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but also the volcanism of non-plume near-ridge seamounts at theMajor and trace element, mineralogical and petrographical data are

East Pacific Rise. We suggest that the development of each magmaticpresented for submarine and subaerial lavas from Easter Island

stage depends on the age of the overlying plate, which determinesand two neighbouring seamounts. The samples can be divided

(1) the amount of depleted mid-ocean ridge material mixed into theinto three groups based on their major element composition and
magma source and (2) the degree of partial melting.incompatible element enrichment, typified by their (La/Sm) N ratios.

Tholeiitic samples with (La/Sm) N of ~1·2 are comparable with

lavas constituting three young volcanic fields closer to the spreading

axis. The other two lava series from Easter Island and the two

seamounts are transitional to slightly alkaline, one having an

intermediate enrichment with (La/Sm) N of 1·5–2, the other being KEY WORDS: Easter Island; fractional crystallization; magmatic evolution;
even more enriched [(La/Sm) N ~2·3]. Large phenocrysts and oceanic magmatism; partial melting
xenocrysts of olivine and plagioclase in the submarine lavas indicate

a crustal reservoir with crystallizing magma. Compared with the

relatively mafic submarine samples, the more fractionated lavas on

Easter Island suggest the presence of another, more shallow magma
INTRODUCTIONchamber. The extreme differentiation of rhyolites and trachytes

probably occurred as a result of decreasing magma supply during Intraplate volcanoes are widespread on Earth and make
waning phases of volcano activity. Each volcano of the Easter up large parts of the oceanic crust in many regions such
Hotspot probably evolved through at least two stages. A tholeiitic as the East Pacific (Abers et al., 1988). Oceanic islands
stage appears to form large volcanoes at depths >1000 m and is and seamounts have received much attention because
succeeded by a transitional group of lavas which can be observed their chemistry is not directly affected by contributions
on Easter Island. A third stage with the most enriched lavas may from continental material and thus they are relatively
form small eruptive centres on the flanks of older volcanoes or as simple magmatic systems compared with continental
flank cones on the seafloor. The degree of partial melting decreases volcanoes. Nevertheless, many oceanic intraplate vol-
from the tholeiitic to the most enriched alkaline series. The occurrence canoes display a wide range of chemical compositions
of different stages of volcanism at the Easter Hotspot not only varying during the lifetime of the magmatic system. These

compositional changes can be attributed both to meltingresembles the magmatism of other Pacific hotspots such as Hawaii
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processes in the mantle as well as to shallow-level differ- GEOLOGICAL SETTING
entiation. Because the oceanic crust probably does not Easter Island lies ~3500 km to the west of the South
significantly contaminate the oceanic magmas, both the American coast and 350 km east of the Easter microplate
partial melting and the crystal fractionation processes (Fig. 1). The Easter microplate formed ~5 Ma ago when
responsible for generating the compositional variability the eastern spreading segment of the East Pacific Rise
of the erupted lavas can be modelled with greater ease propagated northwards forming a large overlap with the
than for continental volcanoes. Large intraplate volcanoes western ridge axis (Naar & Hey, 1991). As a result of
built on thick lithosphere, such as Hawaii, develop this propagation the crust of the microplate was rotated.
through several stages of volcanism, probably depending Easter Island lies close to the eastern pseudofault of the
on the spatial relationship of the volcano to its magma propagator (Naar & Hey, 1991; Searle et al., 1993). The
source in a mantle plume (e.g. Chen & Frey, 1985). It 2500 km long and 100 km wide Easter Seamount Chain
appears that the degree of partial melting, the source of (ESC), or Sala y Gomez Ridge, stretches to the east of
the magmas and their crystal fractionation history change the island. The ESC is bounded to the east by the Nazca
with time at Hawaii (e.g. Clague & Dalrymple, 1987). A Ridge, a 300 km wide aseismic ridge extending to South
temporal change in the chemistry of the erupting magmas America (Woods & Okal, 1994). The ESC shows an age
has also been shown to exist for near-ridge seamounts progression, with the youngest volcanoes occurring in
(Batiza & Vanko, 1984; Zindler et al., 1984). Variations the west near Easter Island (O’Connor et al., 1995).
in the chemical composition of primitive magmas of Between Easter Island and the East Rift spreading axis

of the Easter microplate a large area of young volcanismoceanic intraplate volcanoes have been attributed to the
was discovered during recent US and German cruisesage of the underlying crust (McBirney & Gass, 1967;
(Hagen et al., 1990; Stoffers et al., 1994). Two largeBaker, 1973; Haase, 1996). This relationship is probably
seamounts, Moai and Pukao, rise to only a few hundreddue to an increase in the depth of the zone of partial
metres below sea-level (Fig. 1). Closest to the spreadingmelting as the lithosphere thickens with age, irrespective
axis and ~150 km west of Easter Island, three volcanicof whether the volcanoes are of plume (Ellam, 1992) or
fields were found and named Ahu, Umu and Tupa.non-plume origin (Batiza, 1980). The differentiation of
These volcanic fields consist mainly of incompatibleprimary oceanic intraplate magmas can lead to some
element enriched tholeiitic lavas originating from aextremely silica-rich lavas such as rhyolites and trachytes,
mantle source that resulted from mixing of depletedand the study of these processes gives insight into an
MORB source material with an enriched source materialimportant chemical fractionation process on Earth which
in the Easter plume (Haase & Devey, 1996; Fretzdorff etpossibly also generated parts of the continental crust
al., 1996; Haase et al., 1996).(O’Nions & McKenzie, 1988). Thus, the investigation of

Easter Island has a roughly triangular shape with thethe petrogenesis of oceanic intraplate magmatism can
three volcanoes Poike, Rano Kau and Terevaka on eachhelp to constrain magmatic processes in different plate
corner (Fig. 1b). Its surface area is ~160 km2 and it risestectonic settings.
to 510 m above sea-level. A 50 km long submarine ridge,The abundant young volcanism between Easter Island
the Rano Kau Ridge, extends from Rano Kau volcano

and the East Rift spreading axis of the Easter Microplate towards the southwest (Hagen et al., 1990). The age
in the Southeast Pacific provides an opportunity to study relationships of the Easter Island volcanism are relatively
magmatic processes close to a spreading centre, away well known from stratigraphy and radiometric dating.
from which the lithosphere thickens quickly with in- Although some of the early work suggested ages of 3–1·89
creasing age. In this paper, we present major and trace Ma for lavas at the base of the oldest volcano, Poike
element and mineralogical data for the intraplate vol- (Baker et al., 1974; Clark & Dymond, 1977), a more
canics of Easter Island and two neighbouring seamounts. recent investigation of these flows gave reproducible ages
A petrogenetic model is developed in which we define of 0·52±0·29 Ma and 0·69±0·15 Ma (Kaneoka &
three different magma groups, each of which probably Katsui, 1985). The younger ages are in accordance with
has its own liquid line of descent. The three magma most age determinations of Easter Island lavas, which
groups originate by different degrees of partial melting are <0·7 Ma for all three volcanoes (Gonzalez-Ferran et
of mantle sources containing varying amounts of mid- al., 1974; Clark & Dymond, 1977; Kaneoka & Katsui,
ocean ridge basalt (MORB) source mantle material mixed 1985; O’Connor et al., 1995). Kaneoka & Katsui (1985)
with an enriched plume component. Each magma type attributed the scatter observed in the K–Ar ages of Clark
is generated in a different environment depending on & Dymond (1977) to atmospheric Ar contamination. The
the thickness (age) of the overlying lithosphere and the strongly eroded volcanoes Poike and Rano Kau are older
distance from the spreading axis (input of MORB source than the third volcano, Terevaka, and their activity

apparently ended with the emplacement of trachytic andmaterial).
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Fig. 1. (a) Location map of Easter Island and the seamounts Moai and Pukao redrawn after Naar & Hey (1991). The dots mark the dredge
sites on the submarine volcanoes and the inset the location of the working area in the SE Pacific. The diagonal patterns indicate the approximate
locations of the magnetic anomalies 2, 2′ and 3 as determined by Naar & Hey (1991), which correspond to ages of ~1·5–4 Ma (Harland et al.,

1990). (b) Geological map of Easter Island redrawn after Baker et al. (1974), showing the sample localities.

rhyolitic intrusions at Poike and Rano Kau, respectively (1995) have recently dated the Roiho field lavas at
0·13±0·02 Ma, which is younger than the age those(Fig. 1b). The late intrusions of Rano Kau have been

dated at 0·24±0·04 Ma by Kaneoka & Katsui (1985) researchers determined for two samples from Moai and
Pukao seamounts further west of Easter Islandand 0·34±0·06 and 0·18±0·03 Ma by Gonzalez-Ferran

et al. (1974). Palaeomagnetic surveys indicate that lavas (0·63±0·18 Ma and 0·23±0·08 Ma, respectively). One
lava from the Umu volcanic field yielded an Ar–Arfrom all three volcanoes on Easter Island erupted in

times of normal polarity (Isaacson & Heinrichs, 1976; plateau age of 2·5±0·5 Ma (isochron age 3·0±1·1 Ma,
O’Connor et al., 1995) but this age is not well constrainedKaneoka & Katsui, 1985), i.e. probably in the Brunhes

normal epoch, which began 0·75 Ma ago (Harland et al., because it was calculated using only 48% of the 39Ar and
comes from a sample with low K2O content (0·1–0·2%,1990). The lavas of Terevaka volcano have ages <0·4

Ma, which is also the estimated age of most of the Fretzdorff et al., 1996). We suggest that the young age of
the volcanism of the Easter Hotspot (<0·7 Ma) indicatessubmarine volcanism west of Easter Island based on the

high reflectivity observed on side-scan sonar maps (Hagen that all the magmas formed in an intraplate region
because the age of the underlying plate ranges from ~4et al., 1990). The Roiho lava field lies on the flank of the

young Terevaka volcano, and is stratigraphically young, Ma beneath Easter Island to less than ~2 Ma beneath
the volcanic fields 200 km further west (magnetichaving only a thin vegetation cover. O’Connor et al.
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anomalies 2–3; Naar & Hey, 1991). Thus, the Easter powdered in an agate mill. The procedure for glass was
similar except that, after the crushing, clean glass wasmicroplate apparently formed considerably earlier than

the Easter Island volcanoes. hand-picked for all analyses.
Major elements were analysed on fused glass discs withThe shallow bathymetry around Easter Island, its

location at the young end of a volcanic chain, the volume a Philips 1400 X-ray fluorescence (XRF) machine using
international rock standards for calibration. Loss onof young volcanics, and their enriched geochemistry

suggest that there is a mantle plume underneath the area ignition (LOI) was not determined because the Fe2+/
Fe3+ ratios of the samples are unknown and the oxidation(Hagen et al., 1990; Haase et al., 1996). Other models

which have been proposed for the origin of the Easter of the ferrous iron adds a significant uncertainty to the
LOI determination. The results for the internationalHotspot and the ESC are a mantle hotline (Bonatti et

al., 1977), a propagating fracture (Clark & Dymond, standard BHVO-1 measured as an unknown are given
in Table 6 (below). With the exceptions of Na2O and1977), an incipient oceanic rift (Mammerickx, 1981), or

the location of Easter Island above a plume-channel from P2O5, the results show a precision and accuracy better
than 1%. Some glasses and mineral phases were analyseda plume further east near Sala y Gomez (Schilling et al.,

1985; O’Connor et al., 1995). with a Cameca CAMEBAX electron microprobe of the
Mineralogical Institute in Kiel. Trace elements were
measured with the Plasmaquad PQ1 inductively coupled
plasma mass spectrometer at the Geological Institute in

SAMPLING AND METHODS Kiel after the method described by Garbe-Schönberg
(1993). The average of ten measurements of the rockThe area was sampled during the SO80 cruise of FS
standard BHVO-1 analysed with the samples and theSonne in June–July 1992, and during a stay of 1 week on
standard deviations are presented in Table 7 (below).Easter Island after the cruise. The submarine samples
The precision and accuracy for most elements are betterwere recovered by dredging, and the dredge sites are
than 5%. To lower the problems with isobaric in-shown in Fig. 1 and in Table 1. From each dredge,
terference, the highly enriched samples such as EI9219samples were chosen based on macroscopic petrographic
were measured at a higher dilution factor than that givenfeatures (e.g. phenocryst content, vesicularity) and ana-
by Garbe-Schönberg (1993).lysed for major elements. Samples showing a range of

different chemical compositions were selected for trace
element and Sr, Nd and Pb isotope analysis (Haase,
1995; Haase et al., 1996). Three dredges were taken on

RESULTSMoai seamount (Table 1, Fig. 1), recovering slightly
Petrography and mineral chemistryaltered lavas with fresh glass rims. Another three dredges

were taken on the top of Pukao seamount and one on a With the exception of the glassy rhyolites and some
large flank cone north of the main edifice (Fig. 1). The pyroclastic rocks, all lavas from Easter Island are holo-
dredge on the side cone (37DS) recovered the freshest crystalline whereas the submarine samples have thick
material from Pukao seamount with abundant glass glassy rims. The most abundant phenocryst phase in the
crusts. The lavas recovered from the submarine part of Easter Island samples is plagioclase, which is accumulative
Easter Island (the Rano Kau Ridge) and those from the in some basalts (Table 1a), whereas olivine and clino-
two seamounts consist mainly of pillow lavas with rare pyroxene occur only rarely as phenocrysts in the lavas.
sheet flow fragments. Glass crusts occurred on most This is in contrast to the Moai seamount lavas, where the
samples and the glass was generally fresh without pa- dominating phenocryst phases are olivine and plagioclase,
lagonitization. whereas clinopyroxene occurs only in subordinate

The subaerial samples were collected based on de- amounts as microphenocrysts (Table 1b). All samples
scriptions of the geology of the island (Gonzalez-Ferran from Moai seamount are petrographically similar with
et al., 1968, 1974; Baker et al., 1974) and selected for slight variations in the volumes of phenocrysts, whereas
their freshness. We tried to collect only fresh samples the Pukao seamount volcanics are variable, with pla-
from the island (for example, at sea cliffs and road gioclase-cumulative (35DS-1 to -4) to aphyric samples and
cuts). These samples were sawn, and from samples with volcanic breccias. The less phyric Pukao lavas generally
abundant glass we separated glass for geochemical ana- resemble the Moai samples in terms of petrography. The
lysis, whereas for the samples without glass the analysis older-looking 24DS samples from the Rano Kau Ridge
was perfomed on pillow interiors sawn from massive are plagioclase cumulates, whereas the very fresh 25DS
pieces. After removal of all visible signs of alteration, the samples are only slightly porphyritic and contain few
lava pieces were washed in an ultrasonic bath. Then the phenocrysts of plagioclase and olivine in a glassy matrix.
samples were crushed and rinsed several times in distilled The matrix of most submarine samples contains glass

and skeletal crystals, in contrast to the holocrystallinewater in an ultrasonic bath. The samples were then
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Table 1: (a) Petrography of the Easter Island samples; the modal abundance of minerals was estimated from

thin sections and is given in vol. %

Sample Location Petrography

EI9201 SE foot of Poike Ph: ~3% ph of plag and ~2% cpx (<1 mm), 5% ves

Matrix: of plag laths and intergranular cpx + Ti-mt

EI9202 SE foot of Poike, flow above EI9201 Ph: 5% plag (<2 mm), few cpx (<1 mm)

Matrix: plag laths and intergran. cpx + Ti-mt

EI9203 Hotu Iti Ph: 10% ol (<1 mm) + plag (<5 mm), 5% ves

Matrix: plag laths, intergran. cpx + Ti-mt + ol

EI9204 Anakena, Terevaka volcano Ph: 10% plag (–10 mm) and 5% cpx (–5 mm), cumulate xenos with plag, cpx and

ol, 10% ves

Matrix: plag laths with intergranular cpx and Ti-mt

EI9205 Anakena, Terevaka volcano Ph: plag (<20 mm) + ol (<1 mm), 25% ves

Matrix: plag laths + intergran cpx + Ti-mt

EI9206 Maunga Te Puha, Ovahe ~2% mph plag + cpx, 20% ves

Matrix: plag laths in tachylitic groundmass

EI9207 Roiho lava field Ph: 5% ol (<1 mm), 15% ves

Matrix: plag laths + intergran cpx + ol +Ti-mt

EI9209 Roiho lava field Aphyric, 40% vesicles, seriate-textured ol + plag (<1 mm), intergran cpx + Ti-mt

EI9210 Maunga Parehe Ph: 7% anorthoclase (<2 mm), 3% cpx, 5% ves.

Matrix: alk fsp + aeg–aug + Ti-mt

EI9212 Top of cliff, NW Poike Ph: 30% plag (<10 mm) + few ol (<1 mm), 20% ves

Matrix: plag laths + intergran cpx + ol + Ti-mt

EI9213 NW Poike Ph: 17% plag (<5 mm) + 3% ol (<0·5 mm), 10% ves

Matrix: plag laths (<0·5 mm) + intergran cpx + Ti-mt

EI9214 Ana Kai Tangata Ph: 2% plag (<2 mm), 15% ves

Matrix: plag + cpx (<0·5 mm) + Ti-mt+ ilm

EI9215 Lowest flow, SE cliff of Rano Kau Ph: 5% plag (<2 mm) + few cpx, 40% ves

Matrix: plag laths + intergran cpx + ol + Ti-mt

EI9216 Flow above EI 9215 Ph: 5% plag (<1 mm), 10% ves

Matrix: plag laths + intergran cpx + Ti-mt

EI9217 Flow above EI9216 Ph: 10% plag (<1 mm), ol mph (<0·1 mm), 25% ves

Matrix: plag laths + intergran cpx + ol + Ti-mt

EI9218 Flow above EI9217 Ph: 2% plag (<1 mm), 10% elongated ves

Matrix: plag laths + cpx + ol + Ti-mt

EI9219 Maunga Orito Tiny crystals (<0·2 mm) of anorthoclase and fayalite in colourless glass

Plag, plagioclase; ol, olivine; cpx, clinopyroxene; Ti-mt, titanomagnetite; alk fsp, alkali feldspar; ilm, ilmenite; ves, vesicles;
ph, phenocrysts; mph, microphenocrysts; intergran, intergranular.

matrix of the subaerial lavas (Table 1b). Vesicles in the compositional range from Fo77 in basaltic lavas to Fo1 in
trachytes (Fig. 3 and Table 3). Relative to the large rangerocks from dredge 33DS are filled with calcite and

zeolites, although the olivines are generally unaltered, of feldspar and olivine compositions observed in the
Easter Island lavas, the seamounts display limited com-indicating some hydrothermal alteration of the samples.

The composition of the feldspars in Easter Island rocks positional ranges. The olivine compositions in the in-
vestigated samples from Moai and Pukao range fromranges from plagioclase with An69 in the basalt EI9203

to anorthoclase in the trachyte EI9210 (Fig. 2 and Table Fo83 to Fo79, and the An content of the plagioclase is
~71; both minerals usually display a strong normal2). All phenocrysts are higher in An than the matrix

feldspars. Olivine occurs in many volcanic rocks on Easter zonation (Figs 2 and 3, Tables 2 and 3). The plagioclase
and olivine phenocrysts of the submarine samples haveIsland as a phenocryst phase, and shows a very large
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Table 1: (b) Locations of the dredge sites and petrographical descriptions of representative samples from the

submarine volcanoes of the Easter Hotspot

Sample no. Dredge start and end Water depth Petrography

(m)

24DS-2, 27°22·03’S, 109°34·22’W to 2294–2053 Ph: ~40 plag (–10 mm), few ol ph (–3 mm);
Rano Kau 27°21·91’S, 109°34·64’W Matrix variolitic, ~10% vesicles
Ridge
25DS-1, 27°23·38’S, 109°40·27’W to 2144–1506 Ph: ~2% plag (–0·5 mm) and ~1% ol (–1 mm);
Rano Kau 27°22·61’S, 109°40·97’W Matrix intersertal glass, ~20% vesicles
Ridge
25DS-2 Ph: ~1% plag (–0·4 mm) and 3% ol (–0·5 mm);

Matrix cpx + tachylite; ~5% vesicles
26DS-1, 27°10·00’S, 109°39·91’W to 1727–1355 Ph: ~5% plag (–5 mm), ~4% cpx (–1 mm) and ~1% ol (–1 mm);
Moai 27°08·21’S, 109°39·78’W Matrix: intergranular cpx + opaques, 10% vesicles
Seamount
26 DS-2 Ph: ~30% plag (–3 mm), ~10% cpx (–0·5 mm), ~5% ol (–1 mm);

Matrix: plag laths intergranular cpx + opaques; 20% vesicles
27DS-1, 27°04·42’S, 109°36·64’W to 1896–1781 Ph: ~3% ol (–1 mm), ~2% plag (–1 mm); Matrix variolitic plag + ol in
Moai 27°04·81’S, 109°36·31’W tachylitic glass, 20% vesicles
Seamount
27DS-2 Ph: ~5% plag (–1 mm), 5% ol (–1 mm);

Matrix skeletal plag, cpx and opaques; 10% vesicles
28DS-2, 27°07·49’S, 109°39·45’W to 1214–964 Ph: ~5% plag (–1 mm), 5% ol (–0·5 mm);
Moai 27°07·08’S, 109°39·47’W Matrix altered glass + microlites; ~20% vesicles
Seamount
29DS-1, 27°07·48’S, 109°39·49’W to 1284–1068 Seriate textured basalt, ol (–1 mm), plag (–1 mm); Matrix tachylitic;
Moai 27°06·93’S, 109°39·62’W ~30% vesicles
Seamount
29DS-2 Ph: ~15% plag (–4 mm), 10% ol (–2 mm), ~3% cpx (–1 mm); Matrix:

tachylitic glass, 30% vesicles
29DS-3 Ph: ~15% plag (–4 mm), 15% ol (–2 mm), 5% cpx (–1 mm); Matrix:

skeletal cpx, plag and opaques; 30% vesicles
33DS-1, 26°55·69’S, 110°17·81 W to 523–408 Ph: ~15% plag (–5 mm), ~3% ol (–0·5 mm), ~2% cpx (–0·5 mm), filled
Pukao 26°55·66’S, 110°17·70’W Matrix: plag, cpx, ol, opaques and intersertal glass; ~20% vesicles with
Seamount zeolites and carbonate
35DS-1a, 26°55·45’S, 110°18·41’W to 989 Ph: ~30% plag (–10 mm), 5% ol (–3 mm), 5% cpx (–3 mm); Matrix:
Pukao 26°55·90’S, 110°18·26’W plag laths + intergranular cpx, ol and opaques; no vesicles
Seamount
35DS-4 Hyaloclastite consisting of three different rock types
35DS-10 Ph: ~2% plag (–1 mm); Matrix: grains of plag, ol, cpx with

interstitial altered glass,~2% vesicles
36DS-1, 26°58·25’S, 110°13·37’W to 1027–751 Ph: ~20% ol (–2 mm), ~10% plag (–1 mm), Matrix: plag
Pukao 26°58·51’S, 110°13·99’W laths + intergranular cpx +opaques, ~30% vesicles
Seamount
36DS-4 Ph: ~10% ol (–2 mm), ~10% plag (–1 mm);

Matrix microlites and glass; ~40% vesicles
37DS-1, 26°50·02’S, 110°02·96’W to 2890–2840 Ph: ~2% plag, ~1% ol, Matrix: skeletal plag and ol; microlites and glass;
cone N of 26°49·52’S, 110°03·44’W 20% vesicles
Pukao Smt.
43DS-1, 27°02·95’S, 110°02·72’W to 2013–1698 Ph: ~3% ol (–1 mm), ~2% plag (–2 mm), Matrix: plag laths +
cone betw. 27°02·32’S, 110°02·78’W intergranular cpx + ol, 10% vesicles
Pukao and Ph; ~3% ol (–1 mm), glomerophyric, Matrix: microlites and glass, ~20%
Moai vesicles
43DS-2

more primitive compositions than the phases in the and An-rich plagioclase crystals, whereas the phenocrysts
have An71–73 (Fig. 2). Sample 24DS-2 also contains largesubaerial lavas. However, the most primitive olivine and

plagioclase crystals were observed in the Rano Kau Ridge normally zoned olivines with Fo85 which are distinct from
the significantly smaller phenocrysts with Fo82 (Table 3).sample 24DS-2, which contains olivine and plagioclase

with Fo85 and An78, respectively (Tables 2 and 3). This Thus, the large crystals with primitive compositions are
probably xenocrysts picked up by the magma on its wayplagioclase cumulative rock contains large strongly zoned
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Table 4: Electron microprobe analyses of representative clinopyroxene crystals in the Easter Hotspot lavas

Sample: EI9204 EI9204 EI9204 EI9204 EI9204 EI9203 EI9203 EI9212 29DS-2 29DS-2 29DS-2

Crystal: Xeno Xeno Pheno Pheno Matrix M—pheno Matrix Matrix Pheno Pheno Matrix

Location: Centre Rim Centre Rim Centre Rim

SiO2 50·46 50·91 51·41 50·47 50·88 50·07 51·56 47·41 50·46 48·88 43·80

TiO2 1·40 1·29 1·08 1·48 1·39 1·39 1·03 3·19 1·35 1·93 4·53

Al2O3 3·49 3·27 2·44 2·94 1·77 2·47 1·14 3·81 4·51 5·71 7·75

FeO 7·48 7·67 8·40 8·80 12·78 13·14 15·66 12·00 6·16 6·68 12·48

MnO 0·15 0·21 0·22 0·20 0·35 0·31 0·36 0·24 0·10 0·11 0·23

MgO 14·71 14·85 14·62 14·42 13·68 12·35 12·41 12·44 15·72 14·81 9·48

CaO 21·51 21·08 20·66 20·54 18·42 19·70 18·06 20·18 21·46 21·39 20·99

Na2O 0·43 0·42 0·40 0·50 0·41 0·49 0·47 0·44 0·35 0·35 0·57

Total 100·27 100·29 100·06 99·83 100·07 100·24 100·79 99·75 100·11 100·83 99·83

Wo 45·0 44·2 43·4 43·3 38·8 41·8 38·0 43·1 44·6 45·3 47·8

En 42·8 43·3 42·8 42·3 40·1 36·5 36·3 36·9 45·4 43·7 30·0

Fs 12·2 12·6 13·8 14·5 21·0 21·8 25·7 20·0 10·0 11·1 22·2

Fig. 2. Part of the Or–Ab–An triangle showing the feldspar com-
positions of samples from the Easter Hotspot.

Fig. 3. Diagram of olivine phenocryst compositions plotted vs the mg-
number of their host lava (whole rock or glass). For comparison we
show the olivine compositions of the volcanic field tholeiites (Haase &to the surface. Cumulate xenoliths occur also on Easter
Devey, 1996). The most primitive Easter Island lava and the olivine

Island and were found in lava EI9204 near Anakena. compositions are from Baker et al. (1974). The curves represent com-
These xenoliths consist of large crystals of plagioclase positions with K d

Ol–Liq of 0·27, 0·30 and 0·33 where olivine is in
equilibrium with its parent liquid (Roeder & Emslie, 1970).An72–68, clinopyroxene Wo45En43Fs12 and olivine Fo~71

(Tables 2, 3 and 4), which is comparable with the EI9204
phenocrysts (Fig. 2) but much more primitive than the

lavas such as 29DS-2 contain brown clinopyroxenes withphases in the host basalt matrix (An50). The compositions
sector zoning and anomalous interference colours typicalof the minerals in the xenoliths are also relatively primitive
of Ti-augites of alkaline basalts (Table 4). The spinelfor the subaerial lavas, although Baker et al. (1974) found
compositions in the Easter Island and seamount rocksolivines with Fo78 in some basalts from the Roiho lava
range from Cr-spinel in more primitive basalts to titano-field.
magnetite, whereas ilmenite is the Fe–Ti oxide in sampleThe clinopyroxenes in the samples from Easter Island
EI9203 (Table 5). The evolved rocks show a mineralogyand the seamounts reflect differences in the chemical
typical of trachytic and rhyolitic rocks (Baker et al., 1974).composition of the lavas. The clinopyroxenes in most
The trachytes appear to be altered by hydrothermalsubaerial lavas and in the matrix of many submarine

samples are light brown augites, whereas some submarine solutions but still contain fayalite, aegirine–augite and
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Table 5: Electron microprobe analyses of representative oxide, apatite

and amphibole crystals in the Easter Hotspot lavas

Sample: 29DS-2 EI9203 EI9210 EI9210 EI9210

Crystal: Cr-sp Ilm Ti-mt Ap Amph

Location: ol incl. Matrix Matrix ol incl. Matrix

SiO2 0·12 34·02

TiO2 3·22 50·52 20·09 0·61

Al2O3 20·69 0·15 0·58 2·98

FeO 30·82 46·43 65·18 1·35 34·02

MnO 0·22 0·49 0·28 0·08 1·22

MgO 11·53 1·57 0·18

CaO 54·59 12·76

Na2O 0·79

K2O 0·06

P2O5 42·33

Cr2O3 29·82 0·01

Total 96·44 99·21 86·13 99·92 95·68

tiny green crystals of ferro-hornblende (Table 5; Leake, The lavas with the lowest Na2O+K2O of the Easter
Hotspot are the submarine lavas of 24DS (Rano Kau1978) as well as patches of quartz and titanomagnetite
Ridge) and some samples from dredge 35DS (Pukaoin their matrix. The fayalite phenocrysts in the trachytes
seamount) as well as 43DS-1 (unnamed volcanic cone),contain tiny inclusions of apatite crystals (Table 5). Many
which are subalkaline tholeiites according to the classi-rhyolites are glassy and contain abundant crystallites of
fication scheme. These lavas resemble the incompatiblefeldspar.
element enriched tholeiites from the Ahu and Umu
volcanic fields further west (Fig. 4). The 24DS and 35DS
sample groups are plagioclase cumulates, but microprobe

Major and trace elements analysis of the 24DS-2 glass confirms the tholeiitic char-
The Na2O+K2O vs SiO2 diagram of LeBas & Streckeisen acter with low Na2O+K2O contents (Table 6). Dredge
(1991) indicates that all basaltic lavas of the subaerial 43DS taken on a volcanic cone between Moai and Pukao
volcanoes have relatively high contents of alkali elements seamounts (Fig. 1) contained two different lava types,
(Fig. 4). Thus, the Easter Island lavas may be classified where one (43DS-1 and -3) is subalkaline and the other
as tholeiitic to transitional basalts and their differentiates sample is more alkaline. The rocks with low contents of
in accordance with earlier results (Baker et al., 1974). Na2O and K2O appear to be restricted to the submarine
The intermediate lavas on Easter Island occur as trachy- parts of the Easter Hotspot but are less abundant on the
andesitic lava flows and small volcanic cones on the seamounts and the submarine pedestal of Easter Island
larger volcano edifices. The most evolved rocks on Easter than the transitional basalts. The wide range of
Island are the trachytes from three parasitic domes of Na2O+K2O contents in the basaltic lavas of the Easter
Poike and the rhyolites of Rano Kau, which are shown Hotspot indicates that probably more than one primary
in Fig. 4. Most samples from the seamounts resemble magma existed from which the more evolved lavas differ-
those from Easter Island in being mildly alkalic basalts entiated. Lavas which lie along a single liquid line of
and all have SiO2 contents <50% (Fig. 4). Several of descent may be defined by using incompatible element
them, such as 43DS-2 and most 25DS samples, are ratios, which are not significantly fractionated during
slightly (<1%) nepheline-normative and may thus be crystal fractionation.
classified as alkalic basalts (Table 6). No evolved rocks Potassium may be leached from subaerial rocks by
were recovered from the submarine volcanoes of the rainwater alteration (e.g. Feigenson et al., 1983) and thus
Easter Hotspot. Several samples from Pukao seamount we use the rare earth elements (REE) to define the
are slightly altered and the samples from dredge 33DS different groups of lavas of the Easter Hotspot because
and sample 35DS-9 are strongly overprinted by hydro- they are insensitive to alteration. Each different rock type

was analysed for trace elements and a representative datathermal alteration (Table 6) and thus were not plotted.
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HAASE et al. LAVAS FROM EASTER ISLAND

the samples according to their (La/Sm)N. The most
important phenocryst phases occurring in the lavas are
olivine and plagioclase, whereas clinopyroxene phe-
nocrysts are found mainly in the more evolved lavas with
less than ~5% MgO (Table 1a and b). The fractionation
of olivine and plagioclase does not change the ratios of
highly incompatible elements (e.g. Nielsen, 1990) and
thus we can use, for example, (La/Sm)N ratios (the
subscript N denotes chondrite normalization) to dis-
tinguish different magma suites that are not related by
fractional crystallization. In Fig. 6 three groups of basalts
with >5% MgO can be recognized. The basalts with the
highest K2O contents outlined above (25DS and 37DS)
as well as lava 43DS-2 and the two Roiho samples
EI9207 and EI9209 show the highest enrichment of the
analysed basalts from the Easter Hotspot, with (La/Sm)N
of ~2·2 (Fig. 6). In the following, we will call these

Fig. 4. Total alkali–silica diagram for the classification of volcanic relatively enriched lavas the Roiho Group. In contrast,
rocks drawn after LeBas & Streckeisen (1991). Also shown are analyses the submarine, mainly tholeiitic basalts 24DS, 43DS-1,of previously published Easter Island lavas (Baker et al., 1974; Clark &

35DS and 26DS-1, are the most depleted lavas from theDymond, 1977; Cheng, 1989) and for the Ahu and Umu volcanic
fields close to the spreading axis (Haase & Devey, 1996; Fretzdorff et study area, with (La/Sm)N of ~1·3. This sample group

al., 1996). resembles the incompatible element enriched tholeiites
from the Ahu and Umu volcanic fields further west (Fig.
6) and will be called the Volcanic Fields Group inset is available (Table 7). Rocks from a single dredge are
subsequent discussion. The majority of the lavas within most cases very similar and are thus grouped together
>5% MgO have (La/Sm)N of 1·5–1·9. These includeusing the REE content of the representative sample. The
most samples from Easter Island and several samplesREE patterns of all lavas from Easter Island and Rano
from Moai and Pukao seamounts. The more evolvedKau Ridge are light REE (LREE) enriched and parallel,
lavas from Easter Island have (La/Sm)N ranging fromwith the exception of samples EI9209 and 25DS-3gl,
1·9 in the trachyandesites to 2·5 in the rhyolite (Fig. 6).which crosscut the patterns of the other lavas (Fig. 5).
Because the basaltic to trachytic lavas from Easter IslandThe lavas from site 24DS on the Rano Kau Ridge are
appear to form one trend with decreasing MgO thedifferent from the Easter Island lavas, and have lower
evolved rocks probably formed from a parental magmacontents of REE. This is only partly due to plagioclase
from this intermediate suite, which we will call the Mainaccumulation because the handpicked, plagioclase-free
Group.glass 24DS-4gl shows only slightly higher concentrations

In Fig. 7 we show the major element variations of thethan the whole-rock 24DS-1 in Fig. 5a. The rhyolite
Easter Hotspot lavas vs MgO. The three groups definedEI9219 displays the highest REE concentrations and a
above have comparable trends for most major elements.strong negative Eu anomaly whereas the trachyte EI9210
However, the Volcanic Fields Group generally has loweris relatively depleted in the middle REE (MREE). The
Na2O, K2O, P2O5 and TiO2 contents at a given MgOsamples from the seamounts are also LREE enriched
than the other two lava groups. On the other hand, thisand most lavas display a slight flattening of the patterns
group has the highest CaO and appears to be slightlybetween La and Nd (Fig. 5b). Two samples (37DS-1gl
higher in SiO2. The Roiho group generally has theand 43DS-2) have relatively straight patterns and these
highest K2O and P2O5 contents but is otherwise similartwo cross the patterns of the other seamount lavas. The
to the Main Group. The range of MgO contents of allREE patterns of samples from Pukao seamount fan
seamount lavas lies between 9 and 4·5%, and is higherin the LREE although the heavy REE (HREE) are
than for most Easter Island rocks (8 to ~0%, Table 6),approximately similar (Fig. 5b). The two analysed samples
in accordance with the observation that no evolved lavasfrom the unnamed cone also indicate variable com-
were recovered from the submarine volcanoes. The fieldpositions, as one lava (43DS-1gl) has the lowest LREE
of the published data on Easter Island lavas is showncontents in Fig. 5b (La ~40 times chondrite) whereas
and follows the trend of our samples but displays a muchsample 43DS-2 has high contents of LREE (La ~80
wider range. The trends of the major elements vs MgOtimes chondrite) and resembles the most enriched basalt
of Main Group lavas display two major changes (Fig. 7).from Pukao seamount.
Between 8 and ~5% MgO, all major elements haveFigure 6 shows the degree of LREE enrichment vs the

MgO contents of the lavas, and on this basis we grouped approximately constant or increasing concentrations. The

797



JOURNAL OF PETROLOGY VOLUME 38 NUMBER 6 JUNE 1997

T
ab

le
7
:

T
ra

ce
el

em
en

t
co

nc
en

tr
at

io
ns

(i
n

p.
p.

m
.)

of
E

as
te

r
Is

la
nd

sa
m

pl
es

,
fr

om
R

an
o

K
au

R
id

ge
(2

4
D

S
an

d
2
5
D

S
),

th
e

co
ne

be
tw

ee
n

M
oa

i
an

d

P
uk

ao
se

am
ou

nt
s

(4
3
D

S
),

an
d

M
oa

i
an

d
P

uk
ao

S
ea

m
ou

nt
s

(2
6
D

S
–
2
9
D

S
an

d
3
5
D

S
–
3
7
D

S
,

re
sp

ec
ti
ve

ly
);

al
so

gi
ve

n
is

th
e

av
er

ag
e

of
U

S
G

S

st
an

da
rd

B
H

V
O

-1
w

hi
ch

w
as

m
ea

su
re

d
te

n
ti
m

es
to

ge
th

er
w

it
h

th
e

sa
m

pl
es

ov
er

a
pe

ri
od

of
2

ye
ar

s

S
am

p
le

:
E

I9
20

1
E

I9
20

4
E

I9
20

6
E

I9
20

7
E

I9
20

9
E

I9
21

0
E

I9
21

4
E

I9
21

6
E

I9
21

8
E

I9
21

9
24

D
S

-1
24

D
S

-
25

D
S

-
43

D
S

-
43

D
S

-
26

D
S

-1
27

D
S

-1
27

D
S

-2
27

D
S

-4
29

D
S

-1
35

D
S

-1
a

36
D

S
-1

36
D

S
-

37
D

S
-

B
H

V
O

-1
4g

l
3g

l
1g

l
2g

l
4g

l
1g

l

S
c

33
·2

29
·3

17
·2

27
·9

22
·0

4·
00

17
·1

36
·3

35
·0

4·
48

27
·0

28
·0

28
·2

27
·9

23
·1

36
·9

26
·7

28
·6

28
·1

25
·9

28
·2

26
·1

25
·0

27
·4

31
·8
±

3·
2

V
36

6
41

9
86

·2
29

4
30

6
11

·8
39

6
29

9
18

·7
21

8
29

5
34

2
29

1
27

8
34

0
28

3
26

7
29

6
26

2
27

4
25

9
28

8
30

3
39

2±
49

C
r

22
·2

32
·7

1·
00

20
9

15
6

1·
24

10
7

89
·3

0·
0

23
8

33
0

11
9

36
4

18
8

16
7

17
4

30
6

15
1

29
2

15
3

28
8

26
9

15
6

31
6±

28
C

o
38

·9
33

·5
16

·3
48

·3
37

·4
5·

10
3·

59
46

·3
33

·2
0·

02
33

·1
36

·1
36

·4
45

·4
38

·8
40

·1
43

·8
46

·1
40

·6
46

·1
36

·8
45

·9
42

·8
37

·5
44

·0
±

2·
4

N
i

31
·3

18
·6

0·
69

13
9

10
5

2·
8

0·
01

42
·8

37
·1

5·
88

77
·4

76
·8

80
·0

14
3

12
4

52
·7

15
7

17
4

94
·9

17
1

56
·7

17
6

15
5

84
·9

11
8±

6
C

u
54

·6
37

·8
15

·6
7

49
·9

33
·2

7·
2

5·
21

49
·7

36
·2

3·
37

61
·2

61
·2

60
·1

71
·3

39
·8

74
·7

48
·3

57
·1

51
·7

47
·8

70
·7

48
·0

42
·0

58
·4

13
7±

13
Z

n
13

4
11

1
12

1
99

·8
84

·7
19

6
13

5
11

3
11

5
16

9
71

·9
62

·7
13

5
12

7
69

·7
10

5
10

9
90

·3
10

1
10

1
96

·7
92

·7
76

·7
12

2
10

7±
22

Y
36

·1
51

·9
76

·0
37

·1
39

·0
59

·4
85

·2
39

·0
35

·2
12

2
20

·4
23

·0
35

·7
27

·1
26

·3
36

·7
35

·5
29

·9
36

·8
33

·3
29

·4
29

·6
31

·9
32

·8
25

·7
±

0·
8

R
b

8·
31

10
·8

22
·9

5·
54

3·
66

85
·4

28
·3

1·
91

0·
55

62
·0

3·
85

2·
58

17
·4

4·
66

11
·8

3·
67

9·
38

9·
04

9·
85

9·
58

4·
24

7·
67

7·
04

15
·0

9·
23
±

0·
78

C
s

0·
10

0·
11

0·
24

0·
03

0·
03

0·
16

5
0·

32
5

0·
01

9
0·

67
6

0·
05

0·
03

0·
24

0·
06

0·
13

0·
17

0·
12

0·
10

0·
12

0·
12

0·
06

0·
10

0·
08

0·
16

0·
09
±

0·
05

S
r

25
9

26
6

23
1

31
8

30
0

57
20

9
27

5
26

4
22

·8
25

4
20

5
33

6
20

0
30

5
22

6
26

9
27

8
28

3
32

1
27

3
27

7
26

3
33

2
37

5±
31

B
a

10
8

15
1

19
8

11
9

14
8

49
2

26
5

10
6

90
·1

37
8

32
·2

35
·1

15
2

41
·3

12
0

54
·9

97
·4

88
·9

99
·0

93
·6

48
·7

75
·3

71
·5

13
3

12
2±

7
Z

r
21

1
37

4
55

5
19

1
27

2
13

55
67

2
21

9
19

1
63

8
94

·3
11

9
25

0
14

5
17

5
16

4
20

6
16

3
21

1
21

2
14

9
15

7
19

4
22

7
17

2±
5

H
f

5·
33

7·
05

9·
34

4·
57

5·
44

29
·3

14
·0

5·
19

5·
25

21
·8

2·
23

2·
65

5·
56

3·
77

3·
88

4·
09

4·
87

4·
05

5·
09

5·
23

3·
79

3·
99

4·
16

4·
86

4·
09
±

0·
42

N
b

25
·7

39
·6

48
·5

26
·9

37
·3

13
0

64
·1

27
·3

22
·4

94
·1

8·
00

9·
94

40
·7

14
·1

28
·6

13
·4

20
·4

19
·4

21
·9

22
·6

14
·7

17
·6

18
·1

36
·2

17
·2
±

1·
5

Ta
1·

73
2·

47
2·

92
1·

62
2·

34
7·

35
3·

89
1·

58
1·

57
6·

31
0·

54
0·

69
6·

99
0·

97
1·

88
0·

90
1·

32
1·

25
1·

40
1·

46
0·

98
1·

08
1·

21
1·

94
1·

04
±

0·
20

P
b

1·
08

1·
65

2·
15

1·
16

1·
38

5·
95

2·
85

1·
16

1·
09

6·
56

0·
44

0·
68

1·
44

0·
63

1·
21

0·
86

1·
09

1·
03

1·
24

1·
22

0·
78

0·
99

0·
98

1·
31

2·
00
±

0·
15

T
h

1·
69

3·
16

3·
95

1·
50

2·
90

15
·4

5·
60

1·
46

1·
80

11
·4

0·
42

0·
60

2·
37

0·
76

2·
32

0·
82

1·
39

1·
22

1·
43

1·
32

0·
82

0·
98

1·
29

1·
97

1·
02
±

0·
09

U
0·

47
0·

92
1·

27
0·

56
0·

85
3·

52
1·

90
0·

26
0·

24
3·

27
0·

18
0·

23
0·

77
0·

28
0·

70
0·

34
0·

52
0·

45
0·

53
0·

54
0·

50
0·

43
0·

48
0·

62
0·

42
±

0·
02

La
17

·7
28

·2
40

·5
21

·6
29

·4
71

·3
49

·6
17

·8
17

·6
82

·6
6·

18
7·

15
24

·9
9·

25
19

·3
11

·0
16

·1
13

·6
16

·4
16

·2
10

·4
12

·7
13

·6
21

·9
14

·4
±

0·
69

C
e

41
·6

73
·4

11
3·

3
45

·5
72

·6
16

3
12

7
42

·9
41

·5
18

1
16

·3
20

·5
55

·4
23

·3
47

·2
28

·1
39

·3
32

·7
40

·1
40

·4
26

·5
32

·0
37

·5
48

·8
36

·6
±

1·
6

P
r

5·
43

8·
85

13
·3

6·
09

8·
57

21
·4

15
·4

5·
77

5·
37

21
·2

2·
42

2·
83

7·
00

3·
32

5·
70

4·
14

5·
44

4·
48

5·
45

5·
62

3·
81

4·
51

4·
95

6·
29

5·
16
±

0·
28

N
d

25
·4

37
·6

57
·8

26
·8

35
·5

85
·5

64
·8

25
·8

24
·6

84
·8

11
·5

13
·3

29
·7

16
·6

23
·5

19
·5

24
·7

20
·2

24
·7

25
·7

18
·1

20
·3

22
·1

26
·5

23
·7
±

1·
29

S
m

6·
58

9·
21

14
·1

6·
34

8·
17

21
·6

15
·5

6·
72

6·
75

20
·9

3·
28

3·
77

7·
05

4·
58

5·
53

5·
54

6·
28

5·
26

6·
37

6·
71

5·
04

5·
30

5·
77

6·
28

6·
01
±

0·
45

E
u

2·
22

2·
85

4·
14

2·
13

2·
59

5·
85

4·
81

2·
28

2·
25

3·
19

1·
22

1·
36

2·
18

1·
64

1·
84

1·
91

2·
13

1·
82

2·
13

2·
24

1·
80

1·
78

1·
96

2·
07

1·
98
±

0·
07

G
d

7·
28

9·
97

15
·0

6·
73

8·
55

22
·0

16
·4

7·
27

7·
14

21
·1

3·
58

4·
38

7·
41

5·
26

5·
75

6·
23

6·
66

5·
56

6·
76

6·
88

5·
39

5·
50

6·
36

6·
64

6·
04
±

0·
30

T
b

1·
13

1·
51

2·
25

1·
01

1·
25

3·
93

2·
55

1·
14

1·
15

3·
66

0·
50

0·
70

1·
05

0·
84

0·
87

1·
04

1·
07

0·
89

1·
07

1·
05

0·
89

0·
87

0·
98

0·
95

0·
89
±

0·
07

D
y

6·
80

8·
82

13
·0

5·
92

7·
07

25
·5

14
·9

6·
71

7·
12

22
·8

3·
57

4·
24

6·
14

5·
15

4·
96

6·
33

6·
30

5·
37

6·
58

6·
17

5·
28

5·
16

5·
77

5·
69

5·
00
±

0·
40

H
o

1·
29

1·
64

2·
38

1·
16

1·
29

5·
30

2·
78

1·
29

1·
35

4·
57

0·
72

0·
79

1·
18

0·
95

0·
90

1·
29

1·
25

1·
05

1·
28

1·
56

1·
04

1·
02

1·
08

1·
09

0·
91
±

0·
07

E
r

3·
73

4·
94

7·
05

3·
21

3·
70

16
·9

8·
53

3·
55

3·
83

13
·5

2·
00

2·
36

3·
37

2·
70

2·
64

3·
71

3·
49

2·
91

3·
59

3·
19

2·
82

2·
82

3·
22

3·
06

2·
38
±

0·
13

T
m

0·
50

0·
65

0·
91

0·
42

0·
48

2·
80

1·
15

0·
49

0·
51

1·
88

0·
28

0·
31

0·
44

0·
35

0·
35

0·
51

0·
50

0·
39

0·
48

0·
42

0·
38

0·
38

0·
42

0·
41

0·
30
±

0·
02

Y
b

3·
21

4·
22

5·
90

2·
76

3·
13

21
·1

7·
73

3·
14

3·
13

12
·5

1·
69

1·
96

2·
98

2·
31

2·
23

3·
20

3·
05

2·
57

3·
18

2·
64

2·
42

2·
60

2·
73

2·
70

1·
92
±

0·
14

Lu
0·

47
0·

59
0·

81
0·

38
0·

43
3·

15
1·

07
0·

43
0·

48
1·

74
0·

25
0·

27
0·

41
0·

32
0·

31
0·

47
0·

45
0·

36
0·

45
0·

37
0·

34
0·

36
0·

38
0·

37
0·

26
±

0·
02

(L
a/

S
m

) N
1·

74
1·

98
1·

85
2·

20
2·

32
2·

13
2·

06
1·

71
1·

68
2·

55
1·

22
1·

22
2·

28
1·

30
2·

25
1·

28
1·

66
1·

67
1·

66
1·

56
1·

33
1·

55
1·

52
2·

25

798



HAASE et al. LAVAS FROM EASTER ISLAND

first change of the trends occurs at ~5% MgO, where
TiO2 and CaO, and to a lesser extent FeOT, begin to
decrease with falling MgO (Fig. 7). SiO2 and K2O increase
at MgO contents lower than 5%, whereas P2O5 rises
from 0·4% to 1% between 5 and 3% MgO before falling
sharply. The second strong change in trend appears to
take place at ~2% MgO, leading to a stronger decrease
of FeOT and a steeper increase in SiO2 and K2O. Lavas
from Pinzon Island in the Galapagos Archipelago (Baitis
& Lindstrom, 1980) and of Austurhorn volcano on Ice-
land (Furman et al., 1992) follow the same trends (Fig.
7). The plagioclase cumulates of 24DS deviate sig-
nificantly from the trend of the Easter Hotspot samples
(for instance, to much higher Al2O3 contents) whereas
the 24DS-2 glass is a relatively primitive sample in the
Volcanic Fields Group. The observed high Al2O3 values
of some Easter Island samples and samples from Pukao
seamount (35DS-1) are related to varying degrees of
plagioclase accumulation because they follow the vectors
of the 24DS samples (Fig. 7).

There is a good agreement between the enrichment
observed in the LREE and other incompatible elements
such as K or P, and the definition of three groups of
lavas appears valid (Fig. 7). The basalts from 25DS (Rano
Kau Ridge), 37DS (Pukao) and 43DS-2 have the highest
K2O contents of ~0·8–1·0%. However, the two Roiho
Group lavas from Easter Island (EI9207 and EI9209)
have lower K2O contents, which might indicate some K

Fig. 5. C1 chondrite-normalized REE diagrams (a) for samples from
loss owing to alteration. The rest of the basalts fromEaster Island and Rano Kau Ridge and (b) samples from Moai and

Pukao Seamounts as well as from the unnamed cone between the two Easter Island and most primitive lavas from the seamounts
seamounts. Chondrite from Sun & McDonough (1989). have slightly lower contents of K2O than the extreme

samples of 25DS and 37DS, whereas the lowest K2O
contents are found in the glass 24DS-2 and samples
43DS-1 and -3.

DISCUSSION
Crystal fractionation
Determination of crystallizing phases and least-squares
modelling

As we have shown above, a variety of rock types occurs
on Easter Island and the neighbouring seamounts. The
variation within each of the defined lava groups is at-
tributed to crystal fractionation or accumulation processes
at relatively shallow levels. Nielsen (1990) has shown that
the (La/Sm)N ratio is only slightly changed during crystal

Fig. 6. Plot of (La/Sm)N vs MgO for the Easter Hotspot lavas in fractionation of the common phases olivine, plagioclase
comparison with the enriched volcanic field tholeiites. Because of the and Fe–Ti oxides, whereas voluminous clinopyroxene
similarities of the relatively depleted lavas described in this paper to fractionation may lead to an increase of the ratio. Thus,the enriched tholeiites from the volcanic fields further to the west these

the variations in the incompatible element enrichmentsrock are called ‘Volcanic Fields Group’, whereas the other two groups
are more enriched. The three age dates are from O’Connor et al. in the basaltic magmas (the most primitive lavas in each
(1995), and may indicate a temporal evolution through three chemically suite have ~8% MgO) must have formed either by
distinct volcanic stages in the Easter Hotspot. Six analyses of Easter

different partial melting processes or from differences inIsland lavas are from Bonatti et al. (1977) and volcanic fields data are
from Haase & Devey (1996). the source compositions. These processes will be discussed
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Fig. 7. Major element diagrams for the lavas with an outline of the field for published analyses of Easter Island lavas from Baker et al. (1974)
and Clark & Dymond (1977). The light grey field shows the trend of the Austurhorn rocks from Iceland (Furman et al., 1992), and the dark
grey field the lavas from Pinzon Island in the Galapagos (Baitis & Lindstrom, 1980) is also included. The lines connect least-squares calculated

daughter liquids of the Main Group lavas.
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later after the role of fractional crystallization in the rhyolites suggests either less fractionation or the enhanced
petrogenesis of the evolved rocks has been investigated. fractionation of a phase high in SiO2. The modelling

Although not all magmas of the Easter Hotspot have indicates that the rhyolites require the fractionation of
formed from the same parental magma by crystal frac- large volumes of plagioclase and K-feldspar, which is
tionation, most samples fall on similar trends on the significantly less in the trachytes (Table 8). Comparable
major element variation diagrams. The relatively constant differences in the volumes of K-feldspar fractionation
trends of all elements between 9 and 5% MgO indicate and the important role of K-feldspar in the resulting
a fractionation assemblage of olivine, plagioclase and SiO2 contents of evolved lavas were suggested by Wilson
clinopyroxene, which are the only phenocrysts present et al. (1995).
in the more primitive lavas (Table 1a and b). The Figure 7 shows that volcanoes of the Galapagos and
generally constant trend of the Main Group lavas from Iceland hotspots follow similar fractionation trends to the
basalts to the trachyandesitic rocks with ~1% MgO Easter Island lavas. For instance, the change from Ti and
indicates a constant fractionation of the Al2O3-rich phase Fe enrichment with decreasing MgO to Fe–Ti depletion
plagioclase. The high Al2O3 in several Main Group occurs at ~5% MgO in all three magma series (Fig. 7).
basalts with 3–7% MgO probably implies some pla- The point of apatite saturation is reached in all three
gioclase accumulation, an abundant feature in the pub- cases at ~0·8% P2O5 and 3·0–3·5% MgO, which is also
lished Easter Island (and Pinzon) lavas which leads to comparable with another Galapagos volcano, Alcedo
the very high Al2O3 contents in Fig. 7. The crystal (Geist et al., 1995). These similarities suggest comparable
fractionation of the magmas of the Main Group was fractionation processes occurring in all three regions and
modelled using the GPP least-squares calculation pro- possibly in many other volcanoes generated close to a
gram of Geist et al. (1985). The fractionation was cal- spreading axis.
culated in four steps using a sample analysis at each In the Roiho Group the fractionation can be modelled
change of the trend as parent composition for the next with dominantly olivine, clinopyroxene and spinel frac-
step. The most mafic basalt, 36DS-3, with ~9% MgO, tionation whereas plagioclase is subdued (Table 8). The
was taken as the parental magma, but we used an average differences observed in the Volcanic Fields Group are
Na2O content of 2·95% of the 36DS lavas because 36DS- mainly due to plagioclase accumulation in lavas 35DS
3 has an extremely high Na2O content. The lines in Fig. and 24DS. Calculations suggest that ~5% olivine frac-
7 connect the calculated liquids, and the fit to the Main tionation and 17% plagioclase accumulation can change
Group trend is good, as are the squared residuals (Table the composition from the primitive glass 43DS-1gl to
8). We used analysed mineral compositions for the frac- sample 35DS-1a (Table 8). The abundance of plagioclase
tionating assemblage and change the compositions in cumulates among the rocks of this group and among the
each step. For instance, the first fractionation assemblage more evolved lavas on Easter Island is probably due to
consists of phases in the gabbroic xenoliths on Easter the low density contrasts between the melts and the
Island occurring in lava EI9203, the daughter analysis crystals, which inhibit the fractionation of plagioclase
of the first step. The good fit indicates that the cumulate (e.g. Kushiro, 1980). Similar plagioclase-rich rocks are
xenoliths probably formed from a primitive magma com- frequently observed in the Galapagos and on Iceland
parable with 36DS-3 giving rise to the relatively evolved (Cullen & McBirney, 1987; Macdonald et al., 1990; Geist
basalts of Easter Island. In basalts with >5% MgO olivine et al., 1995).
is more prominent than clinopyroxene but plagioclase is
the dominant fractionating phase in accordance with the

The formation of the trachytes and rhyolitesmodal abundances (Table 1). Following the first step (at
The trachytes and the rhyolites have high contents ofMgO <5%) clinopyroxene becomes more important than
incompatible elements such as K and La requiring ex-olivine in the fractionating assemblage, leading to the
tremely large amounts of fractionation (>85%). An al-strong CaO decrease (Fig. 7 and Table 8). However,
ternative explanation for the generation of Icelandicolivine fractionation continues through the whole range
rhyolites by remelting of amphibolite facies basaltic crustof magma compositions and in the most evolved lavas
was suggested, for example, by O’Nions & Grönvold(trachytes and rhyolites) fayalitic olivine crystallizes. The
(1973) and Oskarsson et al. (1982). This model is supportedfractionation of Fe–Ti oxides leads to the decreasing
by the very low d18O values of many Icelandic siliceousTiO2 and to a lesser degree FeOT. At ~3% MgO apatite
rocks (e.g. Condomines et al., 1983), which can be ex-joins the fractionation assemblage and changes the trends
plained most easily by melting or high degrees of as-for P2O5 and SiO2. In the lavas with <1% MgO the
similation of altered crust. However, we suggest that theAl2O3 contents change significantly; the rhyolites display
Easter Island rhyolites formed by crystal fractionationa decrease in Al2O3 whereas the trachytes have slightly
processes for several reasons. First, although basalts areincreased Al2O3 contents relative to the basalts. The

lower SiO2 content of the trachytes compared with the the most abundant rocks on Easter Island there is a
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Table 8: Results of the least-squares crystal fractionation calculations for the three groups of samples

found at the Easter Hotspot (see text for discussion)

SiO2 TiO2 Al2O3 FeOT MnO MgO CaO Na2O K2O P2O5

Main Group
36DS-3 48·44 2·42 15·41 10·75 0·17 9·04 9·77 3·12 0·56 0·31
−11·1% Ol 40·34 13·95 0·20 46·15 0·30
−5·0% Cpx 50·46 1·40 3·49 7·48 0·15 14·71 21·51 0·43
−15·8% Plag 51·81 29·77 0·60 0·14 13·98 3·92 0·14
Calc. 49·01 3·46 15·52 12·85 0·21 4·72 9·50 3·49 0·78 0·46
EI9203 48·83 3·40 15·67 13·07 0·20 4·77 9·68 3·35 0·61 0·41

RR2=0·195
EI9203 48·83 3·40 15·67 13·07 0·20 4·77 9·68 3·35 0·61 0·41
−6·4% Ol 35·51 37·62 0·59 26·34 0·33
−12·8% Cpx 50·07 1·39 2·47 13·14 0·31 12·35 19·70 0·49
−26·4% Plag 50·92 30·71 0·62 0·12 14·77 3·65 0·10
−1·4% Ti-mt 20·09 0·58 65·18 0·28
−3·5% Ilm 50·52 0·15 46·43 0·49 1·57 0·17
Calc. 54·21 2·24 14·74 12·41 0·21 2·88 6·58 4·72 1·17 0·84
EI9206 54·26 2·24 14·77 12·41 0·24 2·84 6·54 4·33 1·29 1·06

RR2=0·225
EI9206 54·26 2·24 14·77 12·41 0·24 2·84 6·54 4·33 1·29 1·06
−7·0% Ol 35·51 37·62 0·59 26·34 0·33
−1·8% Cpx 50·18 1·38 1·70 17·62 0·39 9·58 18·91 0·54
−11·4% Plag 50·92 30·71 0·62 0·12 14·77 3·65 0·10
−2·7% Ilm 50·52 0·15 46·43 0·49 1·57 0·17
−1·8% Ap 1·40 54·00 42·30
Calculated 59·97 1·10 14·97 10·75 0·24 1·01 4·67 5·19 1·71 0·38
EI9214 59·78 1·20 14·89 10·59 0·26 1·16 4·65 5·27 1·81 0·39

RR2=0·113
−6·4% Ol 29·73 65·89 2·46 0·44 0·63
−11·3% Cpx 49·44 1·99 2·36 15·61 0·32 19·97 0·21
−11·3% Plag 52·48 29·25 0·71 0·13 13·59 4·20 0·16
−45·6% K-fsp 67·89 21·29 0·18 0·00 2·00 7·74 1·83
−3·9% Ti-mt 0·51 20·69 0·58 65·18 0·28
−0·9% Ap 1·40 54·00 42·30
Calculated 71·25 0·22 12·68 5·62 0·22 –0·04 0·64 5·76 3·73 –0·03
EI9219 71·27 0·20 12·71 5·63 0·07 0·00 0·61 5·71 3·79 0·01

RR2=0·038
EI9214 59·78 1·20 14·89 10·59 0·26 1·16 4·65 5·27 1·81 0·39
−5·3% Ol 29·73 65·89 2·46 0·44 0·63
−13·5% Cpx 50·18 1·38 1·70 17·62 0·39 9·58 18·91 0·54
−3·5% Plag 52·48 29·25 0·71 0·13 13·59 4·20 0·16
−34·7% K-fsp 67·89 21·29 0·18 0·00 2·00 7·74 1·83
−3·7% Ti-mt 0·51 20·69 0·58 65·18 0·28
−1·0% Ap 1·40 54·00 42·30
Calculated 67·18 0·41 16·34 4·73 0·18 –0·43 0·88 6·19 3·64 –0·12
EI9210 67·67 0·34 16·38 4·71 0·12 0·08 0·70 6·00 3·96 0·10

RR2=0·800
Roiho Group
43DS-2 48·28 2·58 16·25 10·46 0·17 7·97 10·08 3·08 0·77 0·36
−3·1% Ol 40·34 13·95 0·20 46·15 0·30
−4·3% Cpx 50·46 1·40 3·49 7·48 0·15 14·71 21·51 0·43
−1·7% Plag 51·81 29·77 0·60 0·14 13·98 3·92 0·14
−4·1% Cr-sp 3·22 20·69 30·82 0·22 11·53
Calculated 49·23 2·80 16·55 10·27 0·18 6·45 9·88 3·34 0·89 0·42
37DS-1gl 49·30 2·70 16·56 10·30 0·17 6·45 9·88 3·34 0·89 0·42

RR2=0·018
Volc. Fields Group
43DS-1 49·61 2·67 14·59 11·50 0·17 7·91 10·27 2·68 0·32 0·26
−4·9% Ol 40·34 13·95 0·20 46·15 0·30
+16·7% Plag 51·81 29·77 0·60 0·14 13·98 3·92 0·14
Calculated 50·34 2·39 17·50 9·76 0·14 5·07 11·26 2·99 0·31 0·23
35DS-1a 50·22 2·63 17·26 9·48 0·14 5·08 11·37 3·19 0·34 0·27

RR2=0·263
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continuous differentiation trend of more evolved lavas
towards the trachytes and rhyolites (Figs 4 and 7). The
most evolved rocks probably formed from a Main Group
parent because this group is most abundant on Easter
Island and apparently forms the parental magmas for
the intermediate rocks. This is confirmed by the good
results of the least-squares (sum R 2

p1, Table 8) major
element modelling of the Easter Island rhyolites and
trachytes. Second, the rhyolites and trachytes are the
products of Rano Kau and Pukao volcanoes, which
consist only of lavas from the Main Group. Third, Taylor
(1968) has shown that some Easter Island rhyolites have
d18O values of ~6‰ SMOW (Standard Mean Ocean
Water), which could be explained by strong fractionation
(>90%) of a basalt with an initial d18O of ~5·5‰ SMOW
(Taylor & Sheppard, 1986). Finally, the Sr and Nd
isotopic composition of rhyolite EI9219 (0·702993±9
and 0·512988±9, respectively) is similar to that of the
Main Group basalts of Easter Island (Haase et al., 1996;
Fig. 8a). Oceanic crust is hydrothermally altered by
seawater shortly after its generation at the spreading axis
and has high 87Sr/86Sr (Hart & Staudigel, 1989). The
87Sr/86Sr values of the unleached samples from Easter
Island are higher for a given Nd isotope ratio than are
the analyses of the leached lavas (Fig. 8a), thus indicating
that even the very young lavas (<0·5 Ma) are seawater
contaminated. A melt from such an altered crust would
inherit the higher Sr and lower O isotopic ratio, which
is not observed in the rhyolite. Although the Easter
Hotspot is underlain by oceanic crust with an enriched

Fig. 8. (a) Strontium vs Nd isotope compositions with error bars ofcomposition (Hanan & Schilling, 1989; Haase et al., the Easter Hotspot lavas compared with fields for the Volcanic Fields
1996), the composition of this crust is less radiogenic in lavas and East Pacific Rise and Microplate MORB. Also shown is the

field for published Easter Island data, which are slightly removed toSr and more radiogenic in Nd than the rhyolite and the
higher 87Sr/86Sr possibly as a result of seawater alteration, as many oftrachyte. Thus, any magma formed from this unaltered
these samples were not leached. (b) (La/Sm)N vs 143Nd/144Nd for the

oceanic crust should have the isotopic composition of three groups indicating some compositional overlap between the groups.
Data are from White & Hofmann (1982), Macdougall & LugmairMORB, which is also not observed.
(1986), White et al. (1987), Cheng (1989), Bach et al. (1994), MahoneyThe modelling of the fractionation assemblage leading

et al. (1994), Haase (1995) and Haase et al. (1996).to the rhyolites and trachytes suggests a total crys-
tallization of 74% and 62%, respectively, of the phases
plagioclase, K-feldspar, fayalite, clinopyroxene, Ti-mag- K-feldspar fractionation required to generate the rhyo-
netite and apatite to generate a rhyolite from a tra- lites. This difference can also be observed in trace ele-
chyandesite with ~1·1% MgO, which is comparable with ments such as Eu and Sr, because Eu shows a strong
the fractionation models of the Austurhorn volcano on negative anomaly in the rhyolites compared with the
Iceland (Furman et al., 1992). Because we infer that both trachytes (Fig. 5). Whereas the Eu/Eu∗ value is relatively
trachytes and rhyolites formed from a parent magma of constant in the basaltic lavas and the trachytes from
the Main Group, their evolution to different compositions Easter Island, the rhyolites have low Al2O3, Eu/Eu∗ and
must have occurred rather late in the fractionation pro- Sr (Fig. 9). The basalts and the rhyolites lie within the
cess. The modelling results for the trachyte are improved Austurhorn trend in Fig. 9, suggesting similar frac-
if the parent trachyandesite with 1·1% MgO has a higher tionation assemblages. The higher Al2O3 and Sr contents
K2O content than for the parent of the rhyolite (Fig. 7 of the trachyte EI9210 than the rhyolite EI9219 (Fig. 9)
and Table 8). The trachyandesitic rocks on Easter Island are due to stronger feldspar fractionation in the pe-
show a large variation in K2O and thus a relatively K-rich trogenesis of the rhyolites (clinopyroxene/feldspar ratio
parent for the trachytes is plausible. Most importantly, ~0·20), whereas clinopyroxene crystallization is more
the least-squares calculations have shown that the main important during the generation of the trachytes (clino-

pyroxene/feldspar ratio ~0·35, Table 8). Although moredifference is the much larger volume of plagioclase and
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clinopyroxene fractionates to form the trachytes, the Sc
contents of the trachytes are only slightly lower than
those of the rhyolites (Table 7). The trachyte also does
not show the enrichment of the LREE relative to the
MREE suggested by Nielsen (1990) and Geist et al. (1995)
for extensive clinopyroxene fractionation, whereas the
rhyolite has elevated (La/Sm)N (Fig. 6). The determination
of the distribution coefficients of Ba and Rb in plagioclase
has shown D Ba/Rb>1 (Philpotts & Schnetzler, 1970; Hart
& Brooks, 1974) and thus Ba/Rb should be significantly
fractionated in the rhyolites, which is indeed the case
(~6 compared with Ba/Rb of 10–15 for basalt glasses).
The different volumes of plagioclase and K-feldspar in
the fractionation assemblages may be due to either higher
pressures of fractionation or an increased water content
in the trachytic magmas, both of which inhibit feldspar
crystallization (Yoder & Tilley, 1962; Holloway & Burn-
ham, 1972; Presnall et al., 1979). A higher water content
in the trachytes than in the rhyolites is supported by the
presence of amphibole in the former. However, a higher
pressure fractionation origin of the trachyte magmas
cannot be ruled out.

Inferences on the depths of fractionation

Whereas the submarine lavas are comparatively mafic,
with MgO >5%, the volcanics from Easter Island span
a large range in compositions from basalts to trachytes
and rhyolites, most lavas having MgO contents between

Fig. 9. (a) Al2O3 vs Sr contents for the Easter Hotspot lavas and (b)
5 and 3% MgO (Baker et al., 1974). Such an abundance Eu/Eu∗ vs Sr [Eu∗ calculated as (SmN+GdN)/2×0·058], showing that

the Easter basalts and the rhyolites lie within the field of the Austurhornof evolved lavas occurs frequently on islands on relatively
rock suite on Iceland. Published data are from Baker et al. (1974),young oceanic crust (3–15 Ma) such as Bouvet (Imsland

Cheng (1989) and Austurhorn from Furman et al. (1992).
et al., 1977), Pitcairn (Woodhead & McCulloch, 1989) or
Ascension (Harris, 1983), but is also observed in the
alkaline lavas of Hawaiian volcanoes in the late shield rise through a shallow compensation level of buoyancy
and in the post-shield stages (e.g. Spengler & Garcia, (e.g. Sinton & Detrick, 1992). Submarine Hawaiian lavas
1988). The abundance of the evolved lavas may be also appear to be more mafic than the subaerial rocks
related to a waning magma supply rate or due to the even during the shield stage of the volcano when the
effect of elevation of the islands, which prevents the magma supply rate is high (Clague et al., 1991). Easter
ascent of mafic magmas to the surface. The most evolved Island is only ~1000 m higher than the seamounts, but
rocks on Easter Island occur at the end of magmatic it appears that this small difference in elevation results
activity of each volcano, which is comparable with both in more extreme fractionation. This would imply a very
Hawaii (Spengler & Garcia, 1988; Frey et al., 1990) shallow level magma reservoir (perhaps in the uppermost
and the Galapagos Archipelago (Geist et al., 1995). The 2 km) in which a large part of the fractionation occurs
formation of these more evolved magmas is probably due and where the evolved basalts and the trachybasalts of
to the decreasing magma supply, which allows extensive Easter Island form. However, crystallization must start
fractionation without replenishment by mafic magmas. at deeper levels, as is indicated by the presence of large
However, even the relatively young Terevaka volcano pheno- and xenocrysts in the submarine lavas. Ryan
consists mainly of relatively evolved basalts (average (1993) suggested that the location of a horizon of neutral
4·58±1·61% MgO; n=37; Baker et al., 1974; Cheng, buoyancy controls the position of magma chambers,
1989; this work), which are significantly less mafic than which he estimated to lie between 1 and 3 km for picritic
the submarine seamount lavas (average 7·47±1·19% and tholeiitic magmas in 3–5-Ma-old crust. In the area
MgO; n=29). Thus, the higher elevation of the subaerial of Easter Island, the crust has an age of ~4 Ma but
volcanoes relative to the submarine may inhibit the ascent the crust is probably thickened owing to the intraplate

magmatism and the hotspot influence on the ridgeof large volumes of mafic magmas because they have to
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(Woods & Okal, 1994). Because plagioclase appears to highly variable (La/Sm)N were generated from one source
follow olivine on the liquidus of the submarine basalts containing similar amounts of enriched plume and de-
(e.g. 35DS and 36DS samples) the crystallization probably pleted MORB end-member material. In the following,
occurs at levels shallower than 0·7 GPa (Presnall et al., we will present a model for the partial melting process.
1979; Grove et al., 1992), implying a magma reservoir Most of the Easter Hotspot lavas have MgO contents
at <20 km depth. Magmas may fractionate in this res- which are too low, and olivine phenocrysts which are
ervoir until they reach an mg-number between 65 and too fayalitic (Fo <85%) for them to be primitive mantle
55 (the density minimum for tholeiitic liquids; Stolper & melts (Fig. 3). However, in each of the groups one of the
Walker, 1980), after which they ascend and erupt. The most mafic samples (MgO 7·8–8·7%) was selected for
submarine basalts have mg-numbers in this range, whereas the modelling of the melting history (43DS-1gl, 27DS-
the subaerial lavas generally have mg-numbers <50, in- 2gl and 43DS-2 for the Volcanic Fields, Main Group
dicating that they may have another, shallower com- and Roiho Group, respectively). None of the selected
pensation and stagnation level as discussed above. The samples contains clinopyroxene phenocrysts and only
decrease of melt production in the mantle beneath the small amounts of plagioclase were observed so that we
volcano as the plate transports it away from the plume assume that the samples did not fractionate significant
centre probably also leads to a stagnation of ascending amounts of this phase. The MgO content of the primary
melts at shallow levels (e.g. Frey et al., 1990). magmas is unknown and no extremely forsteritic olivines

were found (Fig. 3), which might indicate a possible
primary magma in equilibrium with mantle olivine
(>Fo88, Frey et al., 1978). Thus we added olivine ofA model for the partial melting of the
composition Fo87 to the three selected samples, givingmantle source of the magmas
contents of ~12% MgO for 10% and ~15·5% MgO for
20% of added olivine in the magma. The MgO contents

Constraints on primary magmas and mantle sources of these calculated liquids equal mg-numbers of 67·7–71·0
and 73·2–75·1, respectively, which would be in equi-Most of the differences in incompatible element contents
librium with mantle olivine Fo89–91 assuming a K d

Ol–Liq ofand (La/Sm)N ratios between the three groups of lavas
0·3 (Roeder & Emslie, 1970) and FeO=FeOT×0·86.of the Easter Hotspot probably arose either during partial
The three selected lavas have comparable Nd isotopicmelting processes in the mantle or are due to the gen-

eration of the magmas from mantle sources of different compositions but their Sr isotope compositions differ,
compositions. In Fig. 8a we show a plot of 143Nd/144Nd suggesting a heterogeneous source. However, as we have
vs 87Sr/86Sr isotopes of the Easter Hotspot lavas. Most discussed above, the variable (La/Sm)N ratios could be
have higher 87Sr/86Sr and lower 143Nd/144Nd isotope the result of the partial melting processes rather than
ratios than MORB from the East Pacific Rise and the different source compositions. In an approach to deter-
Easter Microplate. With the exception of two Volcanic mine the degree of melting of the source of the Easter
Fields Group lavas and two Main Group lavas the Hotspot magmas, we will discuss the major element
Easter Hotspot samples are isotopically distinct from the compositions and compare them with results of recent
enriched tholeiites from the Ahu and Umu volcanic fields experiments.
closer to the spreading axis (Fig. 8a). The variation in
the Sr–Nd isotope compositions can be explained by

The degree of partial melting inferred from the major elementmixing of material from an enriched plume and a depleted
chemistry of the magmasMORB source (Haase et al., 1996). The same can be
Experimental petrology generally suggests that alkali bas-observed in Fig. 8b,where most lavas from Easter Island
alts comparable in composition with the Roiho Groupand the seamounts plot outside the fields of MORB and
lavas form by an average degree of partial melting ofthe enriched Ahu and Umu Volcanic Fields tholeiites
3–10% whereas tholeiites like 43DS-1 are probably duebut there is an overlap. The most enriched lavas (the
to higher degrees of melting at >8% ( Jaques & Green,Roiho group) have the highest (La/Sm)N and lowest
1980; Takahashi & Kushiro, 1983). On the basis of an143Nd/144Nd but there are several Main Group and
REE melting model, Haase & Devey (1996) have shownVolcanic Fields Group samples with low 143Nd/144Nd and
that the Ahu Volcanic Field tholeiites formed by 8–10%high (La/Sm)N (Fig. 8b). The different Sr–Nd isotope
partial melting at higher average pressures than that atcompositions of the samples imply time-integrated vari-
which MORB on the neighbouring spreading axis isations of the Sm/Nd and Rb/Sr in their sources. How-
generated. The lavas of Easter Island and the seamountsever, the occurrence of lavas with similar isotopic
erupted on older lithosphere than the Volcanic Fieldssignatures but very different (La/Sm)N suggests a recent
magmas, and, according to the model of Haase & Deveyfractionation of the incompatible elements owing to par-

tial melting. Thus, it appears that several magmas with (1996), formed at higher pressures and lower degrees of
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melting because their melting column was shorter because results are within the range suggested by Haase & Devey
of the thicker lithosphere. Here we will test this model (1996), and because of the close agreement of the two
further using recently published experiments on the par- experimental data sets we prefer them to the Hirose &
tial melting of mantle peridotite in which the degrees of Kushiro (1993) curve, which gives higher degrees of
melting were determined (Hirose & Kushiro, 1993; Baker melting between 11 and 16%. We believe that our
& Stolper, 1994; Kushiro, 1996). On the basis of these approach gives relatively robust results, although melting
experiments we chose Na2O and the ratio of CaO/Al2O3 probably is dynamic and the erupting magma is a mixture
to determine the degree of melting because these two of melts from a large melting column. In particular, the
parameters should reflect mainly the amount of clino- incompatible element Na might be influenced by small-
pyroxene dissolved in the melt. Although there is a degree melts from deep in the column. However, the
pressure dependence because of the changing com- actual degrees of melting we obtain for a given com-
patibility of Na in clinopyroxene (Blundy et al., 1995) position are comparable with those of dynamic melting
and of Al in the Al phases present, the trends in Fig. 10a models similar to that of Langmuir et al. (1992).
and b suggest that the pressure influence is of minor
importance relative to the degree of melting. The ex-

The degree of melting based on rare earth elementsperiments are limited to degrees of melting >2%, owing
The REE contents of the lavas reflect the degree ofto the techniques used. All experiments agree that Na2O
partial melting, but also depend on the source com-decreases whereas the CaO/Al2O3 value increases with
position. Using a depleted MORB source for the Easterincreasing degree of partial melting. To compare the
Hotspot magmas would imply very low degrees of partialtrends of each experimental study with our possible
melting to account for the strong LREE enrichment inprimary magmas, logarithmic least-squares curves were
many Easter Hotspot lavas, which we believe to befitted to the experimental results. Variations in the curves
unlikely for two reasons: (1) the Sr–Nd isotope dataare probably due to the different compositions of the
suggest that the mantle source is more enriched than thesource peridotites used in the different studies. Two Na2O
MORB source (Fig. 8a, Macdougall & Lugmair, 1986;values at low degrees of melting from the Hirose &
Haase et al., 1996); (2) according to currently availableKushiro (1993) experiments were omitted because these
experimental data, the major elements indicate relativelyvalues were apparently too high compared with those for
large degrees of melting (Fig. 10). Nevertheless, the Ndhigher degrees of melting and the other two experimental
isotope composition of the Easter Hotspot lavas impliesstudies. Using the curves calculated in Fig. 10a and 10b
a time-integrated Nd/Sm depletion compared with Bulkwe construct a melting ‘grid’ for the two parameters in
Earth. The fractionation of the HREE observed in theFig. 10c and plot the three selected most primitive mafic
lavas indicates the presence of residual garnet in thelavas as well as their compositions with added olivine.
mantle (e.g. Kay et al., 1970). Figure 11a shows a modelThe source compositions used in the experiments range
for REE in which the mantle begins to melt at depthsfrom slightly depleted peridotites (KLB-1 and PHN) to
where garnet peridotite is stable and the main meltingprimitive mantle (PRIMA), and thus probably cover the
takes place in the spinel peridotite stability field. In thesource composition range of the Easter Hotspot magmas
model, melts from 1% melting steps are accumulatedas there is no evidence for a strongly enriched source
and the composition of the mantle is recalculated afternor a very depleted one. The slopes of the curves cal-
each step with respect to residual minerals and elementculated for the Baker & Stolper (1994) and the Kushiro
concentrations. A slightly LREE-enriched plume source(1996) experiments agree but show that Na2O may de-
was assumed that is capable of producing both thepend strongly on the composition of the peridotite source.
observed variation of the LREE in the mafic magmas asThe curve from the experiments of Hirose & Kushiro
well as the Sr–Nd isotopic compositions observed (Haase(1993) is slightly flatter than the other two. As we pointed
& Goldstein, in preparation). The composition of theout above, none of the primitive Easter Hotspot magmas
mafic magmas with 10% added olivine is shown becausecontains clinopyroxene phenocrysts, which could change
the primary Easter Hotspot magmas probably had MgOthe CaO/Al2O3 ratio significantly. With the addition of
contents not higher than 12%, resulting in mg-numbers10% olivine (i.e. assumed primary magmas with ~12%
of 68–71, i.e. approximately the range of primary magmasMgO), the three selected magmas lie on the curve of
(e.g. Frey et al., 1978). The modelled REE fit the patternsthe Baker & Stolper (1994) experiments. Although the
of the three assumed primary magmas and the increasinguncertainties are large, as a result of the unknown source
degrees of melting from the Roiho to the Volcanic Fieldscompositions, compositions of the true primary magmas
Group are qualitatively in accordance with the majorand pressures of melting, the Baker & Stolper (1994) and
element model. However, the quantitative results of thethe Kushiro (1996) experiments both suggest degrees of
REE model are lower than those of the major elementmelting between ~8% for the Roiho Group magma and

10 or 12% for the Volcanic Fields Group lava. These models for the most enriched basalt, which is modelled
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that the source of the more depleted magmas contains
considerably more MORB mantle (~60%, Haase et al.,
1996) than the ‘pure’ inferred plume source, leading to
a decrease of the degree of melting. This is shown in
Fig. 11b, where the enriched source is mixed with 60%
MORB mantle and an 8% melt from this source accounts
for the REE composition of the enriched Volcanic Fields
tholeiite group. The most enriched magma could have
formed from ~3% melting from such a source (Fig. 11b)
but our preferred model is that these magmas are derived
from a more enriched source resembling the one shown
in Fig. 11a. Further experimental data for low-degree
partial melts are required to provide insights into the
possible decoupling of elements owing to different com-
patibility to the mantle source. The high concentrations
of the incompatible elements in the most enriched
magmas may be due to the sampling of a larger volume
of source mantle by incompatible element enriched small-
degree melts which then mix with large-degree melts
(Galer & O’Nions, 1986). Three-dimensional REE melt-
ing models for Hawaii gave higher concentrations for
larger degrees of melting because of larger contributions
from low-degree melts (Eggins, 1992). However, to ex-
plain the whole range of observed Hawaiian magmas an
enriched source was required (Eggins, 1992), and fluid
dynamic studies suggest that small-degree melts from the
plume margin do not flow towards the plume centre
(Ribe & Smooke, 1987). Nevertheless, our major element
and REE models for the Easter Hotspot data indicate
that the degree of partial melting decreases significantly
from the tholeiites to the alkaline lavas and that the
alkaline magmas are probably dominated by melts formed
at greater pressures and from more enriched sources.
This suggests that the melting processes in the Easter
Hotspot are highly variable although the total life span
of the volcanoes appears to be very short (<1 Ma).

The chemical evolution of the Easter
Hotspot
A temporal chemical evolution of volcanoes has been
observed on oceanic islands such as Hawaii (Clague &

Fig. 10. (a) Na2O contents of experimentally derived partial melts of
peridotite plotted vs degree of partial melting. The melts are from two
slightly depleted peridotites (KLB-1 and PHN1611) and one with the
inferred composition of primitive mantle (PRIMA) (Hirose & Kushiro,
1993; Baker & Stolper, 1994; Kushiro, 1996). The curves are least-
squares fits to the experimental data and the equations of each curve
are given. (b) Similar plot to (a) for CaO/Al2O3. (c) CaO/Al2O3 vs
Na2O for three mafic Easter Hotspot lavas representing the three
groups. These lavas do not show signs of clinopyroxene fractionation.by ~5% melting compared with ~8% in the major
The effect of addition of 10% and 20% olivine with Fo87 is shown byelement model (Fig. 11a). On the other hand, the more
the symbols at lower Na2O. Also shown are lines of variable degrees

depleted magmas give consistent degrees of melting of of partial melting (indicated by tick marks with numbers in per cent)
derived from the curves and the experiments in (a) and (b).~10% in both models. The Sr–Nd isotope data suggest
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the East Rift. The ages (O’Connor et al., 1995) of three
samples from Easter Island and the seamounts (situated
on 3–4 Ma old crust) support this model, as the Volcanic
Fields lava from Pukao Seamount (35DS-1a) is the oldest
whereas the Roiho Group lava gives the youngest age
(Fig. 6). Assuming a spreading rate of ~100 km/Ma
(Naar & Hey, 1991) this lava would have formed in the
region of the present Ahu and Umu Volcanic Fields (Fig.
1a). The more enriched Main Group lavas of the island
and the seamounts formed within 0·7 Ma on crust of the
age of that underlying Pukao Seamount at present (Fig.
1a). Tholeiitic rocks were recovered at greater water
depths and they appear to be restricted to depths >1000
m. The two more enriched lava groups were found over
the whole depth range, possibly suggesting that the more
enriched lavas form cappings on the older edifices but
also form small cones scattered on the seafloor or on the
flanks of larger edifices. By analogy to the Hawaiian and
off-axis East Pacific Rise volcanoes (e.g. Seamount 6,
Batiza & Vanko, 1984), we suggest that a relatively
incompatible element depleted tholeiitic phase, which is
now observed, for example, on the Ahu Volcanic Field,
forms above the plume in proximity to the spreading
axis. The volcano drifts away from the plume region

Fig. 11. (a) C1 chondrite-normalized REE diagram showing the three closest to the spreading axis and when the lithosphere
assumed parent magmas of each lava group (43DS-2, 43DS-1gl and underneath the volcano reaches an age of ~3 Ma as at
27DS-2gl) with 10% olivine added. Different curves for modelled present at Pukao Seamount, more alkaline lavas form.accumulated Rayleigh melts are shown with the numbers indicating

Similarly, Batiza & Vanko (1984) observed that off-axisthe degrees of melting. The melts are products of accumulated melting
in 1% steps, the first 3% occurring in the garnet peridotite field after seamount lavas erupting on crust younger than 3 Ma
which melting takes place in the spinel peridotite stability field. We are generally uniformly depleted whereas lavas on older
used the compilation of distribution coefficients by Kelemen et al. (1993)

crust are more variable and often alkaline. Thus we willand the modal mineralogy in the garnet stability fields D (60% ol +
20% opx+ 14% cpx+ 6% gar) and P (55% cpx+ 40% gar+ 1% compare the chemical variation observed at known multi-
ol + 4% opx). In the spinel stability field D changes to 61·2% ol + stage volcanoes with the situation at the Easter Hotspot.
20·3% opx + 13·5% cpx + 2·5% sp and P to 75% cpx + 15% sp Figure 12 shows a plot of Nb/Zr vs (La/Sm)N for the+ 2% ol + 8% opx. The chondrite normalizing compositions are

Easter Hotspot lavas compared with submarine andtaken from Sun & McDonough (1989) and the depleted MORB source
was calculated by dividing the average of Hofmann (1988) by the factor subaerial volcanics from Mauna Kea on Hawaii. Whereas
ten. (b) Same as (a) but calculated for a mixed source containing 40% the enriched tholeiites from the volcanic fields, the sea-

enriched plume and 60% MORB source material.
mounts and Rano Kau Ridge resemble the shield thole-
iites of Mauna Kea, the more alkaline Main Group and
the Roiho Group basalts fall into two distinct groups,Dalrymple, 1987) and also for near-ridge seamounts
lying on and to the enriched end of the field for the(Batiza & Vanko, 1984) where the major shield-building
Mauna Kea postshield alkali basalts. Recent drillingstages are tholeiitic and late low-volume stages are
studies on Mauna Kea found flow-to-flow variationsalkaline. Thus, it might be expected that the com-
implying complex variations in the partial melting pro-positional variations between the lava suites of the Easter
cesses (e.g. Yang et al., 1996). However, these short-termHotspot are also time dependent. Relatively incompatible
variations, for instance, within the tholeiitic part of theelement depleted lavas comparable with those of the
section are small (Nb/Zr 0·07–0·1, Yang et al., 1996)young volcanic fields on ~2 Ma old crust (Fig. 1) occur
compared with the long-term variations observed inon the submarine pedestal of Easter Island (Rano Kau
Hawaii and the Easter Hotspot (Fig. 12a). Although theRidge, 24DS) and on the seamounts. Their restriction
flow-to-flow variations suggest short-term changes in theto the submarine part of the volcanoes possibly suggests
degree of partial melting in plumes they do not change thethat the early submarine stage of volcanism at the Easter
long-term pattern of volcano evolution through differentHotspot formed by larger degrees of melting and was
magmatic stages. The Easter Hotspot lavas do not showmore strongly influenced by MORB source material
the significant isotopic differences between the stages(Haase & Devey, 1996; Haase et al., 1996), owing to the

position of the volcanoes closer to the spreading axis of that occur in the Hawaii and East Pacific Rise off-axis
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Seamount 6 basalts (e.g. Zindler et al., 1984; Chen &
Frey, 1985; Frey et al., 1990). On the other hand, as in
the Seamount 6 case, the most incompatible element
enriched lavas from the Easter Hotspot have the highest
87Sr/86Sr whereas the enriched Volcanic Fields tholeiites
and comparable lavas from the seamounts generally have
lower 87Sr/86Sr ratios (Fig. 8). The overlap in the isotopic
compositions between incompatible enriched and de-
pleted lavas probably implies variable mixing between
the MORB source and the plume end-members as well
as variable degrees of melting. In Fig. 12b we compare
the relative enrichment in incompatible element ratios
Ta/Hf vs (La/Sm)N in lavas from the Easter Hotspot
and the off-ridge Seamount 6. Batiza (1980) suggested a
transition from the eruption of MORB-like tholeiites
to alkali basalts with time for non-plume near-ridge
seamounts in response to increasing lithospheric age.
The lavas from the well-studied Seamount 6 form three
groups, two of which are tholeiitic and consist of MORB-
like depleted tholeiites trending to enriched tholeiites
(Fig. 12b). Alkaline basalts form late-stage cappings on
Seamount 6 and have relatively low MgO contents like
the relatively alkaline Easter Hotspot lavas but are more
enriched in incompatible elements. The enriched Vol-
canic Fields tholeiite group from the Easter Hotspot
show a similar incompatible element enrichment to the
tholeiites from the Mauna Kea shield phase and Sea-
mount 6. This similar variation of the Easter Hotspot
lavas supports our suggestion that the volcanism develops
through an early tholeiitic submarine stage followed by
the more alkaline volcanism capping the seamounts and Fig. 12. (a) A comparison of Nb/Zr vs (La/Sm)N of the Easter Hotspot

lavas with the two submarine and subaerial stages observed at MaunaEaster Island. Whereas Seamount 6 shows the com-
Kea, Hawaii; (b) a comparison of Ta/Hf vs (La/Sm)N for the Easterpositional transition on one volcano over <5 Ma, we
lavas with the three stages observed at Seamount 6 at 20°N near the

may observe this transition contemporaneously in the East Pacific Rise. Also included are fields for enriched tholeiites from
volcanoes of the Easter Hotspot resting on lithosphere the young volcanic fields 150 km west of Easter Island from Haase &

Devey (1996) and Fretzdorff et al. (1996). Data are from Batiza &of various ages.
Vanko (1984), Frey et al. (1990) and Yang et al. (1994).Clearly, more age data on the Easter Hotspot volcanism

are required to confirm the evolution of this near-ridge
hotspot. Also, the seamounts east of Easter Island along CONCLUSIONS
the Sala y Gomez Ridge have to be sampled in more Lavas from Easter Island and the two neighbouring
detail to investigate whether they evolved through several seamounts Moai and Pukao can be grouped into three
chemically distinct stages. Most of the data available at lava series based on their (La/Sm)N ratios. The samples
present suggest that only alkaline lavas were sampled with (La/Sm)N of ~1·2 are tholeiitic and comparable
with (La/Sm)N of 1·7–2·7 (Bonatti et al., 1977). However, with the most abundant lavas found on the young volcanic
a Nd isotope ratio of 0·51302 for the altered basalt fields 150 km west of Easter Island. The other two groups
GS7202-96 (Cheng, 1989) falls into the range of the are transitional to alkaline, one having an intermediate
tholeiitic stage of the Easter Hotspot volcanism (Fig. 8a), enrichment of (La/Sm)N 1·5–2 whereas several basalts
possibly implying the occurrence of more depleted rocks are even more enriched [(La/Sm)N ~2·3]. Within each
along the plume track. Unfortunately, further chemical of the three lava groups the members are probably related
data for this sample are not available. Given the scarcity by crystal fractionation but only the Main Group of
of data and the shallow recovery of the samples from transitional tholeiites shows extensive fractionation, ran-
the Sala y Gomez Ridge (except one all are <2000 m; ging from basalts to rhyolite and trachyte on Easter
Bonatti et al., 1977) it appears likely that only the alkaline Island. This suggests that a shallow magma chamber

formed underneath Easter Island but not underneath thecapping volcanics were sampled.
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Fig. 13. Schematic model for the petrogenetic evolution of the Easter Hotspot magmas. The isotherms were calculated according to Parsons
& Sclater (1977) and the broken line is for the case of the plume warming the asthenosphere to 1400°C, i.e. thinning the lithosphere. (See the

text for discussion.)

submarine volcanoes because the lavas recovered there greater amount of the more enriched plume component.
The decreasing magma supply to the large volcanicare only slightly fractionated. The presence of large

phenocrysts and xenocrysts in many submarine lavas edifices leads to the solidification of a shallow magma
chamber in which strongly evolved magmas can form.implies the stagnation of the ascending magmas in larger

reservoirs possibly at lower-crustal levels. From the avail- These eventually rise to form late eruptive centres and
late-stage plugs in the large volcanoes (Fig. 13). De-able ages and the depth range over which the lavas occur

we suggest two or three stages of magmatism occurring pending on the volume and composition of fractionating
phases, the evolved magmas may consist of either rhyolitesat the Easter Hotspot. The possible evolution of this

near-ridge hotspot is shown schematically in Fig. 13. An (Rano Kau) or trachytes (Poike). The rhyolites frac-
tionated significantly larger volumes of plagioclase andearly tholeiitic stage forms large volcanoes at depths

>1000 m below sea-level. These magmas are generated K-feldspar than the trachytes, possibly owing to lower
pressure and water contents during the genesis of thewhen the volcano is close to the spreading axis and thus

contains a large MORB source component with the thin former.
The similarities of the fractionation trends and thelithosphere allowing relatively large degrees of partial

melting. This stage is succeeded by the transitional Main abundance of variably enriched lava suites at other
near-ridge hotspots such as the Galapagos and on IcelandGroup stage, which can be observed subaerially on Easter

Island and forms the cappings of the seamounts. A third suggest comparable evolutionary histories for these mag-
matic systems. However, because these hotspots haveseries consisting of the most enriched Roiho Group lavas

appears to form small centres of eruption on volcanoes more complicated tectonic situations influencing their
magmatic evolution, the trends observed may be lessor as flank cones on the seafloor (Fig. 13). The degree

of partial melting decreases from ~10% for the tholeiitic systematic. For instance, the lithospheric thickness be-
neath the Galapagos volcanoes varies not only normalto perhaps 5–8% for the most enriched basalt group. As

the lithosphere becomes thicker with age, the zone of to the spreading axis but also laterally, and some of the
volcanoes closest to the spreading axis (Darwin, Wolf )partial melting is depressed to greater depths, leading to

an increased average pressure of melting for each of the lie on a fracture zone cutting through the archipelago
(e.g. Feighner & Richards, 1994). Thus the Easter Hotspotthree stages. At the same time, the influence of the

MORB source material flowing in from the spreading may provide the simplest and most representative case
study of near-ridge hotspot evolution.axis decreases and thus the magmas generally contain a
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identification of recycled components. In: Hart, S. R. & Gülen, L. Naar, D. F. & Hey, R. N., 1991. Tectonic evolution of the Easter

Microplate. Journal of Geophysical Research 96, 7961–7993.(eds) Crust/Mantle Recycling at Convergence Zones. Dordrecht: Kluwer
Academic, pp. 15–28. Nielsen, R. L., 1990. Simulation of igneous differentiation processes.

Reviews in Mineralogy 24, 65–105.Hirose, K. & Kushiro, I., 1993. Partial melting of dry peridotites at
high pressures: determination of compositions of melts segregated O’Connor, J. M., Stoffers, P. & McWilliams, M. O., 1995. Time–space

mapping of Easter Chain volcanism. Earth and Planetary Science Lettersfrom peridotite using aggregates of diamond. Earth and Planetary

Science Letters 114, 477–489. 136, 197–212.
O’Nions, R. K. & Grönvold, K., 1973. Petrogenetic relationships ofHofmann, A. W., 1988. Chemical differentiation of the Earth: the

relationship between mantle, continental crust, and oceanic crust. acid and basic rocks in Iceland: Sr-isotopes and rare-earth elements
in late and postglacial volcanics. Earth and Planetary Science Letters 19,Earth and Planetary Science Letters 90, 297–314.

Holloway, J. R. & Burnham, C. W., 1972. Melting relations of basalt 397–409.
O’Nions, R. K. & McKenzie, D. P., 1988. Melting and continentwith equilibrium water pressure less than total pressure. Journal of

Petrology 13, 1–29. generation. Earth and Planetary Science Letters 90, 449–456.
Oskarsson, N., Sigvaldason, G. E. & Steinthorsson, S., 1982. A dynamicImsland, P., Larsen, J. G., Prestvik, T. & Sigmond, E. M., 1977. The

geology and petrology of Bouvetøya, South Atlantic Ocean. Lithos model of rift zone petrogenesis and the regional petrology of Iceland.
Journal of Petrology 23, 28–74.10, 213–234.

Isaacson, L. B. & Heinrichs, D. F., 1976. Paleomagnetism and secular Parsons, B. & Sclater, J., 1977. An analysis of ocean floor bathymetry
and heat flow with age. Journal of Geophysical Research 82, 803–827.variation of Easter Island basalts. Journal of Geophysical Research 81,

1476–1482. Philpotts, J. A. & Schnetzler, C. C., 1970. Phenocryst–matrix partition
coefficients for K, Rb, Sr and Ba, with applications to anorthositeJaques, A. L. & Green, D. H., 1980. Anhydrous melting of peridotite

at 0–15 kbar pressure and the genesis of tholeiitic basalts. Contributions and basalt genesis. Geochimica et Cosmochimica Acta 34, 307–322.
Presnall, D. C., Dixon, J. R., O’Donnell, T. H. & Dixon, S. A., 1979.to Mineralogy and Petrology 73, 287–310.

Kaneoka, I. & Katsui, Y., 1985. K–Ar ages of volcanic rocks from Generation of mid-ocean ridge tholeiites. Journal of Petrology 20, 3–35.
Ribe, N. M. & Smooke, M. D., 1987. A stagnation point flow modelEaster Island. Bulletin of the Volcanological Society of Japan 30, 33–36.

Kay, R., Hubbard, N. J. & Gast, P. W., 1970. Chemical characteristics for melt extraction from a mantle plume. Journal of Geophysical Research

92, 6437–6443.and origin of oceanic ridge volcanic rocks. Journal of Geophysical

Research 75, 1585–1613. Roeder, P. L. & Emslie, R. F., 1970. Olivine–liquid equilibrium.
Contributions to Mineralogy and Petrology 29, 275–289.Kelemen, P. B., Shimizu, N. & Dunn, T., 1993. Relative depletion of

niobium in some arc magmas and the continental crust: partitioning Ryan, M. P., 1993. Neutral buoyancy and the structure of mid-
ocean ridge magma reservoirs. Journal of Geophysical Research 93,of K, Nb, La and Ce during melt/rock reaction in the upper mantle.

Earth and Planetary Science Letters 120, 111–134. 22321–22338.
Schilling, J.-G., Sigurdsson, H., Davis, A. N. & Hey, R. N., 1985.Kushiro, I., 1980. Viscosity, density, and structure of silicate melts at

high pressures, and their petrological applications. In: Hargraves, Easter microplate evolution. Nature 317, 325–331.
Searle, R. C., Bird, R. T., Rusby, R. I. & Naar, D. F., 1993. TheR. B. (ed.) Physics of Magmatic Processes. Princeton, NJ: Princeton

University Press, pp. 93–120. development of two oceanic microplates: Easter and Juan Fernandez
microplates, East Pacific Rise. Journal of the Geological Society, LondonKushiro, I., 1996. Partial melting of a fertile mantle peridotite at high

pressures: an experimental study using aggregates of diamond. In: 150, 965–976.
Sinton, J. M. & Detrick, R. S., 1992. Mid-ocean ridge magma chambers.Earth Processes: Reading the Isotopic Clock. Geophysical Monograph, American

Geophysical Union 95, 109–122. Journal of Geophysical Research 97, 197–216.

812



HAASE et al. LAVAS FROM EASTER ISLAND

Spengler, S. R. & Garcia, M. O., 1988. Geochemistry of the Hawi Wilson, M., Downes, H. & Cebria, J.-M., 1995. Contrasting frac-
tionation trends in coexisting continental alkaline magma series;lavas, Kohala volcano, Hawaii. Contributions to Mineralogy and Petrology

99, 90–104. Cantal, Massif Central, France. Journal of Petrology 36, 1729–1753.
Woodhead, J. D. & McCulloch, M. T., 1989. Ancient seafloor signalsStoffers, P., Hékinian, R., Haase, K. M. and the SO-80 Scientific

Party, 1994. Geology of young submarine volcanoes west of Easter in Pitcairn Island lavas and evidence for large amplitude, small
length-scale mantle heterogeneities. Earth and Planetary Science LettersIsland, Southeast Pacific. Marine Geology 118, 177–185.

Stolper, E. & Walker, D., 1980. Melt density and the average com- 94, 257–293.
Woods, M. T. & Okal, E. A., 1994. The structure of the Nazca ridgeposition of basalt. Contributions to Mineralogy and Petrology 74, 7–12.

Sun, S.-s. & McDonough, W. F., 1989. Chemical and isotopic sys- and Sala y Gomez seamount chain from the dispersion of Rayleigh
waves. Geophysical Journal International 117, 205–222.tematics of oceanic basalts: implications for mantle composition and

processes. In: Saunders, A. D. & Norry, M. J. (eds) Magmatism in the Yang, H.-J., Frey, F. A., Garcia, M. O. & Clague, D. A., 1994.
Submarine lavas from Mauna Kea volcano, Hawaii: implicationsOcean Basins. Geological Society of London Special Publication 42, 313–345.

Takahashi, E. & Kushiro, I., 1983. Melting of a dry peridotite at for Hawaiian shield stage processes. Journal of Geophysical Research 99,
15577–15594.high pressures and basalt magma genesis. American Mineralogist 68,

859–879. Yang, H.-J., Frey, F. A., Rhodes, J. M. & Garcia, M. O., 1996.
Evolution of Mauna Kea volcano: inferences from lava compositionsTaylor, H. P., Jr, 1968. The oxygen isotope geochemistry of igneous

rocks. Contributions to Mineralogy and Petrology 19, 1–71. recovered in the Hawaii Scientific Drilling Project. Journal of Geo-

physical Research 101, 11747–11767.Taylor, H. P., Jr & Sheppard, S. M. F., 1986. Igneous rocks: I. Processes
of isotopic fractionation and isotope systematics. Reviews of Mineralogy Yoder, H. S. & Tilley, C. E., 1962. Origin of basalt magmas: an

experimental study of natural and synthetic rock systems. Journal of16, 227–271.
White, W. M. & Hofmann, A. W., 1982. Sr and Nd isotope geochemistry Petrology 3, 342–532.

Zindler, A., Staudigel, H. & Batiza, R., 1984. Isotope and trace elementof oceanic basalts and mantle evolution. Nature 296, 821–825.
White, W. M., Hofmann, A. W. & Puchelt, H., 1987. Isotope geo- geochemistry of young Pacific seamounts: implications for the scale

of upper mantle heterogeneity. Earth and Planetary Science Letters 70,chemistry of Pacific mid-ocean ridge basalt. Journal of Geophysical

Research 92, 4881–4893. 175–195.

813


