6 (RD29), however, have trace elements 

that have affinities with arc-related rocks (Perfit et al., 1987). WB5 and WB7 have greater 

enrichments of the alkalis and alkaline earths compared with RD29 but similar Zr and Nb 

contents (Fig. 4.11) This suggests a greater contribution from the arc component for the 

segment 5 lavas. WB5 and WB7 lavas are more similar to the BABB-like basalts 

recovered from Simbo transform ridge and Ghizo ridge than RD29 (Figs. 4. 11 and 4.12). 

This is of interest because it extends the distance from the subduction zone where arc

related basalts have been recovered in the Woodlark region. RD29 trace elements are 

transitional between the MORB lavas from segment 4 and the BABB-like segment 5 lavas. 

Simbo Transform ridge lavas, WB8 and RD32, excluding the NaTi basalts, compared with 

the Ghizo ridge lavas, WB9 and RD30 have similar abundances for Ba, K20, Rb, and Sr 
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as well as Nb and Zr. Coleman seamount lavas, from WB 10, have similar Zr abundances 

as the Simbo transform ridge and Ghizo ridge basalts, even though they are basaltic 

andesites. They show even larger contents of Ba, K20, and Rb, but comparable Sr 

values, which is not suprising since they are more fractionated. Kana Keoki seamount, 

however recovered mostly dacitic and a few andesitic lavas from sites WB 11, WB 12, 

WB 15, as well as RD33. All of these lavas show large enrichments in the alkalis and 

alkaline earths with low Zr and Nb. These are characteristics typically found in island arc 

lavas, even though this seamount is located on the wrong side of the subduction zone. 

Summary of Observations 

1. Spreading center lavas. WB 1, WB3, and RD26 have major and trace elements typical of 

a normal MORB. Volatile contents for these lavas are also characteristic of MORB lavas, 

with the exception of the high Cl abundances for RD26 and RD29. It is difficult to assess 

the Cl enrichment for these samples since it may be an analytical problem (see Methods 

section). Lavas from D4 (subsegment 4b/c) are basaltic andesites which have lower FeO*, 

Ti02 and higher Al203 than the other lavas recovered from this segment, or segment 5. 

This is unusual because FeO* and Ti02 act incompatibly and Al203 compatibly in most 

MORB lavas, suggesting that there may be an arc-related geochemical influence evident on 

segment 4. Segment 5 lavas, WB5-7 (WB7 is an off-axis seamount) have BABB-like 

geochemistry, with low FeO*, Ti02, S, and HFSE and high Al203, Cl, alkalis, and 

alkaline earths. Sample D5 from segment 5 has major elements similar to segment 4 

MORB lavas. RD29 from segment 6 off-axis/abyssal hill has geochemistry that is 

transitional between segment 4, MORB lavas and segment 5 (BABB-like Javas). It appears 

that MORB and BABB-like lavas were recovered from segments 4 and 5. 
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2. Simbo Transform Ridge and Ghizo Ridge lavas. BABB-like lavas were recovered from 

these two ridges. Lavas from these two sites have similar major and trace elements, F and 

S, but WB8 has much higher Cl contents. WB8 and WB9 have major elements that are 

comparable to the WB5-7 BABB-like lavas, although WB8 has higher Si02 and Cao. 

Alkalis and alkaline earths for the WB8 and WB9 samples are higher than the segment 5 

lavas. 

3. Seamounts: The one sample site from Coleman seamount, WB 10, recovered basaltic 

andesites that have strong arc-like major and trace elements. Kana Keoki seamount has 

lavas that are highly enriched in the alkalis and alkaline earths and show HFSE depletions, 

similar to the New Georgia Group Islands, from the nearby arc and other arc-trench 

settings. 
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Table 4.1. Electron microprobe analyses for Woodlark Basin glasses. 

Sample# Si02 Ti02 Al203 FeO* MnO MgO Cao Na20 K20 P20s Total 

WB 1-2 50.57 1.41 15 .66 9.58 0.18 8.22 12.22 2.72 0.08 0.14 100.78 
WB 1-1 50.73 1.44 15.25 9.71 0.18 8.28 12.25 2.67 0.08 0.13 100.73 
WB 3-3 50.53 1.66 14.91 l0.30 0.20 7.55 12.09 2.90 0.08 0.15 100.37 
WB 3-2 50.87 1.70 14:73 l0.26 0.22 7.38 11.96 2.89 0.09 0.14 100.24 
WB 3-1 50.75 1.69 14.80 10.17 0.20 7.42 11.98 2.95 0.10 0.15 100.23 
WB 6-2 50.77 1.00 15.61 8.97 0.19 8.77 13.07 2.15 0.04 0.06 100.63 
WB 6-1 50.94 0.84 16.88 7.07 0.12 7.82 12.10 1.87 0.39 0.11 98.14 
WB 5-1 51.06 0.96 16.45 7.98 0.15 7.36 12.03 2.42 0.22 0.11 98 .73 
WB 7-1 50.92 0.78 16.11 8.24 0.14 7.49 12.97 1.93 0.31 0.10 98.99 
WB 7-2 51.08 0.77 16.05 8.19 0.17 7.44 12.94 1.96 0.30 0.09 99.01 
WB7-3 52.64 0.79 16.08 7.76 0.16 7.18 12.39 1.97 0.32 0.11 99.40 
WB 8-1 53 .78 0.79 16.11 7.28 0.13 6.90 11.73 1.98 0.33 0. 11 99.12 
WB 9-1 51.10 0.75 16.51 7.87 0.17 7.24 13.08 1.91 0.31 0.09 99.02 
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Table 4.2. Major elements analyzed by DCP for Woodlark Basin lavas. 

Sample# Si02 Ti02 Al203 FeO* MnO MgO Cao Na20 KzO P20s Total 

WBl-2 49.79 1.21 16.32 8.33 0.16 8.17 11.70 2.71 0.07 0.13 98 .59 
WB5-l 51.52 0.84 17.19 7.51 0.14 8.10 12.32 2.32 0.26 0.11 100.29 
WB7-2 51.03 0.69 16.80 7.21 0.14 7.76 13.20 1.92 0.30 0.09 99 .15 
WB7-3 51.34 0.71 16.83 7.56 0.15 8.12 13.68 1.90 0.30 0.09 100.68 
WB8-l 54.27 0.29 12.37 7.66 0.15 12.72 10.98 1.28 0.36 0.07 100.14 

WB8-2 55.15 0.33 14.41 7.52 0.14 9.10 11.13 1.49 0.44 0.08 99.81 

WB9-l 53 .02 0.71 14.97 7.50 0.14 10.37 10.68 1.92 0.34 0.11 99.76 
WB9-2 52.99 0.58 16.21 6.76 0.14 8.77 11.43 1.79 0.48 0.11 99.25 
WBIO-l 55.88 0.73 17.98 7.25 0.13 4.40 9.82 2.31 0.80 0.16 99.47 
WBl0-2 56.36 0.75 18.25 7.26 0.13 4.15 9.89 2.35 0.82 0.17 100.12 
WBl0-5 55.55 0.72 18.17 7.11 0.13 4.38 9.88 2.26 0.76 0.16 99.13 
WBl0-6 55.07 0.70 17.62 7.33 0.14 5.95 10.23 2.14 0.67 0.15 99.99 
WBI0-7 55 .05 0.72 17.37 7.40 0.14 5.89 10.55 2.07 0.65 0.14 99.99 
WBl l-3 60.96 0.58 15 .73 6.54 0.12 3.78 7.44 3.54 1.48 0.17 100.34 
WB12-l 68.14 0.57 14.52 4.38 0.09 1.66 4.67 3.27 1.93 0.13 99.35 

WB12-2 60.14 0.62 16.28 7.05 0.13 3.79 7.81 2.55 1.33 0.17 99.86 

WB12-3 55.30 0.64 16.85 8.71 0.16 5.21 9.71 2.07 0.86 0.24 99.75 
WB12-4 54.86 0.64 16.76 8.91 0.16 5.09 9.62 1.91 0.76 0.15 98.86 
WB15-l 61.98 0.82 18.70 5.32 0.05 0.91 6.46 2.92 1.49 0.15 98.80 
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Table 4.3. Major elements analyzed by XRF for Woodlark Basin lavas. 

Sample# Si02 Ti02 Al203 FeO* MnO MgO Cao Na20 KiO P20s Total 

WBl-1 50.58 1.28 16.56 8.86 0.16 8.36 12.0l 2.46 0.07 0.11 100.46 
WBl-2 50.64 1.18 16.71 8.61 0.16 8.23 12.02 2.53 0.07 0.12 100.26 
WB5-l 51.55 0.75 17 .54 7.55 0.15 7.97 12.32 2.13 0.24 0.10 100.30 

WB7-I 51.25 0.62 17.24 7.49 0.15 7.93 13.53 1.70 0.28 0.08 100.26 
WB7-2 51.45 0.66 17.21 7.51 0.14 7.78 13.50 l.7 l 0.30 0.08 100.34 

WB7-3 51.37 0.62 17.24 7.55 0.14 7.88 13.47 1.69 0.29 0.09 100.34 

WB8-l 54.33 0.19 12.65 7.71 0.15 12.54 10.95 1.09 0.35 0.06 100.02 

WB8-2 55.45 0.22 14.66 7.60 0.14 8.95 11.08 1.33 0.43 0.07 99.95 
WB9-l 53.34 0.64 15.40 7.64 0.14 10.23 10.82 l.77 0.34 0.11 100.41 

WB9-2 53 .62 0.51 16.69 6.91 0.14 8.68 11 .56 l.63 0.47 0.11 100.31 
WBl0-1 56.51 0.64 18.19 7.40 0.14 4.37 9.97 2.17 0.78 0.17 100.33 

WBl0-2 56.62 0.69 18 .35 7.30 0.13 4.08 9.93 2.16 0.79 0.17 100.22 

WBl0-3 56.01 0.72 18.39 7.23 0.13 4.53 10.19 2.06 0.72 0: 15 100.13 

WBl0-4 56.35 0.66 18.40 7.35 0.14 4.17 9.94 2.12 0.78 0.17 100.07 

WBl0-5 56.34 0.58 18.35 7.33 0.14 4.38 10.05 2.12 0.75 0.16 100.21 

WBl0-6 55.38 0.60 17.66 7.46 0.14 5.92 10.39 1.94 0.64 0.14 100.27 

WBl0-7 55.45 0.65 17.65 7.52 0.14 5.88 10.44 1.93 0.66 0.15 100.48 

WBl 1-3 61.35 0.49 15 .62 6.45 0.12 3.54 7.25 3.54 1.51 0.17 100.04 
WB12-l 69.02 0.38 14.60 4.42 0.10 1.61 4.68 3.12 1.93 0.14 100.02 
WB 12-2 60.07 0.44 16.17 7.20 0.14 3.82 7.96 2.33 1.25 0.17 99.55 
WB 12-3 56.04 0.44 17 .16 8.79 0.16 5.11 9.76 1.95 0.86 0.25 100.52 
WB12-4 55.76 0.46 17.03 9.32 0.17 5.23 9.99 1.73 0.74 0.15 100.59 
WB15-l 62.93 0.58 18.89 5.39 0.07 0.89 6.50 2.77 1.49 0.16 99 .67 
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Table 4.4. Volatile analyses for Woodlark Basin glasses. 

Sample# s Cl F H20 
(EEm) (EEm) (EEm) wt % 

WB 1-2 1025 25 151 
WB 1-1 1052 20 172 
WB 3-3 1124 39 208 

WB 3-2 1159 36 170 0.29 

WB 3-1 1169 38 191 
WB 6-2 1026 58 47 
WB 6-l 398 289 138 
WB 5-l 814 252 179 

WB 7-1 252 314 172 

WB 7-2 246 313 168 
WB 7-3 252 31 l 138 
WB 8-1 83 539 182 
WB 9-1 143 297 170 
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Table 4.5. Trace elements analyzed by DCP for Woodlark Basin lavas. 

Sample# Ba Sr Zr y v Sc Cu Cr Ni Ba/Sr 

WBl-2 4 123 95 29.4 251 35.6 65 328 119 0.03 
WB5-I 32 194 67 20.7 235 34.3 78 231 92 0 ." 16 
WB7-2 32 169 52 18.4 243 38.2 76 248 70 0.19 
WB7-3 34 173 54 18.6 235 38. 1 71 236 69 0.20 

WB8-l 58 187 25 8.4 237 40.2 83 583 234 0.31 
WB8-2 69 221 27 9.4 236 36.7 69 317 117 0.31 
WB9-1 28 183 62 17.3 258 36.5 63 398 209 0.16 
WB9-2 74 274 49 14.5 264 36.1 74 287 141 0.27 
WB 10-1 109 274 46 16.4 313 30.l 75 57 36 0.40 
WBl0-2 114 283 44 15.6 313 29. l 81 42 32 0.40 
WBI0-4 104 268 52 18.4 326 30.6 80 61 38 0.39 
WBl0-5 105 269 53 18.2 333 30.9 81 69 44 0.39 
WBl0-6 91 239 52 18.3 317 33.6 49 130 69 0.38 
WBl0-7 88 239 52 18.0 315 33.5 39 125 70 0.37 
WBl 1-3 168 441 60 14.7 244 23.4 23 28 19 0.38 
WB12-I 228 359 78 17.8 118 14.6 44 15 8 0.63 
WBl2-2 155 451 60 12.7 238 23.0 21 1 15 0.34 

WBl2-3 116 532 70 15 .5 313 3 l.O 17 15 24 0.22 
WB12-4 91 508 50 14.7 337 36.0 35 20 28 0.18 
WBl5-l 349 439 94 15.0 182 17.7 73 30 31 0.79 



Table 4.6. Trace elements analyzed by XRF for Woodlark Basin lavas. 

Sample# 

WBl-1 

WBl-2 

WB5-I 

WB7-l 
WB7-2 

WB7-3 
WB8-l 
WB8-2 

WB9-l 

WB9-2 
WBl0- 1 

WBl0-2 

WBl0-3 

WBI0-4 

WBl0-5 

WBI0-6 

WBl0-7 

WBI 1-3 

WB 12-1 
WBl2-2 
WBl2-3 

WB12-4 

Nb 

3.5 
3.7 

Zr 

86 

86 

4.1 40 
4.0 41 
4.0 41 

2.5 17 
2.8 20 
4.6 52 

3.7 41 
5.2 51 

5.3 52 

5.3 48 

5.6 51 

5.3 52 

5.3 47 

5.7 . 47 

6.0 114 

5.1 82 
4.6 77 
3.6 47 

y 

27.6 
27.4 

Sr 

120 
120 

Rb Zn 

6.2 73 .5 
6.2 72.9 

62.5 

14.8 162 8.8 60.2 

15.3 164 9.5 58 .1 
15 .1 163 9.0 62.2 
6.1 177 
7.5 209 
14.7 177 

12.5 280 
18.8 267 

18.7 273 

17.9 262 

18.7 269 

18.3 262 

10.3 59.2 
11.8 64.4 
9.1 63.5 

12.4 62.8 

17.9 71.3 

18.1 69.4 

17.3 69.9 

17.6 71.3 

16.9 74.2 

17.2 232 15.4 73.0 

17.4 234 15.1 70.4 

45.5 

23 .9 357 42.0 46.8 
18.1 445 32.4 55.4 
16.3 529 24.8 62.5 

13.8 518 18.4 68.5 

Cu 

63 
63 
73 

74 

71 
67 
77 

66 
60 

73 
75 

79 

82 

80 

79 

44. 

37 

45 
45 

26 
20 

36 

Ni 

126 

124 

88 

67 

62 
64 
224 
124 
219 

147 

33 

29 

39 

32 

37 

64 

56 

12 

7 
13 
18 

19 

Co 

42 
42 

37 

37 
37 
37 
47 

37 
44 

36 
24 

22 

25 

23 

24 

31 

27 

13 

JO 
21 
27 
29 

Mn 

1238.16 

1250.27 
1124.94 

1157.69 
1109.26 
1128.96 
1224.25 

1149.45 
1114.16 

l 104.06 
1047.88 

1001.74 

1035.53 

1009.10 

1046.02 

1089.48 

1055.77 

697.67 
684.42 

980.88 
1144.46 

1207.20 

Cr 

353 

355 
245 

267 
243 

252 
628 
347 
479 

304 
50 

38 

56 

44 

59 

123 

108 

10 
n.d. 

n.d . 
n.d. 

n.d. 

v 
262 
277 

249 

251 
249 

250 
248 
275 
278 

281 

370 

359 

370 

360 

371 

339 

334 

187 
109 

231 
287 
323 

Nb/Zr Sr/Y 

0.04 4.34 
0.04 4.37 

0.10 
0 .10 
0.10 
0.15 
0.14 
0.09 

0 .09 
0.10 

0.10 

0 .11 

0. 11 

0.10 

0.11 

0 .12 

0 .05 

0.06 
0 .06 
0.08 

10.97 
10.72 
10.83 
29.01 

27 .91 
12.06 

22.37 
14.20 

14.57 

14.63 

14.45 

14.32 

13.48 

13.47 

14.90 

24.63 
32 .36 

37 .56 

Rb/Sr Zr/Nb Nb/Zr 

0.05 24 .24 0.04 

0.05 23 .30 0 .04 

QM 
O.M 
O.M 
0.06 
QM 
O.M 
O .~ 

o.m 
o.m 
o.m 
QOO 
o~ 

o.m 
O.M 

0.12 

0.07 

0.05 
0.04 

9.94 
10.30 
10.34 

6.69 
7.29 
11. 17 

I I.I I 
9.73 

9.74 

9.07 

8.96 

9.68 

8.74 

8.22 

18.82 
16.14 
16.63 

12.96 

0 .10 
0 .10 

0 .10 
0.15 
0 .14 
0.09 

0 .09 
0 .10 

0 .10 

0 .1 l 

0 . 11 

0 .10 

0 . 11 

0.12 

0 .05 
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0 .08 

00 
~ 



Figure 4.1 . Location Map of the Woodlark Basin which is bordered by the Solomon island arc, Papuan Peninsula, Woodlark 

and Pocklington rises (from Goodliffe, 1998). An inset shows the regional location of the Woodlark Basin . Also shown on the 

location map are tectonic features of the Woodlark Basin: the five ridge segments of the Woodlark spreading center, the 

Moresby Transform (MT), and Simbo Transform Ridge (ST). 
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Figure 4.2. A Seabeam bathymetry map of the eastern Woodlark basin from Goodliffe, 1998. Sample locations for the 1982, 

1986, and 1993 cruises are shown as filled red circles, green diamonds, and golden triangles for each cruise, respectively. Filled 

Gold squares mark the locations where the samples were obtained using the FPO. 
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Figure 4.3. Variations of electron microprobe major element oxides with MgO in 

Woodlark Basin glasses from this study only are plotted. A single field for the SCR is 

shown for reference, unless there are two significant trends for the SCR lavas 

(Sherman et al., 1997). The E-MORB from segment 4 in SCR show distinct trends 

from the rest of the lavas from Chile for Al203 and CaO vs. MgO and have their own 

field. Phosphorous data from SCR show two different trends which are not defined on 

the basis of E-MORB vs. N-MORB or spatially, therefore two fields are drawn. N

MORB and E-MORB from SCR have distinct fields on the K20 vs. MgO plot. 

Symbol explanations are shown in the legend. 
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Figure 4.4. Variation of electron microprobe major element oxides with MgO in 

Woodlark Basin glasses from the two ridge segments 4 and 5 sampled during three 

different cruises (Perfit et al., 1987; Danyushevsky et al., 1993). 
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Figure 4.5. Major element variations versus the differentiation index, MgO for four 

elements which have distinctive behavior for MORB and BABB. Samples from the 

two ridge segments 4 and 5, Simbo Transform ridge and Ghizo ridge from all three 

cruises are plotted along with Marianas BABB, shown in red circles, for reference 

(Fryer et al., 1981 ). Electron microprobe data are plotted when available, and DCP 

data are shown for the other samples. 
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Figure 4.6. Major element variations with MgO for samples collected near the 

subduction zone; Simbo Transform ridge, Ghizo Ridge, and both seamounts, Kana 

Keoki and Coleman. Simbo Transform ridge lavas sampled on the 1982 cruise are 

divided into two groups, an elevated Na20 and Ti02, (NaTi) group, and a non NaTi 

group. NaTi basalts are not plotted on the graphs with Na20 and Ti02 due to their 

elevated abundances. 
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Figure 4.7. Major element variations with MgO for samples collected near the 

subduction zone; Simbo Transform ridge, Ghizo Ridge, and Coleman seamount. Kana 

Keoki seamount is not plotted in order to expand the scale of the graphs to see more 

detail in the geochemistry. Simbo Transform ridge lavas sampled on the 1982 cruise 

are divided into two groups, an elevated Na20 and Ti02, (NaTi) group, and a non 

NaTi group. NaTi basalts are not plotted on the graphs with Na20 and Ti02 due to 

their elevated abundances. 
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Figure 4.8. Variation with MgO and the volatile elements, Cl, S, and F. Data are 

shown for the electron microprobe data from samples collected during the 1993 cruise 

as well as data from Muenow et al. (1991). Fluorine data from the western Woodlark 

from Dril et al. ( 1997) are also shown as open triangles and a cross within a square . 

Solid and dashed curves represent liquid lines of descent calculated assuming perfect 

Rayleigh crystal fractionation (D=O) and a range of initial concentrations (C0 ) of these 

components for typical N- and E-MORB as shown in chapter 3. Error bars are shown 

for the electron microprobe data (chapter 3). 
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Figure 4.9. Sulfur variations as a function of molecular Fe content. The curve line 

indicates the sulfide saturation line from Mathez (1976). A field for all of the SCR 

lavas is shown for reference. 
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Figure 4.10. Chlorine, F and S are plotted as a function of Kffi. A field for all of the 

SCR lavas are shown for the Cl vs. Kffi data. Sulfur data fields are distinguished 

between the N- and the E-MORB lavas from SCR and the fluorine data had to further 

divide the E-MORB data into segment 3 and segment 4. Error bars are for the electron 

microprobe data. 

Results 
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Figure 4.11. Trace elements Ba, K10, Rb, and Sr versus the high field strength 

elements Nb and Zr for all of the samples from the Woodlark Basin excluding the 

seamounts are shown in figure 17. 
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Figure 4.12. Trace elements Ba, K10, Rb, and Sr versus the high field strength 

elements Nb and Zr for all of the samples from the Woodlark Basin including the 
seamounts are shown in figure 18. 
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Chapter 5: Conclusions 

l . Melting systematics of the sub-ridge mantle beneath SCR do not appearto be affected 

by the nearby subduction zone. Similar degrees and initial pressures of melting were 

calculated for all four axial ridge lavas, although segment 3 lavas may have slightly higher 

degree and pressure of melting than the other ridges. 

2. Each ridge segment has its own distinct geochemical heterogeneity. 

3. All four ridge segments have low Cl/K ratios and are interpreted to have experienced 

minor or no pre-eruptive assimilation of a Cl-rich contaminant. 

4. Oxygen isotopes for all four ridge segments fall in the range for MORB, except for one 

lava from station 59. This suggests that there is no evidence for incorporation of crustal 

material into the SCR lavas. 

5. Segment 2: Lavas from segment 2 are N-MORB with restricted, high MgO contents 

that extend the LLD from segment 1 lavas. Based on K!fi ratios all of the lavas are 

characterized as N-MORB, but He-Pb systematics indicate that some of the enrichment 

from segment 3 may extend to the northern lavas from segment 2 (Sturm et al., 1998). 

Some of the lavas from segment 2 have elevated Cl/K ratios which may result from upper 

level assimilation of a CJ-rich contaminant. 

6a. Segment 4: All of the lavas from segment 4 are relatively unfractionated and the 

enriched lavas have trace elements more typical of E-MORB with affinities with oceanic 

island basalts. The segment can be divided into 2 subsegments, 4a (south) and 4b(north), 
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divided by a southward propagator. All of the lavas from segment 4a are N-MORB except 

samples from site 59. E-MORB as well as N-MORB lavas were recovered from segment 

4b, one dredge recovered both types. Lavas from both subsegments show evidence for -

I 0% contaminant but with different proportions of pelagic sed + altered crust. Lack of 

correlation between F and Cl , H20, and K20 enrichments suggest that the contaminant for 

the segment 4 lavas is a Cl - and H20-rich metasomatic fluid. 

6b. Segment 4, station 59: The lavas collected from station 59 have many 

characteristics that are distinct compared with all of the other SCR MORB. Many of the 

major elements have extreme abundances: highest FeO* and Na20 with high P205 

contents, and the lowest Si02, CaO, K10, CaO/AI203 abundances compared with all of 

the other E-MORB from SCR as well as Endeavour E-MORB. at constant MgO wt%. 

Consequently these lavas were interpreted to have undergone lower extents of melting 

( -12 % ) than any of the other SCR lavas. The high FeO* contents do not result in the lavas 

having corresponding S contents related by sulfide saturation, the S is much lower for the 

Fe content. These lavas have extremely low H20 contents and are the only lavas sampled 

that have oxygen isotopes that fall outside of the MORB range. 

7. Segment 3: The lavas from segment 3 show spatial relations with both the extent of 

low pressure fractionation as well as enrichments. The effect of crystal fractionation 

correlates with second order segmentation of the lavas and the enrichment decreases from 

the south to the north. The majority of the lavas have K/Ti ratios greater than 0.15 and are 

classified as E-MORB, but even the lavas with lower K/Ti show similar enrichment 

patterns but at lower concentrations. Melting models indicate that the degree and depth of 

melting are slightly greater for the segment 3 lavas than the lavas from the other segments. 

Trace element and isotope ratios for these lavas have affinities closer to arc-related lavas 
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than to the traditional E-MORB. Modeling of the trace elements and isotopes indicate that 

8-15% of a contaminant composed of 3% terrigenous sediment and 97% altered crust can 

reproduce the trends seen in the segment 3 lavas. Enrichments in F above typical MORB 

values, coupled with correlations with Cl, K20 and H20 support the hypothesis that 

terrigenous sediment contaminants these lavas and also suggests that the contaminant is 

transported as a hydrous silicate melt. 

8. Segment 1: Lavas from segment 1 have experienced extensive low pressure crystal 

fractionation. The majority of the lavas have K!fi ratios less than 0.15 and are classified 

as N-MORB, but they have higher K20 abundances than the N-MORB from the other 3 

segments. H20 contents for these lavas are higher than would be expected than from just 

crystal fractionation . Consequently the H20IREE ratios are extremely low for the E

MORB from segment 1. The E-MORB from segment 1 have trace elements that share 

characteristics with arc-related lavas, e.g. low Rb/Cs, Nb/U like the segment 3 E-MORB 

but they have higher H20 and Cl and lower F. The trace element and isotope models 

indicate that the segment 1 lavas may have incorporated -2% of a recycled component 

which is composed of -20% sediment and -80% altered crust. It is hypothesized that the 

contaminant of the segment 1 lavas represent recent ( < l 2Ma) and shallower recycling of a 

slab component. 

9. A range of lava types were found in the Woodlark Basin that extend from typical 

MORB with arc/backarc affinities. 

10. F contents are all within values normally found in MORB for the Woodlark Basin 

lavas, unlike the SCR segment 3 enriched lavas, there are no elevated F abundances even in 

the arc-related lavas. 



11. Unlike the SCR, the Woodlark Basin lavas that have arc affinities have low S 

abundances. 

12. The majority of the lavas from the W oodlark Basin have elevated Cl/K ratios which 

suggests that they may have assimilated a Cl-rich contaminant. 
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Appendix A: Unaveraged Electron Microprobe Major Element · Data 

for the Southern Chile Ridge Glasses 

This chapter presents the electron microprobe major element analyses for individual 

rock samples from the Southern Chile Ridge. These data have been averaged together to 

yield the average rock type analyses reported in Table 2-2. Electron microprobe analytical 

methods are described in Chapter 2. 



Table A.1. Electron Microprobe Analyses for all the SCR glasses 
Sample# Type Si02 Ti02 Al203 FeO MnO MgO CaO Na20 K20 P20s Total Kffi 

seg l N 
1-1 
1-2 
3-1 
3-2 
3-3 
4-1 
4-2 
4-3 
4-4 
SA 
7-1 
7-2 
7-3 
8-1 
8-2 
8-3 
J0-1 
J0-2 
J0-3 
10-4 
JO-S 
10-6 
11-6 
14-1 
14-2 
14-3 
14-4 
14-S 
14-8 
14-9 
IS- I 
15-2 

IA 
IA 
3A 
3A 
3A 
4A 
4A 
4A 
4A 
5A 
7A 
7A 
7B 
8A 
8A 
8A 
JOA 
JOA 
JOA 
JOB 
JOB 
JOB 
llA 
14A 
14A 
14A 
14A 
14A 
14B 
14B 
ISA 
ISA 

51 .03 
51.02 
50.68 
50.77 
S0.69 
50.66 
50.91 
S0.90 
50.82 
50.37 
50.66 
50.60 
50.60 
50.81 
50.74 
50.70 

2.31 
2.29 
2.87 
2.83 
2.82 
2.01 
1.99 
1.98 
1.97 
1.73 
1.83 
1.81 
2.25 
2.24 
2.21 
2.22 

50.67 l .3S 
50.98 l.4S 
50.88 1.39 
50.68 1.89 
50.88 1.95 
50.8S 1.86 
50.94 1.90 
50.41 2.38 
50.62 2. 31 
50.18 2.3S 
50.39 2.3S 
50.43 2.30 
S0.22 1.28 
50.56 1.31 
S0.43 2.40 
S0.53 2.41 

13.84 12.07 0.22 
13.85 11.98 0.21 
13.52 13.20 0.24 
13.47 13. 16 0.23 
13.45 13.11 0.24 
14.69 10.8S 0.20 
14.62 10.79 0.20 
14.66 J0.93 0.20 
14.67 J0.84 0.20 
15.43 J0.09 0.19 
14.99 10.31 0.19 
IS.01 10.28 0.20 
14.25 11.79 0.21 
13.99 11.79 . 0.20 
14.04 11 .90 0.20 
14.01 11.67 0.20 

6.30 10.75 
6.32 10.79 
S.Sl 9.68 
S.SI 9.74 
5.47 9.64 
6.87 11.10 
6.88 11.11 
6.89 11.12 
6.94 11.17 
7.49 11.47 
7.32 11.50 
7.27 11 .54 
6.34 10.45 
6.41 10.86 
6.43 10.92 
6.44 10.91 

3.16 
3.09 
3.39 
3.36 
3.41 
3.10 
3.10 
3.09 
3.10 
3.09 
2.99 
3.03 
3.33 
3.16 
3.16 
3.14 

0.18 . 0.26 
0. 18 0.27 
0.26 0.38 
0.28 0.36 
0.27 0.36 
0.19 0.23 
0.19 0.23 
0.20 0.24 
0.19 0.21 
0.14 0.21 
0. 15 0.20 
0 .15 0.21 
0.20 0.30 
0.19 0.26 
0.18 0.26 
0.18 0.27 

100.04 
99.91 
99.64 
99.62 
99.37 
99.82 
99.95 

100.14 
100.02 
100. 14 
100.07 
100.02 
99.63 
99.82 
99.95 
99.64 

15.57 9.24 0.17 8.14 12.28 2.71 0.14 0.16 100.34 
15.22 9.37 0.17 7.84 11.99 2.71 0. 14 0.16 99.97 
15.44 9.31 0.17 8.03 12.13 2.70 0. 13 O. lS 100.29 
14.68 J0.49 0.18 7.24 11.20 2.98 0.14 0.19 99.62 
14.66 10.84 
14.66 10.68 
14.58 10.67 
14.22 11 .77 
14.27 11.79 
14.22 11 .79 
14.23 11.71 
14.28 11.66 
15.42 8.8S 
lS.34 8.80 
14.08 11.81 
14.09 11.80 

0.20 7.14 11.12 2.94 
0.19 7 .20 11.26 2.98 
0.18 7.17 11.30 3.01 
0.22 6.22 10.14 3.26 
0.22 6.36 10.19 3.17 
0.23 6.29 I 0.13 3.2S 
0.22 6.23 10.20 3.26 
0.22 6.39 10. 17 3.22 
0.18 8.19 12.30 2.72 
0.18 8.19 12.33 2.65 
0.22 6.2S 10.30 3.21 
0.23 6.24 10.30 3.26 

0. 17 0.21 100.05 
0. 15 0.21 99.99 
0.15 0.19 99.81 
0.18 0.29 98 .67 
0.19 0.26 98.94 
0.18 0.27 98.44 
0.18 0.28 98 .60 
0.18 0.28 98 .68 
0.05 0.12 98.87 
0 .04 0.13 99 .08 
0 .18 0.26 98 .69 
0 .17 0.26 98 .85 

0.11 
0.11 
0.13 
0.13 
0.13 
0. 13 
0.13 
0.14 
0.13 
0.11 
0.11 
0.11 
0.12 
0.12 
0.11 
0.11 
0.14 
0.13 
0.13 
0.10 
0.12 
0.11 
0.11 
0.10 
0. 11 
0.11 
0.11 
0.11 
0.06 
0.05 
0.10 
0.10 

N 
...-
+:>. 



Table A.1. Electron MicroErobe Analyses for all the SCR glasses (continued) 
Sample # Type Si02 Ti02 AI203 FeO MnO MgO Cao Na20 K20 P205 Total Kffi 

15-3 !SB 50.90 2.45 13.86 12.09 0.22 6.06 10.17 3.27 0.20 0.28 99.50 0.11 
15-4 15B 50.78 2.47 13.84 12.10 0.24 6.06 10.20 3.28 0.21 0.28 99.46 0.12 
18-1 18A 50.53 1.29 15.98 8.80 0.16 8.46 12.03 2.62 0.10 0. 13 100.11 0.11 
18-2 18A 50.50 1.31 15.94 8.90 0.16 8.45 12.06 2.62 0.11 0.14 100.18 0.11 
18-3 18A 50.42 1.29 15.91 8.90 0.15 8.51 12.00 2.65 0.11 0.14 100.09 0.12 
19-1 19A 50.66 1.62 14.85 9.83 0.19 7.47 11.83 3.01 0.11 0.19 99.76 0.09 
19-2 19A 50.75 1.61 14.90 9.65 0.18 7.48 11.87 3.05 0.10 0.17 99.77 0.08 
19-3 19A 50.82 1.65 14.93 9.81 0.19 7.50 11.88 3.01 0.10 0.16 100.06 0.09 
28-1 28A 50.98 1.40 14.83 9.44 0.17 7.70 12.23 2.80 0.09 0.15 99.75 0.09 
29-1 29A 50.42 1.98 14.40 10.71 0.20 6.86 10.81 3.07 0.16 0.23 98 .84 0.11 

seg IE 
20-1 20A 51.21 1.36 15.39 9.02 0.17 7.59 11.73 2.92 0.19 0. 15 99.67 0.19 
20-2 20A 51.35 1.36 15.46 9.04 0.16 7.58 11.81 2.89 0.19 0. 15 99.95 0.19 
20-3 20A 51.18 1.38 15.45 9.01 0.17 7.59 11.78 2.92 0.18 0.14 99.75 0.18 
20-4 20A 51 .22 1.37 15.39 9.05 0.16 7.62 11.75 2.92 0.19 0. 15 99.78 0.19 
21-3 21A 51.00 1.32 15.62 8.86 0.16 7.82 11 .74 2.89 0.17 0.14 99.67 0.18 

seg 2 N 
32-1 32A 50.25 1.33 15.47 9.28 0. 17 8.51 11.92 2.45 0.06 0.13 99.56 0.06 
33-1 33A 49.85 1.19 15.70 9.29 0.17 8.57 11 .97 2.43 0.08 0.11 99.36 0.09 
33-2 33A 49.78 1.23 15 .68 9.07 0. 17 8.51 11.90 2.44 0.08 0.12 98.98 0.09 
33-3 33A 50.13 1.25 15.77 9.15 0.16 8.57 12.05 2.41 0.09 0.12 99.70 0.09 
34-1 34A 50.30 1.50 15.11 9.64 0.19 7.88 11.58 2.82 0.05 0.13 99.18 0.04 
34-2 34A 50.31 1.47 15.12 9.61 0.17 7.88 11 .57 2.76 0.05 0.14 99.09 0.05 
35-1 35A 48.47 1.31 16.77 9.45 0.17 8.24 11 .52 3.08 0.04 0.15 99.22 0.04 
35-2 35A 48.41 1.26 16.81 9.47 0.18 8.26 11 .50 3.08 0.04 0.14 99.16 0.04 
36-2 36A 50.85 1.08 15.89 8.57 0.16 9.16 12.50 2.33 0.03 0.09 100.37 0.03 

N -VI 



Table A.1. Electron Microprobe Analyses for all the SCR glasses (continued) 
Sample# Type Si02 Ti02 Al203 FeO MnO MgO CaO Na20 K20 P205 Total K!fi 

seg 3 E 
39-1 39A 51.27 1.73 14.90 9.82 0.17 6.64 10.99 3.34 0.52 0.21 99.41 0.42 
39-2 39A 51.35 1.71 14.90 9.78 0.18 6.65 11.0 I 3.34 0.51 0.22 99.47 0.42 
39-3 39B 51.45 1.45 14.98 9.26 0.17 7.49 11.80 2.85 0.34 0.17 99.72 0.32 
40A 
41-1 
41-4 
41-3 
42-3 
42-4 
42-5 
42-1 
43-1 
43-2 
43-3 
43-4 
44-1 
44-7 
44-8 
44-10 
44-11 
44-12 
44-13 
44- 14 
44-2 
44-6 
RC45 
46-1 
47-1 
47-2 
47-3 

RC40 51.75 
41A 50.64 
41A 50.60 
41B 51.24 
42A 51 .05 
42A 51.05 
42A 50.97 
42B 52.04 
43A 52.25 
43A 52.42 
43A 52.27 
43A 52.48 
44A 51.25 
44A 51.34 
44A 51.21 
44A 51 .04 
44A 51.24 
44A 51.28 
44A 51.09 
44A 50.85 
44B 51.21 
44B 51.18 
45A 51.14 
46A 51.58 
47A 51.48 
47A 51.55 
47A 51.84 

1.37 
1.36 
1.31 
1.31 
1.24 
1.24 
1.27 
1.57 
1.21 
1.17 
1.18 
1.20 
1.14 
1.16 
1.16 
1.16 
1.14 
1.14 
1.16 
1.13 
1.26 
1.17 
1.2 I 
1.21 
1.12 
I. I 0 
1.15 

14.90 
16.03 
16.10 
15.92 
15.92 
15.85 
15.84 
14.93 
15.53 
15.69 
15.66 
15.58 
15.84 
15.87 
15.86 
15.93 
16.00 
16.04 
15.93 
16.03 
15.13 
15.91 
16.60 
15.99 
16.46 
16.57 
16.55 

9.24 0.18 
8.98 0.17 
8.98 0.15 
8.68 0.16 
8.39 0.15 
8.38 0.15 
8.45 0.16 
9.69 0.17 
8.70 0. 15 
8.71 0.15 
8.55 0.16 
8.66 0.15 
8.39 0.15 
8.46 0.15 
8.46 0.15 
8.32 0.15 
8.41 0.16 
8.38 0.15 
8.34 0.15 
8.24 0.15 
8.94 0.16 
8.41 0.14 
8.22 0.16 
8.49 0.16 
8.15 0.15 
8.13 0.14 
8.18 0.16 

7.38 11.80 
7.69 11.43 
7.76 11.41 
7.84 I 1.47 
7.97 11 .78 
7.98 11.79 
7.97 11.72 
7.08 11.05 
7.51 10.83 
7.56 10.90 
7.54 10.81 
7.57 10.87 
8.43 12.03 
8.30 12.22 
8.31 12.24 
8.36 12.24 
8.38 12.19 
8.27 12.25 
8.37 12.14 
8.30 12.15 
8.19 12.18 
8.23 12. 15 
8.18 11.48 
8.39 12.24 
8.63 11.17 
8.69 11.17 
8.60 11.13 

2.77 0.40 
3.00 0.48 
3.00 0.47 
2.80 0.52 
2.76 0.47 
2.73 0.47 
2.75 0.47 
2.80 0.49 
2.99 0.41 
3.01 0.41 
2.99 0.42 
2.99 0.42 
2.56 0.20 
2.62 0.22 
2.62 0.22 
2.62 0.22 
2.61 0.22 
2.60 0.22 
2.56 0.22 
2.60 0.22 
2.60 0.27 
2.62 0.25 
2.91 0.48 
2.65 0.26 
2.75 0.34 
2.75 0.33 
2.77 0.33 

0.17 99.71 
0.18 99.70 
0.18 99.71 
0.18 99.87 
0.17 99.66 
0.17 99.55 
0.16 99.49 
0.19 99.78 
0.16 99.53 
0.15 99.92 
0.16 99.49 
0.16 99.85 
0.14 100.13 
0.14 100.20 
0.12 100.05 
0.12 99.85 
0.13 100.19 
0.13 100.18 
0.14 99.83 
0.13 99.52 
0.14 99.80 
0.13 99.92 
0.25 roo.13 
0.16 100.59 
0.17 99.89 
0.25 100.15 
0.22 100.40 

0.40 
0.49 
0.49 
0.56 
0.52 
0.53 
0.51 
0.43 
0.47 
0.49 
0.49 
0.48 
0.24 
0.27 
0.26 
0.27 
0.27 
0.27 
0.26 
0.27 
0.30 
0.30 
0.55 
0.29 
0.42 
0.42 
0.39 

N -0\ 



Table A.1 . Electron Microprobe Analyses for all the SCR glasses (continued) 
Sample# Type Si02 Ti02 Al203 FeO MnO MgO CaO Na20 K20 P20s Total K!fi 

47-4 47A Sl.64 1.14 16.48 8.03 0.16 8.60 I 1.21 2.70 0.33 0.24 100.02 0.41 
48-3 48A Sl.22 1.10 16.13 8.22 0.18 8.78 12.S8 2.SI 0.16 0.12 100.47 0.20 
49-1 49A S 1.41 0.9S 1 S.SO 8.S6 0.17 9.09 12.68 2.1 S 0.12 0.13 I 00.24 0.17 
49-2 49A S 1.30 1.02 I S.44 8.62 0.19 8.96 I 2.S6 2.16 0.13 0.11 I 00.00 0.18 
SO- I SOA S l.2S 1.47 14.93 9.43 0.20 7.74 I l.S2 2.61 0.26 0.17 99.09 0.2S 
S0-2 SOA Sl.21 1.48 IS .O J 9.48 0.21 7.77 ll.S2 2.69 0.26 0.18 99.33 0.24 
S0-3 SOB SI.SO l.S8 14.67 9.96 0.20 7.42 I l.2S 2.82 0.20 0.18 99.32 0.18 
S0-8 soc Sl.03 1.32 IS .61 8.73 0.19 8.18 11.98 2.72 0.2S 0.16 99.67 0.27 
Sl-1 SIB Sl.66 I.SI 14.49 9.91 0.21 7.SS 11.82 2.SI 0.19 O.IS 99.S4 0.17 
Sl-2 SIB Sl.74 1.49 14.44 9.99 0.22 7.S7 ll.8S 2.49 0.21 O. IS 99.68 0.19 

seg 3 N 
Sl -3 SIA 
S2-l S2A 
S3- I S3A 
S3-2 S3A 
S3-3 S3B 
RCS4 S4A 

seg4 N 
S8-3 S8A 
S8-4 S8A 
S8-S S8A 
S8-6 S8A 
S8-7 S8A 
58-1 S8B 
S8-2 S8C 
60-4 60A 
60-S 60A 
60-6 60A 

Sl.32 
S0.6S 
S 1.13 
S0.76 
49.6S 
49.22 

49.80 
49.9S 
S0.26 
49.92 
S0.32 
49.3S 
S0.3S 
SO.S9 
SO.S9 
SO.S7 

1.46 
1.17 
1.18 
1.12 
I. I I 
1.07 

l.2S 
1.24 
1.20 
1.24 
1.21 
1.19 
1.31 
1.33 
1.32 
1.32 

14.Sl 9.84 0.20 7.60 ll.7S 
16.46 8.11 0. 16 8.S3 11.92 
IS .98 8.76 0.18 8.91 12.38 
IS .71 8.79 0.16 8.81 12.17 
IS.S3 8.S4 0.16 8.67 11.99 
17.34 9.33 0.19 9.08 ll.S9 

IS .62 9.14 0.17 8.69 12.05 
IS .8 1 9.0S 0.17 8.74 12.10 
16.03 9.08 0.17 9.03 12.16 
15.91 9.13 0.17 8.79 12.15 
IS .90 9.0S 0.18 8.78 12.23 
IS .77 8.77 0.17 8.80 11.94 
15.8S 9.39 0.19 8.81 12.13 
IS .S7 9.17 0.17 8.86 11.83 
I S.49 9.26 0.17 8.84 11.80 
IS .S9 9.26 0.16 8.87 11.88 

2.SI 0.15 
3.03 0.05 
2.37 0.09 
2.34 0.10 
2.30 0.08 
2.63 0.10 

2.39 0.06 
2.40 0.07 
2.40 0.06 
2.42 0.07 
2.43 0.06 
2.33 0.06 
2.42 0.07 
2.37 0.05 
2.41 0.05 
2.36 0.05 

O. IS 99.04 
0.12 99.69 
0.21 100.66 
0.14 99.57 
0.21 97.75 
0.10 100.10 

0.17 98.82 
0.12 99.36 
0.08 100.18 
0.11 99.60 
O.IS 100.02 
0.13 98.00 
0.14 100.14 
0.12 99.53 
0.10 99.50 
0.18 99.71 

Ql4 

O.~ 

0.10 
0.12 
QIO 
0.14 

0.00 
QOO 
O.~ 

QOO 
QOO 
0.00 
0.00 
O.~ 

O.~ 

O.~ 

N --..l 



Table A.1. Electron Microprobe Analyses for all the SCR glasses (continued) 

Sample# Type Si02 Ti02 Al203 FeO MnO MgO CaO Na20 K20 

60-7 60A 50.36 1.33 15.54 9.39 0.18 8.84 11.79 2.38 0.05 
61-1 61A 50.63 1.51 15.40 9.84 0.19 8.54 11.41 2.65 0.09 
61-2 61A 50.48 1.47 15.38 9.82 0.18 8.56 11.39 2.64 0.08 
61 -3 61A 50.81 1.48 15.41 9.67 0.18 8.57 11.36 2.65 0.09 
61-5 61A 50.63 1.47 15.46 9.87 0.18 8.51 11.43 2.63 0.09 
62-6 62A 50.62 1.50 15.13 9.77 0.18 7.93 11.44 2.74 0.05 
62-7 62A 50.39 1.49 15.05 9.74 0.18 7 .86 11.39 2.73 0.04 
62-8 
62-9 
62-10 
62-12 
62-1 
62-2 
62-4 
62-5 
64-1 
64-2 
64-3 
RC664 
66-4 
66-14 

62A 
62A 
62A 
62A 
62B 
62B 
62B 
62B 
64A 
64A 
64A 
64B 
66A 
66A 

50.58 
50.51 
50.40 
50.58 
50.60 
50.51 
50.51 
50.60 
50.63 
50.66 
50.67 
51 .00 
50.85 
50.76 

1.49 
1.51 
1.51 
1.50 
1.19 
1.20 
1.18 
1.18 
1.22 
1.24 
1.21 
1.42 
1.58 
1.54 

15.12 9.73 0.18 7.90 11.40 2.73 0.04 
15.13 9.76 0.19 7.78 11.39 2.69 0.05 
15.16 9.82 0.18 8.01 11.42 2.72 0.05 
15.14 9.92 0.17 8.01 11.46 2.70 0.05 
15.58 8.90 0.16 8.65 12.08 2.39 0.04 
15.62 8.79 0.16 8.63 12.00 2.37 0.03 
15.67 8.77 0.16 8.63 12.03 2.38 0.04 
15.64 8.87 0.16 8.66 12.00 2.38 0.04 
15.80 8.58 0.17 8.55 12.35 2.55 0.08 
15.75 8.73 0.17 8.45 12.32 2.49 0.08 
15.77 8.67 0.16 8.60 12.53 2.57 0.09 
14.96 9.21 0.17 7.79 12.51 2.89 0. 12 
14.99 9.66 0.17 8.00 11.32 2.75 0.08 
15 .03 9.64 0.18 7 .97 11.42 2.70 0.08 

P205 

0.13 
0.13 
0.16 
0.20 
0.14 
0.13 
0.13 
0.13 
0.13 
0.12 
0.14 
0.11 
0.11 
0.12 
0.10 
0.11 
0.11 
0.14 
0.14 
0.15 
0.14 

Total 

99.45 
99.85 
99.64 
99.88 
99.90 
99.23 
98.77 
99.08 
98.92 
99.22 
99.51 
99.43 
99.16 
99.22 
99.34 

100.02 
99.99 

100.22 
100.04 
99.27 
99.20 

seg4 E 
59-1 
59-2 
59-8 
59-9 
59-10 
59-7 
63-1 
63-2 

59A 
59A 
59A 
59A 
59A 
59B 
63A 
63A 

48 .89 
48 .57 
49.01 
43·_97 

1.26 
1.26 
1.25 
1.26 
1.27 
1.18 
1.09 
1.09 

16.79 11.01 
16.78 11.04 
16.80 11.10 
16.79 11.17 
17.10 11.22 
16.70 10.67 

0.20 8.23 10.25 3.16 
3.18 
3.18 
3.17 
3.13 
3.08 
2.87 
2.89 

0.16 0.14 99.79 

48.95 
48.42 
48 .78 
48.54 

17.34 9.56 
17.27 9.56 

0.19 8.28 I 0.28 
0.20 8.35 10.23 
0.19 8.39 10.24 
0.19 8.52 10.31 
0. 18 8.29 10.06 
0.18 8.14 11.06 
0.18 8.10 11.08 

0.17 0.15 99.58 
0.17 0.13 100.09 
0.17 0.14 100.19 
0.17 0.13 100.46 
0.16 0.20 98.37 
0.44 0.20 99.48 
0.44 0.18 99.15 

K!Ti 

0.06 
0.09 
0.08 
0.08 
0.08 
0.04 
0.04 
0.04 
0.04 
0.05 
0.05 
0.05 
0.04 
0.05 
0.05 
0.09 
0.09 
0.10 
0.12 
0.07 
0.08 

0.18 
0.18 
0.19 
0.19 
0.18 
0.19 
0.56 
0.56 

N -00 



Table A.1. Electron MicroErobe Analyses for all the SCR ~lasses (continued) 
Sample # Type Si02 Ti02 AI203 FeO MnO MgO Cao Na20 K20 P205 Total K!fi 

63-3 63A 48.67 1.07 17.31 9.59 0.17 8.13 11.10 2.85 0.44 0.22 99.39 0.57 
63-4 63A 48.91 1.12 17.29 9.62 0.19 8.08 10.9 1 2.81 0.43 0.18 99.51 0.54 
63-5 63B 48.78 0.96 17.76 9.41 0.18 8.29 10.92 2.88 0.49 0.18 99.80 0.71 
65-1 65A 49.98 1.22 16.49 9.06 0.17 8.41 11 .98 2.71 0.27 0.16 100.23 0.30 
65-2 65A 49.82 1.25 16.44 9.03 0.17 8.40 11.98 2.72 0.27 0.20 100.08 0.29 
65-3 65A 49.79 1.25 16.39 9.07 0.16 8.33 11 .97 2.73 0.27 0.19 99.95 0.30 
65-4 65A 49.83 1.25 16.38 9.11 0.17 8.35 11.96 2.74 0.27 0.18 100.06 0.30 
66-5 66B 49.63 1.25 16.67 9.05 0.18 8.30 11.31 2.85 0.29 0.16 99.36 0.32 
66-6 66B 49.63 1.21 16.68 9.07 0. 17 8.31 11.35 2.85 0.30 0.16 99.43 0.35 
66-10 66B 49.56 1.23 16.71 8.96 0. 17 8.34 11.35 2.85 0.28 0.17 99.32 0.32 
66-11 66B 49.52 1.24 16.66 9.02 0.18 8.30 11 .27 2.82 0.29 0.16 99.14 0.33 
66-12 66B 49.49 1.25 16.68 9.14 0.17 8.32 11.31 2.81 0.29 0.17 99.32 0.33 
66-1 66C 49.81 1.22 16.75 8.99 0.17 8.49 11.54 2.88 0.30 0.18 100.08 0.34 
66-2 66C 49.82 1.21 16.72 8.98 0.16 8.48 11.55 2.89 0.30 0.17 100.08 0.34 
66-3 66C 49.56 1.21 16.70 8.99 0.17 8.32 11 .38 2.87 0.29 0.16 99.33 0.33 

Analytical conditions are 15 KeV accelerating voltage; 20 nA beam current, beam diameter (10 mm for 
glasses, Count times are 30 s for Na20, Ti02, and FeO*; 60 s for Si02, CaO, MgO, and Al203; 70 s for KzO; and 100 
s for MnO and PJ05. Oxides r~orted as we1~ht percent. Type refers to the samples that have similar chemistry from a 
single dredge an were average together in c apter 2, table 2.2. · 

N -
'° 
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Appendix B. Phase Chemistry of Southern Chile Ridge Lavas. 

Phase Chemistry 

Crystallinity of the SCR lavas varies significantly, from aphyric to porphyritic, and 

samples with lower MgO content (i.e., cooler) usually have more abundant phenocrysts. 

Samples from Segments 3 and 4 are generally more primitive and much less phyric than 

samples from Segments 1 and 2, which have predominantly phyric to porphyritic textures 

(5-15 % crystals) . Most samples are slightly vesicular ( <3%, < l mm diameter), and the 

Segment 3 lavas are on average slightly more vesicular than those from the other segments. 

The station 12 dacites are highly vesicular (-15%, up to 0.5 cm long). Plagioclase is the 

dominant mineral phase in samples from all four Chile Ridge segments. Largely unzoned 

olivine is the second most abundant phenocryst phase in the SCR lavas, although it is 

significantly less abundant than plagioclase. Very few spinels were observed as inclusions 

within olivines or within the groundmass in the most primitive lavas. Clinopyroxene was 

scarce, and only observed in the most evolved (lower MgO) samples from Segment 1. 

Absence of clinopyroxene as a phenocryst is not uncommon in normal N-MORB, in spite 

of major element variations which suggest that pyroxene fractionation has affected the 

geochemistry (e.g., Dungan and Rhodes, 1978; Grove et al., 1992). However, absence of 

pyroxene is rather unusual for the enriched samples, which have been found at other ridge 

crest E-MORB sites to be a significant phase, indicative of higher pressures of crystal 

fractionation and/or delay in plagioclase saturation (e.g., Schilling et al., 1982; Michael et 

al., 1989; Karsten et al. 1990). Representative analyses for plagioclase, olivine, and 

clinopyroxene from a sub-set of samples that span the compositional range of the major 

elements are given in Tables B. l to B.3. 
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Plagioclase. 

Plagioclase is present as euhedral laths in the microlite and microphenocryst size, 

while phenocrysts and megaphenocrysts are more tabular shaped and range from euhedral 

to anhedral with embayments. Megacrysts and xenocrysts of plagioclase are also present in 

the Segment 3 E-MORB. Segment 4 E-MORB have abundant melt inclusions in the 

plagioclase phenocrysts. In the N-MORB samples, anorthite core contents (Fig. B. l) 

range from An76 to An88, which are very typical values for feldspars found in Pacific 

Ocean MORB (e.g., Batiza and Niu, 1992). The more calcic compositions are generally 

found in lavas with more primitive (higher MgO) compositions, but there ·is a large range in 

core An content within each sample (e.g., Table B.1). Plagioclase phenocryst rims and 

microphenocrysts tend to be less anorthitic (to An72) than the cores, but there is significant 

overlap in the populations (Fig. B. l ). Decreasing An content is coupled with increasing 

albite (Ab12-28) and orthoclase (Oro-0.18) components (Fig. B. l). Segment 1 N-MORB 

plagioclases (rim, core and microphenocryst) range from An85-70 and, with only 1 

exception, all of the phenocrysts display reverse zoning. One Segment l sample (29-1 ), 

deviates from this group with unusually low An67 and low Oro.OS· Segment 2 plagioclase 

phenocrysts exhibit normal zoning, with a similar An range as Segment 1, which is 

somewhat unusual, given the significantly more primitive nature of these samples. 

Segment 3 and 4 plagioclases exhibit both normal and reversed zoning. 

Anorthite contents in both Type 1 and Type 2 E-MORB plagioclases (Fig. B. l) are 

similar to those found in the N-MORB samples but extend to even less calcic compositions 

(An90-64 for Segment 3; An89-66 for Segment 4). With decreasing anorthite content, Ab 

content increases as in the N-MORB, but the Or component increases significantly faster 

than in the N-MORB, typically reaching Oro.68 in the least calcic phenocrysts, and even l % 

Or in some microphenocrysts and rims. Type 2 E-MORB plagioclases from Segment 3 
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have variable An-Or relationships, but are generally more orthoclase rich, at the same An 

content, than the Type 1 E-MORB from Segment 4 (Fig. B. l ). When examined in detail , 

two trends emerge in the An-Or relationships for the Type 2 E-MORB. In samples with 

higher K!fi ratios, Or content is higher at a given An content and increases with decreasing 

MgO content of the glass. In samples with lower Kffi ratios (from the more northern 

stations) , Or is not quite as high for a given An content, but there is again an increase in Or 

content with decreasing glass MgO. In contrast, Type l E-MORB lavas from Segment 4 

show increases in Or content that are almost entirely associated with changes in K!fi of the 

glass, as the MgO content is nearly constant along this entire segment. 

Olivine. 

Olivines occur both as phenocrysts and microphenocrysts and range from euhedral 

to anhedral in shape. Olivine compositions (Fig. B.2) span the range of Fo79_gg, with 

sample 29-1 falling to the left of the trend at Fo73 (note that this sample also had unusually 

low An plagioclase). Olivine is essentially unzoned and crystals of different size have 

similar compositions. This restricted range in olivine compositions is typical of MORB 

elsewhere in the Pacific (e.g., Batiza and Niu, 1992). Fe-Mg relationships in the host 

glass and olivine for both N-MORB and E-MORB (Fig. B.2) fall between trends for Ko= 

0.24 - 0.3, indicating that the olivines approach equilibrium with the host (e.g., Roeder and 

Emslie, 1970). In general, olivines from the more enriched Type I and 2 E-MORB fall to 

lower KD values, as has been observed previously in E-MORB from near-ridge seamounts 

(Batiza and Yanko, 1984). Segment 1and3 olivines show the greatest variability in 

calculated Ko, reaching values in excess of 0.37. 



Table B.1. Re~resentative Plagioclase Analyses 

4A JOA 

c R m (c) m (r) c R c 
Si02 47.64 48.52 48.01 50.96 47.35 46.32 48.01 

Al203 33.43 33.07 33.21 31.48 33.98 34.20 33.09 

FeO 0.40 0.40 0.40 0.50 n.d. n.d. n.d . 

MgO 0.20 0.20 0.20 0.20 0.34 0.45 0.42 

Cao 16.70 16.30 16.30 14.40 16.87 17.17 16.05 

Na20 1.90 2.20 2.10 3.20 1.87 1.65 2.26 

K10 0.00 0.00 0.00 0.00 0.00 0.01 0.02 

Total 100.20 100.70 100.30 100.80 100.42 99.79 99.85 

An (mole%) 82.9 80.3 81.0 71.3 83.2 85.1 79.5 

Ab (mole%) 17.1 19.7 19.0 28.7 16.8 14.8 20.3 

Or (mole%) 0.00 0.00 0.00 0.00 0.02 0.06 0.14 

N-MORB SAMPLES 

14A 

R c R c R 

50.09 47.92 47.25 48.14 47.81 

31.35 33.59 34.09 33.14 33.47 

n.d. 0.30 0.30 0.30 0.40 

0.63 0.20 0.20 0.20 0.20 

14.51 16.70 17.00 16.30 16.60 

3.12 2.00 1.70 2.10 2.00 

0.03 0.00 0.00 0.00 0.00 

99.72 100.70 100.60 100.20 100.50 

71.8 82.1 84.6 81.0 82.1 

28.0 17.9 15.4 19.0 17.9 

0.18 0.00 0.00 0.00 0.00 

m (r) c 
50.10 46.64 

30.86 34.25 

0.90 0.31 

0.40 n.d. 

14.50 17.01 

3.00 1.73 

0.00 0.01 

99.81 99.95 

72.7 84.3 

27.3 15.6 

0.00 0.06 

19A 

R c 
48.51 47.12 

32.34 33.96 

0.38 0.32 

n.d. n.d . 

15.21 16.72 

2.70 1.92 

0.02 0.01 

99.15 100.06 

75 .6 82.7 

24.3 17.3 

0.12 0.04 

R 

49.65 

31.55 

0.50 

n.d. 

14.47 

3.04 

0.03 

99.21 

72.3 

27.5 

0. 18 

N 
N 
w 



Table B.1. ReEresentative Plagioclase Analyses (continued) 

29A 

C (m) R (m) c R m c R 

Si02 52.01 51.95 48.09 47.30 48.37 47.04 48.16 

Al203 30.51 30.56 33.30 33.80 32.58 34.07 33.12 

FeO 0.51 0.48 0.33 0.3 1 0.63 0.31 0.36 

MgO 0.17 0.22 0.25 0.23 0.22 0.21 0.2 1 

Cao 13.32 13.50 16.61 17.13 15.99 17.33 16.25 

Na20 3.69 3.64 2.06 1.80 2.32 1.71 2.23 

K20 0.03 0.03 0.02 0.01 0.02 0.01 0.02 

Total 100.25 100.36 100.64 100.57 100.12 100.69 100.33 

An (mole%) 66.4 67 .1 81.5 83.9 79.1 84.8 80.0 

Ab (mole%) 33.4 32.8 18.4 16.0 20.8 15.2 19.9 

Or (mole%) 0.20 0.15 0.10 0.06 0.09 0.06 . 0.09 

N-MORB SAMPLES 

32A 

c R m c R 

47.48 48.85 51.49 47.44 47.62 

33.59 31.63 30.67 33.93 33.52 

0.55 1.14 0.51 0.28 0.40 

0.28 0.48 0.35 0.23 0.24 

17.25 16.24 13.98 17.06 16.66 

1.60 2.10 3.29 1.72 1.87 

0.01 0.03 0.02 0.01 0.01 

100.76 100.46 100.31 100.66 100.31 

85.5 80.9 70.0 84.5 83 .1 

14.4 19.0 29.9 15.4 16.9 

0.04 0.15 0.12 0.06 0.06 

35A 

c R c R Ill 

47.45 48.48 49.19 49.71 50.18 

34.09 33.43 32.88 32.38 32.22 

0.31 0.27 0.31 0.35 0.44 

0.18 0.19 0.20 0.20 0.22 

17.00 16. 18 15 .64 15.20 14.98 

1.77 2.23 2.52 2.73 2.88 

0.01 0.01 0.01 0.01 0.01 

100.81 100.78 100.75 100.56 100.94 

84.I 80.0 77.3 75.4 74.1 

15 .9 20.0 22.6 24.5 25 .9 

0.06 0.06 0.04 0.03 0.06 

N 
N 
~ 



Table B.1. ReQresentati ve Plagioclase Analyses (continued) 

N-MORB SAMPLES 

53A 62A 

c R c R c R c R c R 

Si02 46.76 46.60 49.96 50.02 47.50 48.02 47.51 49.19 48.50 46.22 

Al203 34.27 34.40 32.40 32.16 33.82 33.23 33.45 32.23 32.97 34.49 

FeO 0.32 0.34 0.39 0.49 0.33 0.33 0.34 0.46 0.34 0.35 

MgO 0.22 0.22 0.25 0.29 0.20 0.23 0.20 0.24 0.21 0.16 

Cao 17.23 17.33 15.56 15.47 17.05 16.57 16.84 15.53 15.93 17.60 

Na20 1.61 1.55 2.67 2.73 1.91 2.13 1.91 2.59 2.34 1.46 

KzO 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

Total 100.41 100.44 101.26 101.16 100.81 100.49 100.28 100.25 100.30 100.28 

An (mole %) 85.5 86.0 76.2 75.7 83.1 81.1 82.9 76.8 78.9 86.9 

Ab (mole%) 14.5 13.9 23 .7 24.3 16.9 18.9 17.1 23.2 21.0 13.1 

Or (mole%) 0.06 0.03 0.04 0.03 0.04 0.06 0.06 0.06 0.06 0.06 

c 

51.44 

30.98 

0.50 

0.29 

14.52 

3.17 

0.03 

100.94 

71.5 

28.3 

0.18 

64A 

R M m m 
(C) 

50.53 46.99 51.70 51.04 

30.80 34.19 30.28 31.08 

0.44 0.30 0.78 0.47 

0.27 0.25 0.45 0.29 

14.56 17.69 14.24 14.48 

2.96 1.32 3.21 3.08 

0.02 0.00 0.03 0.03 

99.57 100.75 100.69 100.46 

73.0 88 .1 70.9 72.1 

26.9 11.9 29.0 27.8 

0.12 0.00 0.15 0.15 

N 
N 
Vl 



Table B.1. ReEresentative Plagioclase Analyses (continued) 

Type I E-MORB SAMPLES 

65A 

c R m (c) m (r) c R c R m m 
(inc) 

Si02 51.46 50.09 45.78 47.10 48.09 47.86 47.93 49.52 49.90 49.88 

Al203 30.82 3 l.83 35.06 33.92 33.41 33.52 33.00 24.34 23.99 32.07 

FeO 0.48 0.45 0.27 0.31 0.32 0.32 0.34 4.69 4.70 0.40 

MgO 0.24 0.24 0.19 0.20 0.21 0.20 0.17 4.21 4.26 0.25 

Cao 13.70 14.76 18.00 16.85 16.27 16.50 16.06 13.31 13.05 14.98 

Na20 3.79 3.26 1.30 2.02 2.40 2.27 2.41 3.08 3.16 3.20 

KzO 0.09 0.06 0.00 0.02 0.02 0.02 0.04 0.15 0.15 0.04 

Total 100.57 100.67 100.61 100.41 100.72 100.68 99.96 99.28 99.19 100.81 

An (mole%) 66.3 71.2 88.4 82.1 78.8 80.0 78.4 69.8 68.8 71.9 

Ab (mole%) 33.2 28.5 l l.6 17.8 21.1 19.9 21.3 29.3 30.3 27 .9 

Or (mole %) 0.50 0.32 0.01 0.09 0.12 0.12 0.25 0.91 0.94 0.23 

c 

50.08 

31.62 

0.34 

0.24 

14.96 

2.87 

0.04 

100.15 

74.0 

25.7 

0.26 

66A 

R c R 

50.70 50.21 50.27 

25 .70 30.80 23.78 

3.35 0.84 4.97 

4.40 0.33 6.01 

12.21 15.08 12.37 

3.24 2.81 2.80 

0.08 0.06 0 . 13 

99.68 100.12 100.3 1 

67.1 74.5 70.3 

32.3 25.2 28.8 

0.52 0.35 0 .85 

N 
N 
0\ 



Table B.1. ReEresentative Plagioclase Analyses (continued) 

Type 2 E-MORB SAMPLES 

41A 42A 

c R c R m (c) m (r) m c R c R 

Si02 51.30 51 .23 48.60 49.42 47.32 48.49 50.84 50.24 49.10 50.35 49.99 

Al203 30.95 31.19 32.56 31.83 33.99 32.2 1 31.11 31.76 31.99 31.61 31.94 

FeO 0.44 0.44 0.37 0.59 0.35 0.41 0.56 0.41 0.43 0.45 0.48 

MgO 0.25 0.23 0.18 0.23 0.16 0. 19 0.25 0.28 0.25 0.28 0.25 

Cao 14.07 14.3 1 15.78 15. 14 17.06 15.57 14.25 14.79 15 .26 14.66 14.94 

Na20 3.31 3.23 2.37 2.70 1.75 2.39 3.20 2.94 2.64 3.02 2.86 

K20 0.09 0 .10 0.07 0.07 0.03 0.07 0.09 0 .08 0.07 0.08 0.07 

Total 100.40 100.71 99.93 99.96 100.65 99.33 100.30 100.50 99.73 100.45 100.51 

An (mole%) 69.7 70.5 78.3 75 .3 84.2 77.9 70.7 73.2 75 .8 72.5 73 .9 

Ab (mole %) 29.8 28 .9 21.3 24.3 15 .6 21.7 28.8 26.4 23.8 27.1 25 .7 

Or (mole%) 0.51 0.59 0.39 0.41 0.18 0.39 0.53 0.45 0.38 0.45 0.41 

43A 

c R c R c R 

51.76 53.69 51.22 50.05 50.07 47.45 

30.84 28.98 31.34 31.69 32.09 33.81 

0.42 0.71 0 .34 0.40 0.40 0.33 

0.27 0.43 0.21 0.21 0.23 0. 18 

14.09 12.84 14.42 14.95 15.32 17.25 

3.29 3.91 3.14 2.76 2.69 1.79 

0.07 0.09 0 .03 0.06 0.06 0.02 

100.76 100.63 100.69 100.09 100.84 100.84 

69.9 64 .1 71.6 74.7 75 .6 84. 1 

29.7 35.4 28 .3 25.0 24. 1 15 .8 

0.43 0.53 0 . 18 0.33 0.32 0.1 2 

N 
N 
-...) 



Table B.1. ReEresentative Plagioclase Analyses (continued) 

Type 2 E-MORB SAMPLES 

48A 50A 

c R m c R M (C) M (R) c R c R c R c R 

Si02 46.25 48.49 48.18 49.85 49.35 45 .83 49.25 50.49 49.20 51 .57 49.95 45 .77 49.99 50.80 51.36 

Al203 34.87 32.63 33.13 32.17 32.45 34.78 31.89 31.54 32.08 30.39 31.45 34.49 31.47 30.96 29.93 

FeO 0.33 0.44 0.40 0.36 0.38 0.28 0.62 0.36 0.49 0.48 0.51 0.27 0.44 0 .50 0.88 

MgO 0.17 0.26 0.22 0.26 0.25 0.16 0.67 0.28 0.38 0.22 0.24 0. 19 0.23 0.17 0.41 

Cao 18.01 16.05 16.35 15.45 15.70 18.06 15.48 14.85 15 .45 13.30 14.46 17.44 14.46 13.67 13 .17 

Na20 1.27 2.24 2.09 2.61 2.43 1.14 2.45 2.89 2.42 3.86 3.17 1.43 3.18 3.66 3.67 

K20 0 .00 0.02 0.02 0.03 0.03 0.01 0.04 0.02 0.02 0.06 0.04 0.02 0.04 0.03 0.06 

Total 100.90 100.12 100.38 100.72 100.58 100.27 100.38 100.44 100.05 99.88 99.80 99.61 99.80 99.79 99.48 

An (mole %) 88.6 79.7 81.0 76.4 78.0 89.7 77.6 73.8 77.8 65.3 71.4 86.9 71.3 67.2 66.2 

Ab (mole %) 11.3 20.2 18.8 23.4 21.9 10.3 22.2 26.1 22.1 34.4 28.4 12.9 28.4 32.6 33.4 

Or (mole %) 0.02 0.09 0.14 0.18 0.18 0.04 0.21 0.14 0.12 0.35 0.24 0.14 0.24 0.19 0.36 

Phenocryst type and analysis location indicated as follows: phenocryst core (C), phenocryst rim (R), microphenocryst (m), microphenocryst 
core (m (c)) , microphenocryst rim (m (r)), megacryst core (M (C)), megacryst rim (M (R)), inclusion-rich phenocryst (inc) . 

m 

51.13 

30.50 

0.56 

0.26 

13.67 

3.51 

0.05 

99.68 

68 .0 

31.7 

0.30 

N 
N 
00 



Table B.2. Re12resentative Olivine Analyses 

IA 

m (c) m (r) c c R 

Si02 39.20 38.83 38.67 40.28 40. 13 

MgO 42.49 40.68 41.62 46.74 46.66 

Cao 0.31 0.35 0.30 0.31 0.35 

MnO 0.25 0.30 0.32 0.21 0.21 

FeO 17.74 19.33 19.08 12.58 12.50 

Total 100.00 99.49 99.99 100.12 99.84 

mole % Fo 81.0 79.0 79.5 86.9 86.9 

mole% Fa 19.0 21.0 20.5 13.1 13 .1 

Mg# in Host 50.8 50.8 50.8 64.8 64.8 
Glass 

N-MORB SAMPLES 

14B 

c R m (c) m (r) c 

39.71 39.85 39.95 40.22 37.71 

46.82 46.91 47.32 46.94 38.24 

0.30 0.30 0.29 0 .32 0.29 

0.19 0.21 0.21 0 .22 0.35 

12.77 12.75 12.43 12.70 23.37 

99.79 100.03 100.20 100.41 100.06 

86.7 86.8 87.2 86.8 74.5 

13.3 13.2 12.8 13.2 25.5 

64.8 64.8 64.8 64.8 55 .9 

29A 

R c R 
(inc) 

37.35 37.77 38.52 

36.81 39.14 39.67 

0.27 0.27 0.48 

0.37 0.34 0 .32 

25.04 22.35 20.14 

99.91 99.98 99.22 

72.4 75.7 77 .8 

27.6 24.3 22.2 

55.9 55 .9 55.9 

m m 

38.42 39.53 

38.98 45 .21 

0.36 0.32 

0.35 0.24 

21.24 15.23 

99.46 100.65 

76.6 84. l 

23.4 15.9 

55.9 55.9 

N 
N 
\0 



Table B.2. ReEresentative Olivine Analyses (continued) 
--

N-MORB SAMPLES Type l E-MORB 
SAMPLES 

53A 62A 65A 

c R c R m c R 

Si02 40.30 40.25 40.39 40.24 39.78 40.22 40.18 

MgO 47 .89 47.35 48 .22 47.94 45.96 47.92 46.97 

Cao 0.29 0.30 0.29 0.30 0.32 0.28 0.31 

MnO 0.21 0.18 0.19 0.16 0.22 0.18 0.19 

FeO 11.37 l l.67 11.35 12.16 13.53 11.45 12.66 

Total 100.26 99.95 100.65 100.99 99.98 100.26 100.50 

mole% Fo 88.2 87.9 88.3 87.5 85.8 88.2 86.9 

mole % Fa 11.8 12. 1 11.7 12.5 14.2 11.8 13. l 

Mg# in Host 66.5 66.5 66.0 66.0 64.7 64.7 64.7 
Glass 

Phenocryst type and analysis location as in Table 3.1. 

42A 

c R 

40.59 40.07 

46.61 46.31 

0.27 0.32 

0.21 0.19 

12.24 12.35 

100.17 99.38 

87.2 87.0 

12.8 13.0 

65.3 65.3 

Type 2 E-MORB SAMPLES 

50A 

m (r) c R c R 

40.35 39.51 39.07 39.99 39.47 

46.15 44.78 42.82 46.79 45.25 

0.31 0.31 0.31 0.30 0.29 

0.20 0.23 0.27 0.21 0.23 

12.40 14.76 17.01 12.47 14.71 

99.52 99.73 99.61 99.91 100.12 

86.9 84.4 81.8 87.0 84.6 

13. 1 15 .6 18.2 13.0 15.4 

65.3 61.9 61.9 61.9 61.9 

m 

39.49 

45 .03 

0.30 

0.23 

14.64 

99.83 

84.6 

15.4 

61.9 

N 
VJ 
0 
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Table B.3. ReEresentative P~roxene Anal~ses for N-MORB 

N-MORB SAMPLES 

IA 29A 

c R c c m m 

Si02 51.47 5 l.8 53.9 52.06 49.58 51.7 

Ti02 0.89 0.8 1 0.45 0.81 1.46 1.07 

Al203 4.14 4.00 1.90 3.72 5.33 3.82 

FeO* 6.89 6.51 6.41 6.72 7.66 12.91 

MnO 0.18 0.18 0.17 0.20 0.21 0.3 1 

MgO 18.25 17.39 19.76 17 89 17.48 18.22 

Cao 17.74 19.33 17.48 18.39 17.26 11.56 

Na20 0.26 0.30 0.22 0.28 0.29 0.88 

Total 99.83 100.32 100.29 100.06 99.28 100.48 

mole % Wo 37.3 40.5 35.2 38.3 37.4 25.4 

mole % En 53.4 50.7 55 .3 51.9 52.7 55 .6 

mole % Fs 9.3 8.7 9.5 9.8 9.8 19.0 

Mg#of 50.8 50.8 50.8 50.8 55 .9 55.9 
Glass 

Phenocryst type and analysis location as in Table 3.1. 
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Table B.3. Re12resentative P~roxene Anal~ses for N-MORB 

N-MORB SAMPLES 

IA 29A 

c R c c m m 

Si02 51.47 51.8 53.9 52.06 49.58 51.7 

Ti02 0.89 0.81 0.45 0.81 1.46 1.07 

Al203 4.14 4.00 1.90 3.72 5.33 3.82 

FeO* 6.89 6.51 6.41 6.72 7.66 12.91 

MnO 0.18 0.18 0.17 0.20 0.21 0.3 1 

MgO 18.25 17.39 19.76 17.89 17.48 18.22 

Cao 17.74 19.33 17.48 18.39 17.26 11.56 

Na20 0.26 0.30 0.22 0.28 0.29 0.88 

Total 99.83 100.32 100.29 100.06 99.28 100.48 

mole % Wo 37.3 40.5 35.2 38.3 37.4 25.4 

mole % En 53.4 50.7 55.3 51.9 52.7 55.6 

mole % Fs 9.3 8.7 9.5 9.8 9.8 19.0 

Mg#of 50.8 50.8 50.8 50.8 55 .9 55.9 
Glass 

Phenocryst type and analysis location as in Table 3.1. 
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Figure B.1. Electron microprobe analyses of southern Chile Ridge plagioclases. 

Comparison of anorthite - orthoclase relationships for N-MORB (left) and E-MORB 

(right). Note the significantly higher Or contents in E-MORB samples. 



0 .20 

0.15 

~ 0 .10 
0 
~ 

0 .05 

0 .20 

0.15 

0 
a5!. 0.10 

0 .05 ~ 

60 

• Seg 1N 

• Seg2N 

0 Seg 3N 

+ Seg 4N 

• 

. 

65 

+ 
+ 

+ 8 

+ ... .. . .. 
• • . 

• + . 
• + • . . . . .. . 

• + . 
7 0 75 

% An 

N-MORB 
cores 

• . . 
• . . • • •••• .. •• • +• ~ • 0 

• "°1 • .. • 
• + .. 

N-MORB 
rims &mphx 

• •• ... ... 
•r 

+ 
., . + 

tJ.6+• 

• • 
+ • • 0 

+ 

80 85 

233 

0.6 

0 E-MORB 
0 .5 0 cores 

0 0 
0 Seg 3E 0 0 

0.4 0 Seg 4E 

"' 
0 0.3 

0 00 
0 

~ 0 0 

0 0 .2 0 

0 .1 
r9 0 

N-MORB 0 0 0 

1.2 

E-MORB 
1.0 00 rims & mphx 

0 

0 0 .8 

~ 0 
0 0.6 0 

0 c i 0 0 

00 0 

0 .4 0 oc9oo'8 0 oO 
0 0 0 

0 o'Ji o 
0.2 00 0 0 

O' 8°00 
0 

N-MORB 
0 0 

0 
0 0 .0 

90 60 65 70 75 80 85 90 

% An 



234 

Figure B.2. Forsterite (Fo) content of southern Chile Ridge olivines compared with the 

Fe-Mg content of the host glasses. Symbols mark average compositions for phenocrysts 

from the same lava, with a line to indicate the range of compositions observed. 
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Appendix C: Comparison Between Results Obtained Using 

Different Analytical Methods 

236 

This chapter presents figures comparing the results obtained for samples analyzed 

using two different techniques. Comparisons have been made for major elements analyzed 

in several glasses from the Woodlark Basin using electron rnicroprobe, directly-coupled 

plasma spectroscopy (DCP), and x-ray fluorescence spectroscopy (XRF). In addition, 

comparisons are shown for volatile elements analyzed using the electron rnicroprobe 

technique (discussed in Chapter 3) with the unpublished results obtained on samples from 

the Manus Basin using mass spectrometry in the University of Hawaii laboratory of Dr. 

David Muenow (analytical methods described in Aggrey et al., 1998). 
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Figure C-1. A comparison of the results of the major elements analyzed using the two 

analytical methods, electron microprobe (mp) and X-ray Fluorescence (XRF). Electron 

microprobe data are plotted on the x-axis and XRF data are plotted on the y-axis with a I: I 

line is drawn for reference. The samples that have both XRF and EMP data are from 

segment 4: WB 1-1, WB 1-2 (solid squares), an off-axis seamount from segment 5: WB7-l 

through to WB7-3 (solid circles), the southern end of Simbo Transform ridge: WB8-l 

(solid triangle) and from Ghizo ridge, WB9-1 (plus). 
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Figure C-2. A comparison of the results of the major elements analyzed using the two 

analytical methods, electron microprobe (mp) and direct-current plasma (DCP). Electron 

microprobe data are plotted on the x-axis and DCP data are plotted on the y-axis with a 1: 1 

line is drawn for reference. The samples that have both MP and DCP data are from 

segment 4: WB 1-2 (solid squares), segment 5: WB5-l and an off-axis seamount from 

segment 5: WB7-l and WB7-2 (solid circles), the southern end of Simbo Transform ridge: 

WB8-l (solid triangle) and from Ghizo ridge, WB9-l (plus). 
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Figure C-3. A comparison of the results of the major elements analyzed using the two 

analytical methods, XRF and DCP. X-ray fluorescence data are plotted on the x-axis and 

DCP data are plotted on the y-axis with a 1: 1 line is drawn for reference. The samples that 

have both XRF and DCP data are from segment 4: WB l-2 (solid squares), segment 5: 

WB5-l and an off-axis seamount from segment 5: WB7-2 and WB7-3 (solid circles), the 

southern end of Simbo Transform ridge: WB8-1 and WB8-2 (solid triangle), from Ghizo 

ridge, WB9-l and WB9-2 (plus), Coleman seamount WBl0-1 through to WBl0-7 except 

WB I 0-3 (open diamond), and 3 sample locations from Kana Keoki seamount WB 11-3, 

WB 12-1 to WB 12-3andWB15-1 (square with diagonal line). 
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Figure C-4. A comparison of the results for the volatile elements, CI, S, and F, on 

Manus Basin samples using two different analytical methods, electron microprobe (EMP) 

and high-temperature mass spectrometer, the Knudsen Cell (KC). Errors are smaller than 

the symbol size for both CI and S, but are significantly larger for the F. Both the CI and S 

data have a roughly linear correlation but offset from the 1: 1 correlation line, F data, 

however, show no correlation (see text for details). 
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