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Abstract: Tholeiitic basalts have been recovered from drill sites in different locations on
the Ontong Java Plateau (OJP) and are remarkably homogeneous across this large igneous
province. The most abundant basalt type is represented by the Kwaimbaita Formation on
Malaita in the Solomon Islands, where it is capped by the isotopically distinct and slightly
more incompatible-element-enriched basalt of the Singgalo Formation. Ocean Drilling
Program (ODP) Leg 192 drilled five sites on the OJP, four of which penetrated basement
lava successions. All basalt recovered during Leg 192 is chemically and isotopically indis-
tinguishable from Kwaimbaita-type lavas.

Site 1184 of ODP Leg 192 is situated on the eastern salient of the OJP, and is unique
because the recovered volcaniclastic succession contains the first conclusive evidence for
emergence of part of the OJP above sea level. Within this succession are clasts of basaltic
material. We report the major element-, trace-element and isotopic compositions of 14
moderately to highly altered basalt clasts. On the basis of incompatible-element concen-
trations, specifically high field strength elements (HFSE) and rare earth elements (REE),
four groups of clasts are defined. Group 1 clasts are similar to basalt from the Kwaimbaita
Formation. Group 2 clasts show variable composition, but the heavy rare earth element
(HREE) concentrations are similar to those of basalts from the Kwaimbaita Formation.
Group 3 clasts have compositions similar to the high-MgO Kroenke-type basalt recovered
during ODP Leg 192. Group 4 clasts are more evolved than the Kwaimbaita or Singgalo
lavas, and contain deep negative Eu and Sr anomalies on primitive-mantle (PM)-normal-
ized diagrams, as well as high concentrations of Nb, Ta and Th. Group 4 clasts also show a
large fractionation of Nb from La and have (Nb/La)py, ratios of approximately 2. Sr-, Nd-
and Pb-isotope ratios were measured on five clasts covering all four groups. Although the
Sr- and Pb-isotope ratios exhibit some variability, which we attribute to alteration, the Nd-
isotope ratios are within the field defined for Kwaimbaita-type lavas.

We conclude that most of the compositional variability displayed by these clasts is a result
of alteration and that Ta appears to be the most immobile incompatible trace element. All
of the clasts were derived from the mantle source that produced the Kwaimbaita-type and
Kroenke-type basalts. Our data emphasize the widespread nature of Kwaimbaita-type
basalt and show that tlie source region was active under both the eastern salient and the
high plateau of the OJP.

a4

The Ontong Java Plateau (OJP) is the largest of
the Earth’s large igneous provinces (LIPs) and
covers an area of approximately 2.0 X 108 km2.
The OJP was emplaced rapidly, primarily
around 122 Ma, with a possible second plateau-
building event at about 90 Ma (e.g. Mahoney et
al. 1993; Tejada er al. 1996, 2002). The c. 122 Ma
event produced two geochemically similar, but
isotopically distinct, lava types that were
originally recognized in Unit A and Units C-G,
respectively, from the Ocean Drilling Program
(ODP) Leg 130 Site 807 (Mahoney et al. 1993).
Thicker basalt sequences with similar composi-

tions to the Unit A and Units C-G groups were
described by Tejada et al. (2002) from subaerial
outcrops on Malaita, Solomon Islands. These
sequences were called the Singgalo Formation
(compositionally equivalent to Unit A) and the
Kwaimbaita Formation (compositionally
equivalent to Units C-G). The presence of these
two groups on both the northern and southern
margins of the OJP, some 1200 km apart, is a
testament to the size of the magmatic event(s)
that produced the OJP. Singgalo-type basalt is
slightly more enriched in incompatible elements
than is Kwaimbaita-type basalt, and it is also
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Fig. 1. Bathymetric map of the Ontong Java Plateau and surrounding area showing the locations of basement

drill sites. Modified from Mahouney et al. (2001).

isotopically distinct. It has lower initial eygy
(relative to chondritic uniform reservoir, Chur)
(+3.8-+54 v. +54-+6.5) and present-day
26PL/204Ph (18.245-18.521 v. 18.626~18.708),
and  slightly  higher initial  87Sr/86Sr
(0.7040-0.7042 v. 0.7034-0.7039) than Kwaim-
baita-type basalt (e.g. Mahoney 1987; Mahoney
& Spencer 1991; Mahoney et al. 1993; Tejada et
al. 1996, 2004).

®ite 1184 of ODP Leg 192 is located on the
unnamed northern ridge of the eastern salient of
the OJP (Fig. 1). Until Leg 192, the relationship
of the eastern salient to the main or high plateau
was unknown (Mahoney 1987; Richards et al.
1989). Kroenke & Mahoney (1996) and Tejada
et al. (1996) speculated that the eastern salient
might specifically be the locus of the c. 90 Ma
eruptions, whereas Mahoney et al. (2001) sug-
gested that it could be either part of the main
plateau or a product of the plume tail after main
plateau emplacement. At about 90 Ma, the
eastern salient may have been rifted into north-
ern and southern lobes during more than 300 km

of N-S extensional tectonism and rifting associ-
ated with the opening of the Ellice and Stewart
basins (Fig. 1) (Neal et al. 1997). This poorly
understood rifting event may also have con-
tributed to the magmatic development of the
volcaniclastic succession at Site 1184. Biostrati-
graphic information indicates a middle Eocene
age (42-45 Ma) (Mahoney et al. 2001; Bergen
2004; Sikora & Bergen 2004); however, recent
WA/ Ar dating of Site 1184 plagioclase crystals
has produced an estimated eruption age of 123.5
+ 1.8 Ma (Chambers et al. 2004). ,

One of the most significant results from ODP
Leg 192 was that Site 1184 provides the first
clear evidence of emergence of any part of
the OJP above sea level (Mahoney et al. 2001;
Thordarson 2004). Wood fragments were found
at the boundaries between four of the six sub-
units within the volcaniclastic succession at Site
1184. The presence of oxidized horizons in
subunit IIC probably indicates subaerial expo-
sure (see Mahoney er al. 2001; Thordarson
2004).
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Fig. 2. Stratigraphic section of core recovered from
Hole 1184 A showing location of samples and of
wood-bearing horizons. Modified from Mahoney et
al. (2001) and White et al. (2004).

Samples and experimental methods

Samples

The drilling at Site 1184 recovered an upper
interval of calcareous ooze (Unit I) and more
than 330 m of volcaniclastic rocks (Unit II)
(Fig. 2). Unit 11 is divided into six subunits (A, B,
C, D, E and F) on the basis of changes in grain
size, lithology and sedimentary structures
(Thordarson 2004). Common lithologies include
tuff, lapilli tuff and lapillistone, all of which
contain occasional lithic clasts. The lithic clasts
are primarily basalt, diabase or re-worked vol-
caniclastic material. The near absence of large
fhpilli suggests that the volcaniclastic material
was deposited some distance from the volcanic
centre (Mahoney et al. 2001). For the most part,
the rocks recovered from Site 1184 are moder-
ately to highly altered, although some unaltered
glass is present below Core 38R. Small oxidized
red lapilli are present, especially in Subunit IIC,
and, as noted above, wood fragments are
present at the boundaries between subunits
IIB-C, IC-D, IID-E, and IIE-F. A thinly
bedded, fine-grained tuff in subunit IIC appears
to be a primary ash-fall deposit (Mahoney et al.
2001). These features indicate emergence of the
OIJP in this region.

A total of 14 basaltic clasts extracted from
subunits IIB, IIC, IID and IIE were selected for
this study (Fig. 2). In hand sample the clasts were
non-vesicular to sparsely vesicular and aphyric
to sparsely plagioclase-phyric basalts. The clasts
were generally small (1-4 cm) and were a
greyish colour. We refer to these as Clasts
B1-E2, with the letter referring to the subunit
and the number referring to the position within
the subunit. For example, Clast B2 is higher in
the core than clast B7 (see Tables 1 and 2 for
core intervals).

Analytical methods

The basalt clasts were cut from the volcaniclas-
tic matrix using a water-cooled rock saw, then
ground on a diamond grinding wheel in order to
remove any excess adhering matrix and to
remove any contamination from the rock saw.
The biggest clasts were broken into <0.5 cm
chips that were crushed further in an alumina
SPEX jaw crusher. The jaw crusher was
thoroughly cleaned with ultrapure water and a
clean nylon scouring pad between the processing
of different clasts. The chips were washed in
18 MQ) water for 30 min in an ultrasonic bath.
They were then air dried and examined using a
binocular microscope. Although all samples dis-
played varying degrees of alteration, chips
exhibiting excessive alteration were removed.
The chips were powdered using a SPEX
Mixer/Mill in alumina shaker bombs or by hand
in an agate mortar and pestle (depending upon
the amount of sample available).
Major-element concentrations were deter-
mined via inductively coupled plasma-optical
emission spectroscopy (ICP-OES) at the Uni-
versity of Notre Dame. Approximately 0.1 g of
sample powder was mixed with 0.5 g of lithium
metaborate and fused at 1025°C for 30 min The
molten pellets were quenched in 5% HNOs,
which was transferred to polypropylene bottles
and made up to 100 g with 5% HNOs. This solu-
tion was placed in an ultrasonic bath for 1h in
order to facilitate complete dissolution of the
fused glass. The geochemical reference materi-
als analysed for major elements during this study
were BHVO-2, BIR-1 and BPL-1. Drift was
monitored by running a standard solution every
four analyses. Calibration was performed by
taking blank- and drift-corrected counts of a
selected reference material and dividing by the
accepted elemental concentrations. This
allowed for a simple data reduction algorithm
similar to the procedure used for shipboard ICP-
OES reduction during Leg 192 (Mahoney et al.
2001). Between each sample solution, 5% nitric
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acid was used to remove any memory effects by
flushing any remaining solution from the tubing
and glassware. Blank levels were generally very
low (e.g., the average raw counts per second
(cps) of Ti (A = 334.94) for blanks were 890 v.
3768 000 cps for BHVO-2) indicating that the
5% nitric acid flush was efficient in minimizing
memory effects. Standard deviations for
replicate reference materials were generally less
than 6%, although for K,O and Na,O the stan-
dard deviation could be as high as 25% due to a
combination of low abundance, poor sensitivity
and high background. Loss on ignition (LOI)
was determined by heating between 0.1 and 0.5
g of sample powder in platinum crucibles at
1025°C for 4 h. The samples were weighed
before and after removal from the oven, and
total weight per cent LOI was determined.

Trace-element abundances were quantified
via ICP-mass spectrometry (ICP-MS) at the
University of Notre Dame (see Neal 2001 for full
analytical details). If it appeared that immobile
element ratios (i.e. Zr/Hf, Zr/Nb, Nb/Ta, Nb/La
and Zr/Sm) deviated from typical OJP basalt
ranges (Tejada et al. 1996, 2002; Neal et al. 1997),
an aliquot of the sample powder was fused using
sodium peroxide as a flux to ensure complete
dissolution of any refractory phases (Longerich
et al. 1990). BHVO-1 was used as the reference
material for the trace-element analyses. Blank
levels were below 100 cps, and standard devia-
tions (SDs) for replicated standard reference
materials were generally less than 3% (V and Cr
>10%, Ni and Zn between 5 and 10%, all others
below 3%).

Strontium-, Nd- and Pb-isotopic measure-
ments were made on five basaltic clasts using a
Micromass Sector 54 multi-collector thermal
ionization mass spectrometer at the Scripps
Institution of Oceanography (SIO). In order to
minimize the effects of sea-water alteration on
the St and Nd isotopic composition, the sample
powders were subjected to a harsh multi-step
leaching procedure similar to that described by
M#ahoney (1987) and Castillo et al (1991).
Unleached powders were used for Pb-isotope
analysis because almost all the leached powders
yielded very low concentrations of Pb, indicating
that most of the Pb was in leachable phases.
Both the leached and unleached powders were
dissolved in clean Teflon vessels using c. 1 ml of
a 2:1 mixture of concentrated HF and HNOs,
and heated on a hotplate at low power for
16-24 h. The resulting solutions were evapo-
rated to dryness, redissolved in a small amount
of concentrated HNO3, evaporated to dryness
and the procedure repeated. Strontium and rare
earth elements (REE) were first separated in
primary cation-exchange columns; Nd was

separated from the rest of the REE by passing
the REE aliquots through small EDTA ion-
exchange columns. Lead was separated using a
standard anion-exchange method (e.g. Lugmair
& Galer 1992; Janney & Castillo 1996) in a
HBr-HNO; medium. Concentrations of Rb, Sr,
Sm, Nd, U, Th and Pb were measured on separ-
ate dissolutions using a high-resolution ICP-MS
at SIO using a procedure similar to that
described by Janney & Castillo (1996).

Results

Petrography

The generally small size of the clasts (sometimes
<1 cm after grinding) meant that thin sections
could only be made for nine of the 14 samples,
but at least one thin section was made of clasts
from each Site 1184 subunit. Plagioclase and
clinopyroxene are the most common ground-
mass phases in these samples and vary from
extremely fine-grained crystals (<0.05 mm) to
larger crystals (up to about 0.3 mm) with a sub-
ophitic-intergranular texture. In one of the most
altered samples (Clast C1, LOI = 10.38 wt%),
secondary zeolite is extremely abundant
(identified as natrolite based on this sample
having Na,O = 5.73 wt%). A trachytic texture is
still evident (Fig. 3a). Even in samples with rela-
tively low LOT (e.g. Clast B6, LOI = 4.88 wt%),
clinopyroxene is generally altered and replaced
by clays (Fig. 3b). In samples with larger grain
sizes (e.g. Clast E1), clinopyroxene is generally
partially altered and replaced by brown clays,
but the plagioclase crystals are generally unal-
tered (Fig. 3¢). In Clasts C1, B3, B8, E1 and E2,
zeolite minerals are present as vesicle fill and
veins in the surrounding matrix.

Major elements

Major-element concentrations and LOI of the
14 basalt clasts analysed by ICP-OES are pre-
sented in Table 1. These data have been recalcu-
lated on a volatile-free basis. The uncorrected
major element totals vary from 97.0 to 106.8
wt%. The large range of major-element totals is
controlled by two samples: the consistent low
totals of sample C2 (replicated multiple times on
different fusions) and the high total of sample
D1, for which sample powder was extremely
limited and thereby precluded multiple fusions.
We suggest that these data be treated with
caution. The altered nature of all Site 1184 clasts
samples is highlighted by the fact that the major-
ity of samples have at least 5 wt% LOI (the total
range is 1.6-11 wt%). Concentrations of CaO,
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Fig. 3. Photomicrographs of basalt clasts. (a) Group 4
clast C1 (sample 24R-2, 68-70 cm) in plane-polarized
light showing clear zeolite (probably natrolite) and
small plagioclase laths. (b) Group 1 clast B6 (sample
21R-6, 7377 cm) in plane-polarized light showing
clinopyroxene altered to a brown mineral; small
plagioclase laths define a subtrachytic texture. (c)
Group 1 clast E1 (sample 44R-2, 101-105 cm) under
& ossed polars. This sample has one of the lowest
LOI values in the Site 1184 suite, yet clinopyroxene
still shows signs of alteration. Mineral abbreviations
are as follows: ZEO, zeolite; PLG, plagioclase; CPX,
clinopyroxene; and AM, alteration mineral.

SiO, and MgO are negatively correlated with
LOI (CaO shows the best correlation as seen in
Fig. 4a), and K,O exhibits a positive correlation
(Fig. 4b; Na,O displays a poor positive corre-
lation with LOI). In terms of the SiO, v. total
alkalis classification diagram (Fig. 5a), these
samples are transitional between alkalic and

tholeiitic. However, as indicated in Figure 4b,
alteration has variably increased Na,O and K,0
levels. Fresh glass clasts analysed by White et al.
(2004) plot as low-K tholeiites. When elements
considered to be immobile under low-tempera-
ture alteration conditions are used to discrimi-
nate between alkali and tholeiitic basalts, the
basalt clasts plot strictly in the tholeiitic field
(Fig. 5b).

Trace elements

Considerable variability in trace-element abun-
dances (Table 2, re-calculated to a volatile-free
basis) and in element/element ratios, especially
for ratios of normally immobile elements (e.g.
Nb/La), is displayed by the Site 1184 basalt
clasts. We have subdivided our basalt clasts into
four groups on the basis of incompatible-
element profiles (Fig. 6a—d). Group 1 comprises
four clasts (Clasts B1, B6, E1 and E2; Fig. 6a)
that have primitive-mantle-normalized profiles
similar to those of the Kwaimbaita Formation
lavas. These clasts also possess among the lowest
LOI values of all clasts analysed in this study
(1.68-4.88 wt%; Table 1). Group 2 clast compo-
sitions (Clasts B2, B3, B4, B8 and D1; Fig. 6b)
show greater variability, although the heavy
REE (HREE) have similar normalized
abundances to those of lavas from the Kwaim-
baita Formation. These clasts exhibit higher LOI
values (4.01-7.85 wt%). Clast D1 exhibits a deep
Zr-Hf trough and light REE (LREE) enrich-
ment (Fig. 6b). This could reflect the incomplete
dissolution of a refractory oxide or other phase,
possibly zircon, during sample preparation;
however, the HREE are not depleted relative to
the Kwaimbaita Formation lava compositions
(Fig. 6b). The extremely limited amount of
basalt clast from this sample precluded multiple
dissolutions (i.e. flux fusion), so the veracity of
this anomaly cannot be assessed and, thus, must
be interpreted with caution. However, in other
aspects the sample is similar to the Kwaimbaita
Formation basalts (i.e. HREE, Nb and Ta abun-
dances). Group 3 clasts (Clasts BS and B7; Fig.
6¢) have normalized profiles similar to those of
Kroenke-type basalts (Sites 1185 and 1187,
Fitton & Godard 2004), although in Clast BS
there are depletions at Nb-Ta and Zr-Hf
relative to the REE. These profiles have been
duplicated by separate dissolution, including the
sodium peroxide fusion method (Longerich et al.
1990). These two clasts also contain the highest
Ni abundances of the 14 clasts analysed in this
study (222-296 ppm; the range of Ni abundance
reported from the Kroenke-type basalts is
170-230 ppm - Fitton & Godard 2004). Clast BS
also has TiO, abundances comparable to those
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Fig. 4. (a) Loss on ignition (LOI) v. CaO (wt%) and
(b) LOI v. K,0 (wt%) indicating that major elements
can be mobilized and either lost (CaO) or gained
(K,0) during sea-water alteration of basalts.

of Kroenke-type basalts (TiO, = 0.73 wt%, v.
0.733 wt% in average Kroenke-type basalt), but
has lower overall Zr and Nb contents (24.2 and
1.36 ppm, respectively, v. 40.6 and 2.18 ppm in
average Kroenke-type basalt). Clast B7 contains
higher Zr (56.8 ppm), Nb (2.95 ppm) and TiO,
(1.02 wt%) abundances, and appears to be
intermediate between the Kroenke-type and
Kwaimbaita-type compositions. Group 4 clast
compositions (Clasts C1, C2 and C3) have more
enriched incompatible-element concentrations
(specifically, Nb, Ta, Th and the HREE) than
average Wairahito basalts (the most evolved
fock type so far found on the OJP) described by
Birkhold (2000) from the island of Makira (also
known as San Cristobal) (Fig. 6d). Clasts C1 and
C3 exhibit negative Sr and Eu anomalies that are
consistent with plagioclase fractionation. In
addition, the trace-element composition of the
volcaniclastic matrix within which the three
Group 4 clasts were contained also shows
increased levels of Nb, Ta and Th over the REE
(Fitton & Godard 2004). However, the Nb, Ta,
Th or REE abundances of the matrix are not as
enriched as in the Group 4 clasts.

Clasts B2, B5, B8, E1 and E2 all exhibit a
curious positive Y anomaly of varying magni-

tude, which has been replicated twice using
separate dissolutions, including sodium perox-
ide fusion. Such an anomaly is not seen in lavas
typical of the Kwaimbaita-type lavas.
Fractionation of the LREE from high field
strength elements (HFSE), such as Nb, is seen in
Clasts B2, B3, B4, B8, C1, C2 and C3 (Fig. 6b, d).
Clast B8 is Kwaimbaita-like over most of the
profile and in certain incompatible-element
ratios (La/Lu = 9.6 v. 10.5 for average
Kwaimbaita-type basalt, La/Ce = 0.32 v. 0.34),
yet has a (Nb/La)py ratio of 1.7 (v. 1.09 for
average Kwaimbaita-type basalt). As with the
positive Y anomaly, this type of fractionation is
not seen in typical Kwaimbaita Formation
basalts (Tejada et al. 1996,2002; Neal et al. 1997).

Radiogenic isotope ratios

Four samples (Clasts B4, B7, C3 and E1) were
analysed for Sr-, Nd- and Pb-isotope ratios, and
Clast B8 for St- and Nd-isotope ratios (Table 3).
The five clasts analysed represent at least one
sample from each of the groups defined on the
basis of incompatible elements. All isotope data
were age-corrected to 120 Ma (Chambers ef al.
2004) using high-resolution ICP-MS parent—
daughter data obtained from splits of the
solutions analysed for isotopes, except for U and
Th values of Clast B4, which were determined by
high-resolution ICP-MS on leached powders.
Age-corrected eyg values (gng(y) form a narrow
range (+6.0-+6.5), whereas initial 7Sr/%6Sr
(87S1/%Sr;) and age-corrected Z0Pb/2%Pb
(P%5Pb/24Pb,)) exhibit relatively more variation
(0.70288-0.70480 and 18.139-18.458, respec-
tively; Table 3). The range of enq(y is within that
for the Kwaimbaita basalts (Fig. 7a,b).
Although the wide range of Sr- and Pb-isotope
compositions overlaps with the ranges for the
Kwaimbaita and the Singgalo basalts (cf. Tejada
et al. 2002) (Fig. 7a, b), we interpret the range in
our data to be a result of secondary alteration
effects (see later for further discussion). There-
fore, we shall not use our Sr- and Pb-isotopic
results in the following petrogenetic interpre-
tation.

Discussion

The influence of alteration

The basalt clasts from Site 1184 are lithic frag-
ments derived from coeval or possibly pre-
existing volcanic rocks during explosive
phreatomagmatic eruptions (Thordarson 2004).
Therefore, alteration effects are a major concern
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Wtotal alkali plot, yet strougly tholeiitic on the Nb/Y v. Zr/(P,05 X 10%) plot, suggesting that Na,O and K,0

were increased during alteration of these samples.

in our study and here we evaluate these prior to
any petrogenetic interpretation.

The variability of the major-element composi-
tion of the clasts relative to the OJP basalt
groups is interpreted primarily to be the result of
alteration. The generally high LOI values,
coupled with petrographic observations,
demonstrate the moderately to highly altered
nature of these clasts. In Figure 4a, b it is seen
that CaO is negatively correlated and K5O is

positively correlated with LOI, demonstrating
that elements can be depleted or enriched
(respectively) during alteration. Indeed, many
studies in the last several decades (e.g. Hart
1970) have reported that during low-tempera-
ture submarine alteration, ocean-ridge tholeiites
lose Si0,, Ca0, and MgO, and gain K,0, some
Fe,03, MnO, Na,0O, and P,0s. It would appear
that the Site 1184 clasts have only gained K,O
(and possibly Na,O) and lost CaO, SiO, and
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Fig. 6. Primitive-mantle-normalized incompatible-element plots of (a) Group 1 — Clasts B1, B6, E1 and E2;
(b) Group 2 - Clasts B2, B3, B4, B8 and D1; (¢) Group 3 — Clasts B5 and B7; and (d) Group 4 - Clasts C1,

C2 and C3. The grey profiles represent Kwaimbaita-type basalt (circle), Singgalo-type basalt (triangle),
Kroenke-type basalt (square) and the Wairahito Formation basalts (diamond). Group 1 clasts show similar
profiles to Kwaimbaita-type basalt, Group 3 clasts show affinity to Kroenke-type basalt and Group 4 clasts are
distinct from the main basalt types. Group 2 clasts exhibit more compositional variability, which is probably
dyg to more intense alteration, although they have HREE profiles similar to Kwaimbaita-type basalt. See text
for details. Data from which average OJP basalt compositions were calculated are from Neal ef al. (1997),
Tejada et al. (1996, 2002), Birkhold (2000) and Mahoney et al. (2001).

MgO to any significant degree, although the
Group 4 samples with >5 wt% LOI have the
highest P,O5 contents.

In terms of incompatible trace elements, and
Sr- and Pb-isotope ratios, the basalt clasts from
Site 1184 exhibit much more variation than do
basalt compositions across the OJP (e.g. Fig,
7a—c). This is also probably a result of sea-water
alteration, which affected the abundances of

fluid-mobile trace elements such as Rb, Sr, Pb
and, to a certain extent, U (e.g. Hart e al. 1974;
Menzies & Seyfried 1979). The effect of sea-
water alteration on both trace elements and iso-
topes is demonstrated by the negative
correlation between bulk-clast Sr concentra-
tions and isotopic compositions (measured on
leached splits of sample) (Fig. 8). The negative
correlation suggests that the clasts with low Sr
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Table 3. Sr-, Nd- and Pb-isotopic data for basaltic clasts from ODP Site 1184

Core 21R-5 22R-1 22R-4 25R-6 25R-6Dupl.  44R-2  44R-2 Dupl.
Interval (cm) 55-60 24-27 120-123 115-117 115-117 101-105 101-105
Clast B4 B7 BS C3 C3 El El
Group 2 3 2 4 4 1 1
Rb 18.2 5.86 1.07 2.20 0.09

Sr 433 113.7 110.2 18.5 64.4

87S1/86Sr 0.706850 0.703944  0.704852  0.703467 0.703654

§7S1/%98r(,) 0.704779 0.703690  0.704804  0.702881 0.703647

Sm 0.9 0.48 3.68 313 1.27

Nd 3.51 1.18 11.1 6.03 2.74

3N d/144Nd 0.512924 0.513002  0.512976  0.513042 0.513012

MNA/MNd 0.512803 0.512810  0.512819  0.512797 0.512793

eNd(, 6.2 6.3 6.5 6.1 6.0

Th 0.18 0.31 1.20 0.30

8] 0.35 0.06 0.23 0.06

Pb 0.48 0.19 0.30 0.36

206pp/204Ph 19.101+8 18.831+7 19.053+3  19.037x6  18.567+2  18.566x6
A07ph/204Ph 15.5417 15.543+6 155772 15.556+5  15.519x1  15.5166
208pp/204Ph 38.763x17  38.614+15 39.000+6  38.941+13 38.380x4  38.360=14
206ph/204Py 18.144 18.458 18.139 18.124 18.371 18.370
07pb/2MPhy, 15.499 15.525 15.532 15.511 15.509 15.506
208Pb/204Phy 38.059 38.059 37.437 37.380 38.060 38.046

Rb, Sr, Sm, Nd, Th, U and Pb concentrations (ppm) from analysis of leached powder. Age () is taken as

120 Ma. Duplicate analyses were made on different dissolutions of the same unleached power. Analytical
uncertainty for 87Sr/%Sr measurements is +0.000018 but in-run precisions were better than +0.000012. Sr-
isotopic ratios were measured by dynamic multi-collection, fractionation-corrected to 86Sr/%7Sr = 0.1194 and
normalized to 87Sr/86Sr = 0.71025 for NBS 987. Analytical uncertainty for 43Nd/*Nd measurements is
0.000014 (0.3 & units) but in-run precisions were better than 0.000010. Nd-isotopic ratios were measured in
oxide form by dynamic multi-collection, fractionation-corrected to SNdO/M#INdO = 0.72225 (MNd/ NG =
0.7219) and are reported relative to “3Nd/*Nd = 0.511850 for the La Jolla Standard. Pb-isotopic ratios were
measured by static multi-collection and are reported relative to the values of Todt et al. (1996) for NBS SRM
981; the long-term errors measured for this standard are +0.008 for 206ph/204Ph and 297Pb/2%Pb, and +0.024 for
208pp/204Ph, The within-run errors shown refer to the last significant figure. Estimated uncertainties on
concentrations are c.1% for both Sm and Nd, and ¢.2% on Rb, Sr, U, Th and Pb. Total procedural blanks are
negligible: <10 picograms (pg) for Nd, <35 pg for Sr, <3 pg for Th, <5 pg for U and <60 pg for Pb. exq = 0 today
corresponds to 43Nd/*Nd = 0.51264; for ¥/Sm/¥Nd = 0.1967, nq(, = 0 corresponds to 143N@/144Nd =

0.512486 at 120 Ma.

contents and high #Sr/%6Sr ratios have
exchanged significant amounts of Sr with sea-
water (8 ppm Sr, present day 87Sr/%8r = 0.709, at
120 Ma 87Sr/%6Sr = ¢. 0.707 — Hess et al. 1986;
PePaolo & Ingram 1985). The clasts with high
87Sr/86St have similar Sr-isotopic compositions
to sea water at 120 Ma, indicating that most of
alteration occurred during or soon after the
eruptions. As noted earlier, the Pb-isotopic sig-
nature appears to have been affected by alter-
ation. White et al. (2004) observed that, in the
bulk volcaniclastic rocks at Site 1184, Sr- and Pb-
isotope ratios have been affected by sea-water
alteration. The same type of result was also seen
in the Singgalo-type vitric tuff at Site 1183
(Tejada et al. 2004).

A number of studies have shown that the con-
centrations of some trace elements, such as REE

and HFSE, in igneous rocks are generally not
affected during mild sea-water alteration (e.g.
Ludden & Thompson 1979; Bienvenu et al.
1990). Yet, it has also been documented that the
REE are relatively mobile during more exten-
sive alteration compared to the HFSE, and that
the LREE are preferentially mobilized over the
HREE (Ludden & Thompson 1979; Bach &
Irber 1998; Kikawada et al. 2001). Overall, the
Site 1184 basalt clasts exhibit large variations in
element tatios such as La/Nb, La/Ta, Th/Ta,
Th/Nb and Zr/Hf. Kurtz et al. (2000) reported
enrichments in alteration-resistant, insoluble
trace elements (Zr, Nb, Hf, Ta, Th) in strongly
weathered Hawaiian soils over parent lava
values due to extensive mass loss of more
soluble major elements during soil formation.
The presence of wood and oxidized horizons
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and, to a certain extent, U. Site 1184 whole-rock data
are from White er al. (2004). Data for fields taken
from Mahoney (1987); Cheng et al. (1987); Castillo et
al. (1991, 1994); Mahoney et al. (1991, 1993) and
ejada et al. (1996, 2002).

suggests that subaerial weathering of the vol-
caniclastic deposits did occur. However, Thor-
darson (2004) has shown that each volcaniclastic
subunit probably represents a single eruptive
event and, as such, soil could only have formed
at the top of the subunits well away from the
clasts. The Group 4 clasts were taken from a
highly oxidized horizon of the core; they exhibit
marked enrichments of Nb and Ta (as well as
P,05) and slight enrichments of Zr and Hf over

250
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Fig. 8. Sr (unleached, ppm) v. 87Sr/%Sr. The negative
correlation suggests low Sr and high 87Sr/86Sr clasts
have exchanged with sea water (8 ppm Sr and
§1S1/86Sr = 0.709).

the REE. Preferential mobilization of the
LREE over the HREE (Ludden & Thompson
1979; Bach & Irber 1998; Kikawada er al. 2001)
can explain the similarity between HREE abun-
dances in the Group 2 clasts and those in average
Kwaimbaita-type basalt (Fig. 6b) and the
marked depletions and enrichments in the
LREE and other incompatible elements.
Enrichment of the LREFE during alteration may
also account for the Nb-Ta and Zr-Hf deple-
tions relative to the REE in Group 2 Clast D1
(Fig. 6b) and Group 3 clast B5 (Fig. 6¢c).

In order to understand the nature of
incompatible-element mobility during alter-
ation, relatively immobile elements need to be
identified for comparisons to be made. Kurtz et
al. (2000) concluded that Nb and Ta were the
most stable in the development of soils on vol-
canic terrains, but that Th, Zr and Hf were
mobile during this process. The Site 1184 basalt
clasts have (Nb/Ta)py (primitive-mantle-
normalized) ratios of 0.96 = 0.06 (1¢) if Group 2
Clasts B2 ((Nb/Ta)pp=0.51) and B8 ((Nb/Ta)py
= 1.90) are omitted. These two clasts exhibit
quite dissimilar Nb abundances (2.24 and 6.56
ppm, respectively), yet similar Ta concentrations
(0.25 and 0.20 ppm, respectively), and we con-
clude that at least in these two samples Nb was
mobile. In examining the primitive-mantle-
normalized patterns (Fig. 6a~d) our data set
suggests that Ta was relatively immobile (note
the narrow range of normatized Ta values in Fig.
6a-d, especially in the Group 2 patterns of
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Fig. 6b). In an attempt to examine mobility,
elements of interest (i.e. HFSE and REEs) have
been normalized to Ta and compared with the
average compositions of the Kwaimbaita,
Singgalo, Wairahito and Kroenke-type basalts
(Fig. 9a—c). The distribution seen in these figures
is interpreted as primarily indicating mobility of
La, Yb, Zr and Hf during alteration, although
(Yb/Ta)py values may be changed somewhat

during fractional crystallization. Also, (La/Ta)py
ratios of most non-arc-related, mantle-derived
magmas are relatively close to 1.0 (Sun & McDo-
nough 1989; McDonough & Sun 1995). In
magmas contaminated by continental crust,
these values deviate from unity, but there is no
evidence for such contamination in the OJP
basalts (Mahoney 1987; Mahoney & Spencer
1991; Mahoney et al. 1993).

Assuming Ta is immobile, the relative mobil-
ity of other elements can be estimated. In terms
of both Hght and heavy REE mobility, Group 1
clasts have similar (La/Ta)py ratios to the
average composition of each OJP basalt group,
and shightly higher (Yb/Ta)py ratios (Fig. 9a).
Group 2 clasts exhibit a wide range of (La/Ta)py
values indicative of LREE enrichment and
depletion, whereas (Yb/Ta)py is more
restricted. One Group 3 clast (Clast B5) is radi-
cally different from the average OJP basalts,
suggesting that it may have been enriched in the
REE. All Group 4 clasts have lower (La/Ta)py
and (Yb/Ta)py values that overlap and extend to
lower values than the average values for OJP
basalts. Overall, these relationships are con-
sistent with the altered nature of the Site 1184
clasts and with the observation that the LREE
are more mobile than the HREE during alter-
ation of basaltic material (e.g. Bach & Irber
1998).

The HFSE Zr, Nb, Hf and Th exhibit varying
degrees of enrichment and depletion relative to
Ta and the average compositions of OJP basalt
types. As noted above, Nb appears immobile,
except in two Group 2 clasts (Clasts B2 and B8),
in which depletions and enrichments (respec-
tively) relative to Ta are observed (Fig. 9b). All
other clasts have (Nb/Ta)py values c. 1.0, and in
Figure 9b the Group 1 clasts plot directly on top
of the average OJP basalt compositions, indicat-
ing that Nb/Ta ratios are unaffected by alter-
ation. However, (Th/Ta)py values for the
remaining clasts are variable, with Group 2
clasts having the largest range (c. 0.4-1.5), which
we interpret as indicating Th removal and
addition relative to Ta. Whereas Th shows signs
of mobility, it does not show nearly as much vari-
ation as La, Yb, Nb and Hf. Group 3 clasts have
relative Th depletions, whereas those from
Group 4 show slight Th enrichments (Fig. 9b).
This contrasting behaviour between Groups 3
and 4 clasts is also seen in Figure 9c, where the
Group 3 clasts are relatively enriched in Zr and
Hf and those from Group 4 are depleted.
Relative to the average OJP basalt composi-
tions, Group 1 clasts appear to have a slight Zr
enrichment (Fig. 9¢). Again, Group 2 clasts
exhibit a wide range of values.
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Fig. 10. CaO (wt%) v. (Y/Ho)py. (Y/Ho)py, is used
to represent the positive Y anomaly present in five
Site 1184 clasts. This anomaly is present in samples
with CaO abundances over 10 wt%. This implies that
the Y carrier is a Ca-rich phase, such as chabazite, a
Ca-rich zeolite. See text for full details.

The presence of positive Y anomalies in five
of the Site 1184 basalt clasts, as seen in their
primitive-mantle-normalized incompatible-
element plots (Fig. 6a—c), is puzzling. This could
be the product of a polyatomic interference (e.g.
S2Cr¥7Cl, 7°Zn'F) that may have been induced
through incomplete removal of HCI during our
initial sample preparation or through incom-
plete HF removal during dissolution. However,
these anomalies were replicated during different
dissolutions (HF-HNO; acid and sodium perox-
ide fusion), so it is unlikely that an acid-induced
polyatomic interference is the cause. Such
positive Y anomalies are present in lavas that
have undergone varying degrees of alteration
(e.g. Kuschel & Smith 1992; Cotten et al. 1995).
Past studies of element mobility during the
weathering of igneous rocks have reported all of

#the REEs and Y as being collectively (although
not uniformly) enriched or depleted in the
weathered product (e.g. Duddy 1980; Marsh
1991; Price et al. 1991). Price et al. (1991) attrib-
uted these weathering effects to the presence or
absence of secondary phosphates or clay miner-
als. Duddy (1980) concluded that the REE+Y
were effectively immobilized by the develop-
ment of vermiculite as a weathering product.
Kuschel & Smith (1992) suggested the relative
enrichment of Y was due solely to secondary
phosphate and presented SEM images and
mineral analyses of these phases in support of
this conclusion, but generation of the positive Y

anomaly in some of the weathered samples was
not supported by the REE and Y contents of the
secondary phosphates (i.e. no positive Y
anomaly was present in these phases). However,
Cotten et al. (1995) reported the presence of
secondary rhabdophane-type REE-Y phos-
phates that did contain significant positive Y
anomalies; the concentration of Y was of the
order of 6-15 wt% Y,05 (47 000-120 000 ppm
Y). If such secondary phosphates were devel-
oped during the alteration of the Site 1184 basalt
clasts, it is evident that only a minute amount
would dramatically alter the Y abundance of the
whole-rock composition. However, the REE are
also enriched in these secondary phases (Cotten
et al. 1995), but we see no concomitant REE
enrichment in our clasts. In addition, there is no
correlation between Y and P,Os contents, and
the samples with the highest P,Os abundances
exhibit no positive Y anomaly.

Only clasts with CaO >10 wt% exhibit a
positive Y anomaly (represented as (Y/Ho)py)
(Fig. 10). This indicates that the carrier of Y is
rich in CaO. The Y carrier could, therefore, be
calcite (present in thin section of some clasts)
but there is no correlation between (Y/Ho)py
and LOI or between (Y/Ho)py and St. Mahoney
et al. (2001) reported the presence of zeolites in
the Site 1184 volcaniclastic matrix. Our examin-
ation of thin sections of four of the samples that
exhibit the positive Y anomaly (Clasts B3, BS,
E1l and E2) shows that zeolite minerals are
present as vesicle fill and veins both within and
surrounding the clasts in the volcaniclastic
matrix. If a Ca-rich zeolite (e.g. chabazite) was
present in some of the basalt clasts, it could pref-
erentially enrich the bulk composition in Y if
significant interaction with sea water had
occurred. For example, Wheat et al. (2002) noted
that relative to ocean-ridge basalt, seawater
exhibits a positive Y anomaly. Clast C1 contains
zeolite minerals but does not show the Y
anomaly. This sample has low CaO (4.83 wt%)
and high Na,O (5.73 wt%), suggesting that the
zeolite present in Clast C1 is natrolite, a Na-rich
zeolite. Formation of a Ca-rich zeolite during
alteration by sea water in the other clasts with
zeolites could produce a positive Y anomaly, as
it appears that Na-rich zeolites are not Y carri-
ers. Further work needs to be conducted in order
to test this tentative conclusion.

In summary, we conclude that on the basis of
primitive-mantle-normalized diagrams (Fig.
6a—d), Ta is the most immobile trace element in
the suite of 14 basalt clasts studied from Site
1184. Niobium is generally immobile but two
Group 2 clasts exhibit either Nb enrichment or
depletion, indicating that Nb was mobilized
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Fig. 11. (a) Group 1 basalt clasts normalized to average Kwaimbaita-type basalt; (b) Group 2 basalt clasts
normalized to average I{waimbaita-type basalt; (¢) Group 3 basalt clasts normalized to average Kroenke-type
basalt; and (d) Group 4 basalt clasts normalized to average Wairahito basalt. These profiles highlight the Site
1184 group affinities shown in Figure 6a—d. Data from which average basalt compositions were calculated are
from Tejada et al. (1996, 2002), Neal et al. (1997), Birkhold (2000), Mahoney et al. (2001) and Fitton & Godard

(2604).

during alteration. Zirconium and Hf also exhibit
mobility and the LREE are more mobile than
the HREE. Yttrium has been added to some
clasts and is manifest as positive Y anomalies on
Figure 6. We tentatively suggest that this is the
result of secondary zeolite formation as a result
of interaction of the clasts with sea water.

Petrogenetic interpretations

Although alteration has affected the major- and
trace-element compositions of the Site 1184

basalt clasts, their incompatible-element profiles
can help indicate similarities to other OJP basalt
types (Fig. 6a-d). In order to highlight these
similarities, we have also normalized data for
each of the clasts from Groups 1-4 to the OJP
basalt types to which they are most similar (Fig.
11a~d). Group 1 clasts show clear similarities to
Kwaimbaita-type basalt (Neal et al. 1997; Tejada
et al. 2002). Depletions in Rb and Ba and vari-
able U concentrations can be attributed to alter-
ation (Seyfried et al. 1998). The relatively low Sr
abundances in these clasts relative to the
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Fig. 12. Average Group 4 clast composition, average Group 4 volcaniclastic matrix composition, average high-
Nb group of Fitton & Godard (2004), and average Kwaimbaita-type basalt, all normalized to primitive mantle.
Note the similarities in the high-Nb group to the Group 4 volcaniclastic matrix and the significant difference of
that to the Group 4 clasts. However, the incompatible-element profiles are similar (enriched Nb and Ta over
the LREE), although distinct differences do occur (such as the significant depletion in Eu and Ti in the Group
4 clasts). These data are interpreted to mean that the Group 4 matrix and clasts are not from the same eruptive
episode, yet they are probably related, as they both represent a distinctive high-Nb magma type not seen

before on the OJP.

average Kwaimbaita-type basalt may be a result
of greater amount of plagioclase fractionation in
the Site 1184 magmas, but there is no corre-
sponding Eu depletion (Figs 6a and 11a). It is
much more likely to be due to preferential Sr
removal during alteration. The Group 2 clasts,
the most variable group, are tentatively inter-
preted to be akin to the Kwaimbaita-type basalt
on the basis of eng, and HREE abundances (Figs
6b and 11b). Group 2 clasts are slightly more
enriched in the HREE than are the average
Kwaimbaita-type basalt, and elements more
incompatible than Ti in Figure 11b are highly
variable (Fig. 11b). However, Ta exhibits little
variation, as does Nb (except for Clasts B2 and
BS; see above), and values of these two elements
are similar to the Ta and Nb values of the
Kwaimbaita-type basalt (Group 2 Ta =
0.20-0.25 ppm v. 0.24 ppm for the average
Kwaimbaita-type basalt). The two clasts that
fMake up Group 3 are broadly similar to the
Kroenke-type basalts (Fig. 11c), although Clast
B7 has Ti, Zr and Nb concentrations similar to
those of average Kwaimbaita-type basalt. Clast
B5 exhibits the greatest variability with deple-
tions in Nb, Ta, Zr and Hf, and a large enrich-
ment in St. Clast B7 appears to be intermediate
between Kroenke-type and Kwaimbaita-type
basalt compositions. Finally, Group 4 clasts are
more evolved than the Wairahito basalts (the
most evolved rock type so far recorded from the
OJP) of Birkhold (2000), and are significantly
enriched in Th, Nb, Ta and the HREE relative to
average Wairahito basalt. This group also dis-
plays negative Eu and Ti anomalies (Figs 6d and

11d), and clasts forming this group have the
highest LOI values (c.7.2-11.8 wt%). These
samples have similarly shaped profiles to the
whole-rock analyses of those of four samples of
bulk tuff from Subunit IIC (high-Nb group,
Fitton & Godard 2004), although they are
significantly more enriched than the high-Nb
group. However, analysis of the volcaniclastic
matrix surrounding the clasts from Subunit IIC
shows strong similarities to the high-Nb group
(Fig. 12). The compositional differences
between the Group 4 clasts and the high-Nb
group and Group 4 matrix indicate that the
clasts and matrix were not formed during the
same eruptive episode, although they are prob-
ably related because they both show high Nb, Ta
and Th relative to the REE, which is unique
among OJP samples. The Group 4 basalt clasts
and matrix and the high-Nb group of Fitton &
Godard (2004) represent a magma type not seen
elsewhere in the region.

Source region

Compositions of unaltered glass present in the
lower sections of the Site 1184 core are similar to
those of the widespread Kwaimbaita-type lavas
(White et al. 2004). The basalt clasts studied here
define a narrow range of initial enqyy values from
+6.0 to +6.5, within the field defined by the
Kwaimbaita-type basalt (Mahoney 1987,
Mahoney et al. 1993; Tejada et al. 1996, 2002,
2004). Combining this observation with simi-
larities in normalized incompatible element pro-
files, we suggest that Groups 1-4 were derived
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from the Kwaimbaita-type source, and repre-
sent basalts with affinities to both the Kwaim-
baita-type and the MgO-rich Kroenke-type
basalts (e.g. Mahoney et al. 2001; Tejada et al.
1996, 2002, 2004). Group 4 clasts are relatively
evolved, more so than any other lava type yet
recovered from the OJP, and thus are unique
OJP samples. However, the similarity of Nd iso-
topic ratios with those of the Kwaimbaita- and
Kroenke-type basalts indicates derivation from
an isotopically similar or identical source
(Tejada er al. 2002, 2004).

Summary and conclusions

Ocean Drilling Program Leg 192 recovered the
first evidence that at least part of the eastern
salient of the Ontong Java Plateau was erupted
at or above sea level. Unlike the OJP basalt
sequence cored at ODP Leg 130 Site 807, and
the now subaerial outcrops on Malaita and
Santa Isabel (Solomon Islands), the Singgalo
type of basalt flows is absent.

Major-element, trace-element and isotope
variations within the suite of basalt clasts
extracted from the volcaniclastic sequence at
Site 1184 show the effects.of secondary alter-
ation on basalt derived from the Kwaimbaita-
type mantle source. On the basis of
incompatible-element profiles (normalized to
estimated primitive mantle values), four groups
of clasts are defined. Most of the clasts (Groups
1 and 2) have affinities with Kwaimbaita-type
basalt, but two show some similarities to the
relatively Mg-rich Kroenke-type lavas (Group
3). The three Group 4 clasts are unique among
samples recovered from the OJP in that their
incompatible-element abundances are relatively
enriched. Secondary alteration has mobilized
elements that are immobile during moderate
alteration, namely Zr, Hf, Th, the REE and, in
two clasts, Nb. Of the HFSE, only Ta appears
unaffected by this secondary alteration. Several
samples also exhibit curious positive Y anoma-
1i¥s, which we tentatively interpret to be the
result of secondary Ca-rich zeolite (chabazite?)
development through interaction with sea water.

Ages estimated for the Site 1184 sequence
from YAr-3¥Ar measurements (Chambers et al.
2004) strongly suggest that the eastern salient
formed concurrently with the high plateau and
that there is not a younging trend from the high
plateau to the eastern salient (Kroenke &
Mahoney 1996). Evidence for emergence of a
portion of the plateau during its formation has
potentially important implications for the effects
of OJP emplacement on the local and, perhaps,
global environment during the Aptian, the
magnitude of which must be addressed by future
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drilling expeditions to the OJP and other parts
of the western Pacific. Furthermore, the dis-
covery that the Kwaimbaita-type source was
also producing basaltic volcanism both on the
main plateau and on the eastern salient has
important implications for the modelling of
magma dynamics and evolution during the
growth of the OJP.
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analyses. We would also like to thank reviewers
P. Wallace, S. Revillon and G. Fitton, as well as one
anonymous reviewer, for their helpful comments and
suggestions.
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