
Geochimica et Cosmochimica Acta, Vol. 69, No. 19, pp. 4685–4701, 2005
Copyright © 2005 Elsevier Ltd

Printed in the USA. All rights reserved
doi:10.1016/j.gca.2005.02.006

Platinum-group element constraints on source composition and magma evolution of the
Kerguelen Plateau using basalts from ODP Leg 183

WILLIAM J. CHAZEY III and CLIVE R. NEAL*
Department of Civil Engineering and Geological Sciences, University of Notre Dame, Notre Dame, IN 46556, USA

(Received February 23, 2004; accepted in revised form February 14, 2005)

Abstract—Seventeen basalts from Ocean Drilling Program (ODP) Leg 183 to the Kerguelen Plateau (KP)
were analyzed for the platinum-group elements (PGEs: Ir, Ru, Rh, Pt, and Pd), and 15 were analyzed for trace
elements. Relative concentrations of the PGEs ranged from �0.1 (Ir, Ru) to �5 (Pt) times primitive mantle.
These relatively high PGE abundances and fractionated patterns are not accounted for by the presence of
sulfide minerals; there are only trace sulfides present in thin-section. Sulfur saturation models applied to the
KP basalts suggest that the parental magmas may have never reached sulfide saturation, despite large degrees
of partial melting (�30%) and fractional crystallization (�45%).

First order approximations of the fractionation required to produce the KP basalts from an �30% partial
melt of a spinel peridotite were determined using the PELE program. The model was adapted to better fit the
physical and chemical observations from the KP basalts, and requires an initial crystal fractionation stage of
at least 30% olivine plus Cr-spinel (49:1), followed by magma replenishment and fractional crystallization
(RFC) that included clinopyroxene, plagioclase, and titanomagnetite (15:9:1). The low Pd values ([Pd/Pt]pm

� 1.7) for these samples are not predicted by currently available Kd values. These Pd values are lowest in
samples with relatively higher degrees of alteration as indicated by petrographic observations. Positive
anomalies are a function of the behavior of the PGEs; they can be reproduced by Cr-spinel, and titanomag-
netite crystallization, followed by titanomagnetite resorption during the final stages of crystallization. Our
modeling shows that it is difficult to reproduce the PGE abundances by either depleted upper or even primitive
mantle sources. Crustal contamination, while indicated at certain sites by the isotopic compositions of the
basalts, appears to have had a minimal affect on the PGEs. The PGE abundances measured in the Kerguelen
Plateau basalts are best modeled by melting a primitive mantle source to which was added up to 1% of outer
core material, followed by fractional crystallization of the melt produced. This reproduces both the abundances
and patterns of the PGEs in the Kerguelen Plateau basalts. An alternative model for outer core PGE
abundances requires only 0.3% of outer core material to be mixed into the primitive mantle source. While our
results are clearly model dependent, they indicate that an outer core component may be present in the
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1. INTRODUCTION

Large igneous provinces (LIPs; Coffin and Eldholm, 1993,
1994) are usually associated with hotspots and are generally
considered to be the product of initial plume magmatism (cf.
Richards et al., 1989). Plumes are generated through heat
transfer across a boundary layer, which causes thermal insta-
bility resulting in diapiric rise of a large buoyant mass of hot
mantle material (cf. Campbell and Griffiths, 1990). The plume
is composed of a “head” and a smaller “tail.” Melting of the
plume head as it approaches or impacts the lithosphere initiates
surface magmatism by thinning the overlying mantle and crust
through lateral spreading and/or thermal erosion (Saunders et
al., 1994). This magmatism may occur almost continuously for
millions of years (e.g., Kerguelen Plateau [KP]; Frey and Weis,
1995; Weis et al., 1998; Frey et al., 2000a; Duncan 2002) or
occur in discrete events (e.g., Ontong Java Plateau [OJP],
Mahoney et al., 1993; Tejada et al., 1996, 2002; Birkhold,
2000). Not all LIPs have a surface expression of the plume tail
(i.e., a hotspot track). In the case of the largest terrestrial LIPs,
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it has been suggested that the tremendous volume of material
erupted (OJP: c. 5 � 107 km3, M. Coffin, personal communi-
cation, 2003) requires a source in the lower mantle or even at
the core-mantle boundary (Coffin and Eldholm, 1993, 1994).
Indeed, outer core material has been proposed as a contaminant
in the source of some plumes (e.g., Walker et al., 1995; Bran-
don et al., 1999; Ely and Neal, 2003; Chazey and Neal, 2004).

Due to the immense size of the rising diapirs that produce
these provinces, and the extent and duration of the resultant
volcanism, most LIPs have incorporated material composition-
ally distinct from the plume itself. However, the amount of
incorporated/assimilated material (if any) is the subject of some
debate (Farnetani et al., 2002; Kumagai, 2002). The plume
head entrains portions of the mantle through which it passes
(Campbell and Griffiths, 1990), giving rise to heterogeneities in
the source before melting is initiated. The composition of the
entrained material can vary significantly, depending upon the
depth of its origin. Once the plume intersects with the base of
the lithosphere and begins to melt, it may interact with a
midocean ridge, taking advantage of this preexisting path to the
surface (e.g., Iceland). Assimilation of lithospheric material is
often promoted by the excess heat associated with plumes. For
example, in the case of the Kerguelen plume it experienced

lithospheric mantle/crustal contamination, with the contami-
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nants having been defined using a combination of trace element
and isotopic signatures (Frey et al., 2002; Neal et al., 2002;
Weis and Frey, 2002).

In this paper, we use the platinum-group elements (PGEs; Ir,
Ru, Rh, Pt, and Pd) to explore the possibility that a small outer
core component may be present in the Kerguelen Plateau
through the analysis of 17 samples returned from Ocean Dril-
ling Program (ODP) Leg 183. The samples analyzed are from
Sites 1136, 1137, and 1138 on the KP, and Sites 1141 and 1142
on Broken Ridge (Fig. 1). The use of PGE abundances and
patterns to assess core involvement in a mantle plume has
previously been applied to the OJP (Ely and Neal, 2003;
Chazey and Neal, 2004). In the case of the Kerguelen Plateau,
we will show that the basalts are relatively enriched in the
PGEs, which exhibit lithophile behavior during magmatic evo-
lution. Illustrative modeling of PGE abundances and normal-
ized profiles is conducted to explore the feasibility of an outer
core component being present in these basalts.

2. BACKGROUND

The Kerguelen Plateau is a northwest-southeast trending

Fig. 1. Map of the Kerguelen Plateau, Broken Ridge, and other
features associated with the Kerguelen plume. Numbered points rep-
resent Deep Sea Drilling Project (DSDP) and Ocean Drilling Program
(ODP) drill and dredge sites (adapted from Neal et al., 2002). Samples
for this study are taken from Sites 1136, 1137, 1138, 1141 and 1142.
basaltic province, �2300 km long by 200–600 km wide,
covering �1.5 � 106 km2 in the southern Indian Ocean (Fig.
1). Ocean Drilling Program (ODP) Leg 183 drilled eight sites
(1135–1142; Fig. 1), seven of which recovered basement (Cof-
fin et al., 2000). Aside from recent volcanism (e.g., the Ker-
guelen Archipelago, 30–0 Ma), the bulk of the KP is currently
submarine, although ODP Leg 183 found evidence that cur-
rently submarine portions of the KP were once above sea level
during their formation (Frey et al., 2000a; Mohr et al., 2002).
The initial phase of KP magmatism began at �118–119 Ma
during the breakup of Antarctica, Australia, and India, creating
what is now the southern portion of the plateau (Duncan, 2002)
and the Rajmahal Traps in Northern India (Kent et al., 2002).
This upper age limit may be extended (to �130 Ma) if the
Bunbury basalts in southeastern Australia owe their origin to
the Kerguelen hotspot (Mahoney et al., 1983; Frey et al., 1996).
The basalts from Elan Bank in the western KP erupted at �108
Ma (Duncan, 2002) and contained unequivocal evidence of
continental crust involvement (e.g., Nicolaysen et al., 2001;
Weis et al., 2001; Ingle et al., 2002). The central section of the
KP was formed at 101–102 Ma (Site 1138), followed by
Broken Ridge at 94–95 Ma, which was split from the central
KP during the opening of the Southeast Indian Ridge (SEIR) at
�42 Ma and now lies well to the northeast of the KP (Pringle
and Duncan, 2000; Duncan, 2002). At 82 Ma, another feature
associated with the Kerguelen plume, the Ninetyeast Ridge,
also began to form (Weis et al., 1991). The SEIR was moving
northward at the time, but maintained its position relative to the
plume with several southward ridge jumps (Royer et al., 1991).
A ridge jump at �38 Ma terminated the formation of the
Ninetyeast ridge (Mahoney et al., 1995). The northern part of
the KP formed at �40 Ma (Duncan, 2002), while the Ker-
guelen Archipelago has been erupting since 30 Ma with the
strongest period of magmatism between 29 and 25 Ma (Weis et
al., 1998; Frey et al., 2000b). Present-day volcanic activity is
primarily limited to the islands of Heard and McDonald to
the southeast of the archipelago (Barling et al., 1994). The
Ninetyeast Ridge, Kerguelen Archipelago, and McDonald and
Heard Islands represent the volcanic activity of the tail of the
Kerguelen plume. These features, along with the KP, represent
�120 m.y. of continuous plume activity.

Results from the ODP Leg 119, 120, and 183 Kerguelen
Plateau basement samples (see Fig. 1 for site locations) to-
gether with previous results from dredging (Davies et al., 1989;
Weis et al., 1989, 2002) suggest that the KP has had a very
complex history. The south and central KP are comprised of
tholeiitic to transitional basalts, while the northern KP and the
Kerguelen Archipelago become more alkalic with decreasing
age (Weis et al., 1993, 1998; Frey et al., 2000b). All of the KP
basalts are evolved, with an MgO content ranging from 4 to 9
wt%, with most recent Kerguelen Archipelago basalts contain-
ing a higher proportion of more evolved compositions. Mod-
eling of these young, evolved basalts also indicates a lower
degree of partial melting produced the lavas that formed the
archipelago relative to earlier KP basalts, suggesting a decreas-
ing heat supply from the KP hotspot over time (Frey et al.,
2000b).

Three compositionally distinct reservoirs have been involved
in the generation of the KP, as inferred from isotope data: the
plume itself, the SEIR (which affected the north of the KP) and

continental material (which affected the south and west portion
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of the KP). The plume component has been defined as having
a relatively enriched mantle isotopic signature (Salters et al.,
1992; Weis et al., 1993, 2002; Mahoney et al., 1995; Frey and
Weis, 1995, 1996; Mattielli et al., 1999), intermediate between
EMI and EMII in a Sr-Nd isotopic diagram. Weis et al. (1998)
proposed that the uncontaminated Kerguelen plume signature
(the plume tail) is best represented by the combined isotopic
ranges of the Upper Miocene Series (10.2–6.6 Ma) and Mount
Ross rocks (1–0.1 Ma) of the Kerguelen Archipelago. Subse-
quently, Neal et al. (2002), used isotope data and trace element
ratios to suggest that the alkali basalts at Sites 1141 and 1142
on Broken Ridge represent the pure plume signature [(87Sr/
86Sr)t � 0.70533–0.70566, �Nd(t) � �0.3 to �0.5, (206Pb/
204Pb)t � 17.989–18.022, (207Pb/204Pb)t � 15.586–15.611,
(208Pb/204Pb)t � 38.593–38.770, (La/Nb)pm and (Th/Ta)pm �
1, where pm denotes primitive mantle-normalized and t repre-
sents age-corrected isotope data].

In the south and west of the KP (Sites 738 and 1137; Fig. 1),
isotopic data indicate a strong continental influence (Storey et
al., 1992; Ingle et al., 2002). Strontium and Nd isotopes show
strong enrichments, plotting beyond EMI and EMII towards
continental material (Weis et al., 1993; Mahoney et al., 1995).
The basalts at these sites have high 207Pb/204Pb values for
given 206Pb/204Pb, which is also consistent with continental
crust (Ingle et al., 2002). Unradiogenic Os isotope signatures
from Mont Trapeze harzburgite xenoliths suggest that there
may be pieces of Gondwanaland subcontinental lithosphere
underlying the Kerguelen Archipelago (Hassler and Shimizu,
1998). The only direct evidence of continental crust being
present at the formation of the KP is at Elan Bank, where garnet
gneiss is present as cobbles in an interflow conglomerate (Cof-
fin et al., 2000; Nicolaysen et al., 2001; Weis et al., 2001).

Trace element data for the Kerguelen Plateau basalts are
consistent with the isotopic data. Ratios such as (La/Nb)pm and
(Th/Ta)pm should be �1 for mantle-derived basalts (e.g., Sun
and McDonough, 1989; McDonough and Sun, 1995). How-
ever, basalt samples from across the KP, including Broken
Ridge, have values for these ratios that decrease from �2
where there is a continental crust influence (Site 738) to more
typical ocean island basalt (OIB) values at �1 (Salters et al.,
1992; Mahoney et al., 1995). As mentioned above, enrichment
of Sr, Nd, and 207/204Pb for a given 206/204Pb towards conti-
nental crust values also occurs in these samples, with this
influence decreasing to the north and east. Samples from Site
1140 have been interpreted as being derived from a source
containing 63%–99% of a depleted mantle component, and
have compositions that are considered to be intermediate be-
tween the enriched plume signature and the SEIR (Weis and
Frey, 2002). Isotopic characteristics also shift to this more
MORB-like signature.

3. ANALYTICAL TECHNIQUES

Samples were chosen on the basis of being the least altered available
from each unit. Several grams of each of the samples analyzed were
prepared as described in Chazey et al. (2003). The amount of powder
varied from sample to sample, but to minimize the PGE nugget effect
(cf. Tredoux and McDonald, 1996), no less than �3 g of sample were
powdered. Two hundred and fifty milligrams of each sample powder
and the CANMET PGE reference material UMT-1 were then dissolved

in sequential stages and analyzed by inductively coupled plasma mass
spectrometry (ICP-MS; Fisons PlasmaQuad II�) as described by Ely et
al. (1999). The PGE data were reduced using the method of Ely and
Neal (2001), which gives realistic error analysis for each sample and
standard analyzed. Unless otherwise noted, the isotopes that were
analyzed to determine the total element concentrations presented in
Table 1 are 102Ru, 103Rh, 105Pd, 191Ir, and 195Pt. For details regarding
the analytical procedures used in determining the trace element con-
tents of the samples discussed in this paper, see Jenner et al. (1990) and
Neal (2001). Trace element concentrations for the Site 1137 garnet
gneiss were determined using ICP-MS analysis of LiBO2 fusions as
described in Neal et al. (2002). Major element data were acquired via
X-ray fluorescence at the University of Massachusetts at Amherst
following the methods described by Rhodes (1996).

4. PETROGRAPHY

The Kerguelen samples analyzed (Table 1) are generally
seriate or sparsely to moderately plagioclase- and clinopyrox-
ene-phyric basalts. In-depth petrographic summaries can be
found in Coffin et al. (2000) and Neal et al. (2002). We present
a brief summary here.

Samples near the edges of a flow or pillow unit generally
have intergranular or intersertal textures; less-commonly they
are trachytic or subtrachytic. Samples from the interiors of
these units tend to have a somewhat larger grain size and
subophitic to intergranular or intersertal textures. These coarser
grained basalts are dominated by subhedral to anhedral plagio-
clase in the groundmass, ranging from 45 to 70 modal % of
each sample, while partially altered anhedral clinopyroxene
(15–40 modal %) and devitrified glass make up the bulk of the
remaining portion. Plagioclase and olivine (�5 modal %) phe-
nocrysts are found both as isolated crystals and in some cases
as glomerocrysts (e.g., 1136 18R-6 Pc.2, 19–24 cm). Clinopy-
roxene phenocrysts are partially resorbed in most cases. Total
phenocrysts range from none in some samples at Sites 1138 and
1141 to almost 20% in samples from Site 1136. Reflected light
microscopy revealed that the all the KP basalts examined
contain 1%–4% subhedral, partially resorbed titanomagnetite.
Primary sulfides are present as minute (50 �m maximum size
and impossible to polish well enough to identify) interstitial
blebs, but are rare (��1 modal %).

4.1. Site 1136

The three basalt units are sparsely to moderately plagioclase-
phyric, with lesser amounts of clinopyroxene and olivine (Cof-
fin et al., 2000). Olivine is only found as an altered phenocryst
phase in Unit 1. Phenocrysts occur either as individual crystals
or glomerocrystic intergrowths. These occur in an intergranular
to granular groundmass of clinopyroxene, titanomagnetite, pla-
gioclase, with or without altered glass.

4.2. Site 1137

Two samples from Site 1137 on Elan Bank were analyzed.
Sample 1137A 26R1, Pc4, Unit 2B is an aphyric tholeiitic
basalt that exhibits an intergranular to intersertal texture of
plagioclase, clinopyroxene, titanomagnetite, and variably al-
tered mesostasis. The second sample, 1137A 36R1, 32–37, is a
relatively coarse-grained garnet-biotite gneiss cobble from an
interflow conglomerate (Coffin et al., 2000). It contains poiki-
loblastic garnets set in a xenoblastic groundmass of K-feldspar,
plagioclase, and quartz, with accessory zircon. The groundmass

exhibits a weakly gneissic texture.



Table 1. Platinum-group (ng/g), major (wt%), and trace element (�g/g) abundances for the ODP Leg 183 basalts analyzed in this study.a

Leg Site Hole Core Section Piece Interval (cm) Unit Type Ir 2� Ru 2� Rh 2� Pt 2� Pd 2�

183 1136 A 16R 2 2A 24–30 1 tholeiitic 0.75 0.14 1.04 0.12 0.85 0.05 8.2 0.3 7.4 0.4
183 1136 A 18R 6 2 19–24 2 tholeiitic BDL BDL 0.35 0.14 0.40 0.04 7.8 1.6 5.6 1.1
183 1137 A 26R 1 4 37–43 2B tholeiitic? 0.97 0.56 0.97 0.53 1.42 0.27 32.6 6.7 15.4 4.5
183 1137 A 36R 1 1A 32–37 6 garnet-biotite

gneiss
BDL BDL 0.58 0.39 0.31 0.26 18.3 4.8 6.1 1.9

183 1138 A 80R 1 7 39–42 3 tholeiitic 2.08 0.67 1.56 0.37 1.27 0.40 15.3 8.0 9.2 1.0
183 1138 A 80R 5 1 4–11 5 tholeiitic 0.60 0.31 0.28 0.25 0.37 0.26 12.8 4.1 8.4 1.5
183 1138 A 81R 4 12 116–120 7 tholeiitic 1.35 0.30 1.07 0.07 0.83 0.08 17.5 0.8 8.9 1.0
183 1138 A 82R 5 7B 75–84 9 tholeiitic BDL BDL BDL BDL 0.63 0.31 11.5 3.3 8.2 2.8
183 1138 A 84R 1 5B 67–70 12 tholeiitic 0.88 0.46 0.69 0.36 BDL BDL 19.1 1.5 11.7 2.4
183 1138 A 85R 1 9 83–87 14 tholeiitic BDL BDL 0.48 0.24 BDL BDL 5.8 2.6 6.5 3.4
183 1138 A 86R 3 6 36–40 17 tholeiitic 0.51 0.14 BDL BDL 0.38 0.23 10.6 1.5 7.1 3.9
183 1138 A 88R 2 10 134–137 21 tholeiitic 0.42 0.16 0.35 0.12 BDL BDL 17.9 4.5 8.3 3.8
183 1138 A 89R 3 1A 6–11 22 tholeiitic 0.93 0.65 0.68 0.13 0.42 0.04 19.0 0.9 6.0 1.5
183 1141 A 21R 2 1D 114–125 5 alkalic BDL BDL 0.39 0.06 0.25 0.10 6.7 4.6 7.2 1.9
183 1141 A 24R 2 2A 31–34 6 alkalic 0.47 0.13 0.52 0.25 0.36 0.14 12.8 1.4 8.1 1.6
183 1142 A 2R 1 2A 7–11 1 alkalic 0.85 0.14 1.12 0.22 0.54 0.09 18.3 1.7 11.7 1.6
183 1142 A 10R 3 1 12–22 6 tholeiitic 0.50 0.09 0.32 0.20 0.18 0.04 10.6 2.8 3.5 0.8

UMT-1 (n � 13) 9.1 0.3 10.6 0.4 10.8 0.4 118 4 104 4
UMT-1 (cert.) 8.8 0.6 10.9 1.5 9.5 1.5 129 5 106 3

Leg Site Hole Core Section Piece Interval (cm) Unit Type MgO TiO2 Fe2O3 Sc V Cr Co Ni Cu Zn Rb Sr

183 1136 A 16R 2 2A 24–30 1 tholeiitic 6.56 1.75 11.96 36.2 278 170 46.0 65.3 49 112 4.10 229
183 1136 A 18R 6 2 19–24 2 tholeiitic 6.65 1.65 12.77 36.2 193 171 48.9 59.8 118 111 4.00 232
183 1137 A 26R 1 4 37–43 2B tholeiitic? 32.7 295 99 49.2 30.0 45 133 12.8 565
183 1137 A 36R 1 1A 32–37 6 garnet-biotite

gneiss
70 50 3.2 5.7 14.5 8.2 46 117 83

183 1138 A 80R 1 7 39–42 3 tholeiitic 5.17 1.92 11.96 48.5 373 86 50.9 57.3 139 130 2.0 234
183 1138 A 80R 5 1 4–11 5 tholeiitic 5.76 2.16 11.58 55.8 509 101 50.7 67.0 157 147 1.3 254
183 1138 A 81R 4 12 116–120 7 tholeiitic 6.37 2.04 13.12 47.5 369 70 47.2 57.6 189 133 11.2 205
183 1138 A 82R 5 7B 75–84 9 tholeiitic 5.83 2.12 14.91 49.1 547 49 56.9 50.9 204 162 6.5 205
183 1138 A 84R 1 5B 67–70 12 tholeiitic 5.98 2.32 13.94 48.3 409 56 48.7 43.8 180 148 5.4 245
183 1138 A 85R 1 9 83–87 14 tholeiitic 5.97 2.56 15.17 40.2 465 46 46.5 35.1 202 162 4.9 210
183 1138 A 86R 3 6 36–40 17 tholeiitic 5.20 2.72 16.92 46.7 578 16 51.2 32.6 209 188 2.8 211
183 1138 A 88R 2 10 134–137 21 tholeiitic 4.96 2.95 17.54 39.7 360 11 52.6 25.6 184 153 2.6 214
183 1138 A 89R 3 1A 6–11 22 tholeiitic 4.74 3.05 17.24 43.6 393 45 51.8 28.2 238 175 3.1 231
183 1141 A 21R 2 1D 114–125 5 alkalic 6.03 2.81 12.38 29.3 218 300 58.9 208 194 126 6.7 523
183 1141 A 24R 2 2A 31–34 6 alkalic 6.45 2.74 11.80 28.6 216 355 47.7 195 173 109 8.7 443
183 1142 A 2R 1 2A 7–11 1 alkalic 7.41 2.78 12.24 30.2 386 405 55.8 220 256 121 14.0 460
183 1142 A 10R 3 1 12–22 6 tholeiitic 4.21 2.57 13.31 33.5 404 21 64.8 40.5 171 142 3.2 204
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Table 1. (Continued)

Leg Site Hole Core Section Piece Interval (cm) Unit Type Y Zr Nb Cs Ba La Ce Pr Nd Sm Eu Gd

183 1136 A 16R 2 2A 24–30 1 tholeiitic 25.8 93 6.1 0.06 72 7.5 17.2 2.61 12.6 3.64 1.45 4.55
183 1136 A 18R 6 2 19–24 2 tholeiitic 27.1 101 6.2 0.13 81 8.5 20.2 2.96 13.8 4.03 1.44 5.07
183 1137 A 26R 1 4 37–43 2B tholeiitic? 28.1 203 15.8 0.06 344 23.5 48.2 7.11 29.6 6.58 2.30 7.04
183 1137 A 36R 1 1A 32–37 6 garnet-biotite

gneiss
56 209 15.5 2.04 806 66.1 92.0 15.4 52.3 8.91 2.13 7.58

183 1138 A 80R 1 7 39–42 3 tholeiitic 32.8 124 11.2 0.01 81 11.0 25.9 3.83 17.1 4.49 1.58 5.33
183 1138 A 80R 5 1 4–11 5 tholeiitic 30.8 138 12.7 104 11.2 26.8 3.91 17.7 4.61 1.66 5.41
183 1138 A 81R 4 12 116–120 7 tholeiitic 29.3 120 11.5 0.13 117 11.2 27.5 3.85 17.5 4.70 1.71 5.46
183 1138 A 82R 5 7B 75–84 9 tholeiitic 33.7 151 12.9 0.12 86 13.9 29.9 4.49 19.9 5.08 1.76 5.92
183 1138 A 84R 1 5B 67–70 12 tholeiitic 36.2 166 15.6 0.01 99 14.3 36.2 5.28 23.0 5.80 1.99 6.78
183 1138 A 85R 1 9 83–87 14 tholeiitic 48.2 203 17.2 0.11 107 16.9 42.4 6.22 26.4 6.65 2.07 7.99
183 1138 A 86R 3 6 36–40 17 tholeiitic 48.5 265 21.8 0.47 110 19.3 42.4 6.47 28.8 7.30 2.35 8.40
183 1138 A 88R 2 10 134–137 21 tholeiitic 45.5 225 20.6 0.11 115 20.7 51.5 7.40 30.5 7.85 2.32 8.89
183 1138 A 89R 3 1A 6–11 22 tholeiitic 52.2 231 22.7 0.03 125 23.2 55.2 7.67 32.1 8.37 2.60 9.53
183 1141 A 21R 2 1D 114–125 5 alkalic 27.2 132 25.9 0.09 264 20.5 52.7 7.48 31.9 7.01 2.19 7.12
183 1141 A 24R 2 2A 31–34 6 alkalic 27.6 161 25.6 0.22 338 22.3 53.6 7.87 33.6 7.23 2.28 7.28
183 1142 A 2R 1 2A 7–11 1 alkalic 28.5 223 26.8 0.16 260 21.3 55.4 7.78 33.3 7.59 2.35 7.47
183 1142 A 10R 3 1 12–22 6 tholeiitic 26.9 193 15.6 0.08 313 21.5 44.5 6.12 24.1 5.53 2.05 6.61

Leg Site Hole Core Section Piece Interval (cm) Unit Type Th Dy Ho Er Tm Yb Lu Hf Ta Pb Th U

183 1136 A 16R 2 2A 24–30 1 tholeiitic 0.80 4.91 0.98 2.75 0.41 2.55 0.31 2.57 0.35 1.42 0.93 0.08
183 1136 A 18R 6 2 19–24 2 tholeiitic 0.88 5.21 1.02 3.00 0.43 2.67 0.40 2.65 0.51 2.39 1.02 0.22
183 1137 A 26R 1 4 37–43 2B tholeiitic? 0.98 5.90 1.07 2.90 0.34 2.28 0.31 5.61 0.96 3.99 2.66 0.46
183 1137 A 36R 1 1A 32–37 6 garnet-biotite

gneiss
0.89 4.80 0.75 1.76 0.17 1.46 0.17 6.35 1.51 18.1 31.8 2.09

183 1138 A 80R 1 7 39–42 3 tholeiitic 0.92 5.73 1.26 3.64 0.54 3.19 0.49 3.36 0.66 0.48 1.02 0.18
183 1138 A 80R 5 1 4–11 5 tholeiitic 0.89 5.62 1.15 3.32 0.50 3.41 0.44 3.46 0.70 1.21 1.00 0.14
183 1138 A 81R 4 12 116–120 7 tholeiitic 0.96 5.90 1.25 3.46 0.53 3.53 0.48 3.38 0.72 1.34 1.24 0.24
183 1138 A 82R 5 7B 75–84 9 tholeiitic 1.00 6.25 1.34 3.82 0.52 3.94 0.51 3.85 0.70 1.62 1.32 0.25
183 1138 A 84R 1 5B 67–70 12 tholeiitic 1.15 7.30 1.56 4.29 0.59 4.97 4.52 0.88 1.98 1.69 0.31
183 1138 A 85R 1 9 83–87 14 tholeiitic 1.31 8.46 1.78 5.09 0.72 4.94 0.69 5.41 1.04 3.75 1.95 0.48
183 1138 A 86R 3 6 36–40 17 tholeiitic 1.40 8.55 1.83 5.07 0.76 5.29 0.71 5.89 1.10 2.93 2.44 0.50
183 1138 A 88R 2 10 134–137 21 tholeiitic 1.51 9.35 1.98 5.72 0.78 5.62 0.78 6.41 1.32 3.94 2.37 0.50
183 1138 A 89R 3 1A 6–11 22 tholeiitic 1.53 9.80 2.11 5.96 0.83 5.69 0.83 6.00 1.21 3.20 2.39 0.54
183 1141 A 21R 2 1D 114–125 5 alkalic 1.00 5.71 1.06 2.77 0.35 2.52 0.35 3.56 1.53 2.27 1.06 0.15
183 1141 A 24R 2 2A 31–34 6 alkalic 1.01 6.26 1.16 3.23 0.40 2.53 0.39 4.02 1.64 2.40 1.20 0.22
183 1142 A 2R 1 2A 7–11 1 alkalic 1.02 5.86 1.10 3.02 0.43 2.58 0.36 5.87 1.60 3.52 1.15 0.32
183 1142 A 10R 3 1 12–22 6 tholeiitic 1.04 6.31 1.27 3.85 0.59 3.95 0.57 4.93 0.98 4.50 3.64 0.56

a Concentrations between the limit of detection (LOD: blank � 3�) and limit of quantification (LOQ: blank plus 10�) are reported in italics: those below detection limits are listed as BDL. All PGE
abundances are also reported with a 2 sigma value. An average (n � 13) of the standard UMT-1 is reported with certified values for comparison. Underlined values are informational only.
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4.3. Site 1138

As noted by Neal et al. (2002), Site 1138 basalts are gener-
aaly aphyric to sparsely plagioclase-clinopyroxene-titanomag-
netite phyric. Plagioclase is present either as solitary crystals or
as glomerocrysts. Olivine microphenocrysts, partially to com-
pletely replaced by clay minerals, are present in Units 5–16 and
Unit 19. The phenocrysts exhibit resorption features.

4.4. Sites 1141 and 1142

At Site 1141, Units 2–4 are aphyric to plagioclase-phyric
basalts. The base of Unit 4 and Units 5 and 6 contained partially
altered olivine as a persistent phenocryst phase (Coffin et al.,
2000). The phenocrysts are set in an intersertal to intergranular
groundmass of clinopyroxene, plagioclase, titanomagnetite and
variably altered glass. A minor, yet common accessory phase is
apatite, which is present as minute needles, consistent with the
alkalic nature of these basalts. Site 1142 basalts are more
altered than those from Site 1141, although relatively unaltered
selvages were present in the drill core. The samples analyzed in
this study were from Units 1 and 6. Unit 1 is sparsely olivine
phyric, with rare plagioclase phenocrysts, and exhibits an in-
tergranular texture. Olivine phenocrysts exhibit only minor
alteration to clay minerals. Unit 6 is an aphyric to sparsely
plagioclase-phyric tholeiitic pillow basalt.

Samples from Sites 1141 and 1142 contain olivine crystals
(�1 modal %), many of which enclose unaltered Cr-spinel
crystals (��1% modal abundance). Cr-spinel was noted in all
samples from Sites 1141 and 1142, except sample 1142 10R3
Pc. 1 (Unit 6), which is consistent with the Cr contents of the
basalts analyzed from these sites (300–405 �g/g and 21 �g/g,
respectively; Neal et al., 2002). These crystals are remnants of
an earlier stage of crystallization (olivine � Cr-spinel) experi-
enced by all of the KP basalts, even though Cr-spinel is not
represented in all the basalts.

5. RESULTS

The KP basalts analyzed from Sites 1136, 1137, 1138, 1141,
and 1142 range from tholeiitic to alkalic and have relatively
low MgO (�4.2–7.4 wt%, Table 1), Ni (25.6–220 �g/g) and
Co (46.0–64.8 �g/g) abundances, suggesting that the basalts
have experienced olivine removal. Samples from Broken Ridge
(Sites 1141 and 1142) generally have higher Cr and Ni abun-
dances (300–405 and 195–220 �g/g, respectively) than most
of the other basalts analyzed (11–101 and 25.6–67.0 �g/g).
The only exception are the Site 1136 basalts, which have
intermediate Cr content (170–171 �g/g). The Site 1136 basalts
also contain the lowest REE, Nb, Zr, and Y values (Table 1).
Trace element contents of the garnet-biotite gneiss from Site
1137 are also presented in Table 1. Due to an instrumental
fault, the low-mass values for the U. S. G. S. standard G-2
(granite) were not available to compare with the gneiss. Al-
though the fault did not occur during the analysis of the gneiss,
and a sample of the U. S. G. S. standard BHVO-1 (basalt) run
at the same time compared very well to its certified values, we
recommend that the low-mass values of the gneiss be consid-
ered cautiously.

Results of the PGE analyses for 17 Kerguelen basalt samples

are presented in Table 1, along with 2 sigma errors calculated
using the standard addition regression described by Ely and
Neal (2001). Most 2 sigma values are between 5 and 40% of the
analyzed value. Iridium values for the KP range from 0.30 to
0.97 ng/g, with many values falling between the limit of de-
tection (LOD � background � 3�) and the limit of quantifi-
cation (LOQ � background � 10�). The values for LOD and
LOQ were calculated for each sample using the nearest back-
ground (blank) in the sample run. The rock concentration LOD
for the PGEs was generally �0.4 ng/g (�1.3 pg/g analyzed
concentration). Values are not included if they were within 3�
of background. Ranges for the other PGEs are as follows: Ru
(0.28–1.56 ng/g), Rh (0.18–1.42 ng/g), Pt (5.8–32.6 ng/g), Pd
(3.5–15.4 ng/g). As expected, the PGEs increase in concentra-
tion from Ir, Ru, Rh, to Pt. Palladium abundances are generally
lower than for Pt (Table 1). Primitive mantle-normalized pro-
files show all samples have fractionated patterns with an overall
positive slope, but generally exhibit a flattening of the profile
between Pt and Pd and/or a positive Ir anomaly (Fig. 2).

6. DISCUSSION

6.1. Sulfide Effects

Petrographic observations demonstrate that sulfide mineral
modal abundance is ��1% in all the Leg 183 samples exam-
ined in this study. This could be indicative of the following: 1)
the basalts did not reach sulfide saturation; 2) the basalts did
reach sulfur saturation and the resulting immiscible sulfide melt
was effectively removed; 3) Sulfide was lost during subaerial or
shallow water emplacement of the KP basalts (Moore and
Schilling, 1973; Frey et al., 2000a); 4) most of the samples have
also experienced at least mild seawater alteration when the KP
became submerged, during which sulfides could have been
removed (Keays and Scott, 1976).

There has been much discussion of the sulfur content of the
mantle (e.g., Hart and Ravizza, 1996, and references therein).
Estimates typically range from 20 �g/g for depleted mantle
(Ionov et al., 1992) to 250 �g/g for primitive mantle (Keays,
1995). For modeling purposes, we will assume that plume

Fig. 2. Primitive mantle-normalized plot of the PGEs and Y from the
Kerguelen Plateau. Nearly all samples show positive Ir anomalies, and
exhibit a flattening of the profile between Pt and Pd. N-MORB data
from Rehkämper et al. (1999) and Tatsumi et al. (1999). Primitive
mantle values are from Sun and McDonough (1995).
source mantle material has 250 �g/g sulfur. When such a
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source melts, the sulfide minerals that host the sulfur will be
exhausted by a maximum of �20%–23% partial melting
(Rehkämper et al., 1999). We do note that Luguet et al., 2003,
concluded that sulfides could be exhausted in oceanic mantle
after only 12% partial melting, suggesting the 20%–23% partial
melting represents an upper limit for sulfide exhaustion. At this
level, all magmas generated by melting up to �25% of an
undepleted mantle source should be at or near saturation with
sulfur. Other estimates, however, indicate that the capacity of
the magma to incorporate sulfur is correlated negatively with
pressure and positively with temperature, and that pressure has
by far the greater effect (Mavrogenes and O’Neill, 1999; Holz-
heid and Grove, 2002) and this effect is nonlinear (see eqn. 10
of Mavrogenes and O’Neill, 1999). Therefore, the closer to the
surface the magma gets, the greater its sulfur capacity. The KP
and other LIPs are thought to be generated from melts of
20%–40% (Coffin and Eldholm, 1993; Mahoney et al., 1993;
Farnetani et al., 1996; Neal et al., 1997); for modeling purposes
we will assume �30% melting. The pressure and temperature
of the source during the melting of the KP was probably
variable, but much of the melting likely took place at pressures
between 2.0 and 3.0 GPa and temperatures in excess of 1400°C
(see also Farnetani et al., 1996; Chazey and Neal, 2004; Fitton
and Godard, 2004). Using these assumptions the model of
Mavrogenes and O’Neill (1999) predicts a sulfur capacity of
�800–1060 �g/g for a basaltic magma. The Holzheid and
Grove (2002) model predicts an even higher sulfur capacity
(�1600 �g/g at �1430°C and 2.0 GPa). Assuming a 30% melt
of a KP source with 250 �g/g sulfur, the resultant magma will
have 833 �g/g sulfur, and thus the initial melt would likely
have been close to sulfur saturation.

If sulfur is not lost either due to sulfur saturation or as part
of a gaseous phase, then it is likely almost perfectly incompat-
ible during fractional crystallization. This allows an estimate to
be made of the sulfur content of a magma provided the amount
of fractional crystallization is known. Even if sulfur is not
perfectly incompatible (i.e., Kd � 0), the approximation is
useful because it provides a maximum sulfur concentration for
the magma. If the maximum sulfur concentration is less than
the saturation point, then sulfur cannot saturate without further
crystal fractionation, a decrease in FeO or temperature, or an
increase in pressure. Using the program “PELE” (Boudreau,
1999) a simple major element model was used to estimate the
amount of fractional crystallization that the KP magmas under-
went. If an experimentally derived �30% partial melt of the
natural, fertile spinel lherzolite KLB-1 (Hirose and Kushiro,
1993) is used as a primary melt, the KP basalts must have
experienced no less than �30% fractional crystallization of
olivine (�spinel), plagioclase, and clinopyroxene. This would
increase the sulfur content of the magma to �1190 �g/g. Trace
element modeling of the Site 1138 basalts by Neal et al. (2002)
used 15% crystallization of plagioclase, clinopyroxene, and
titanomagnetite with replenishment and resorption to produce
the observed compositional ranges. Such crystallization in-
creases sulfur content of the magma significantly. However, the
higher sulfur content is offset by the increase in sulfur capacity
caused by the magma’s ascent into shallow, low-pressure
magma chambers where most of the fractionation takes place.
For example, a magma at 1400°C and 2.0 GPa would have a

sulfur content at sulfide saturation (SCSS) of 1060 �g/g; when
the ascending magma reached 1.0 GPa, the sulfur capacity (at
1400°C) of the magma would have increased to �1400 �g/g
(Eqn. 10; Mavrogenes and O’Neill, 1999, using the basaltic
values for A [�6684 K], B [11.52], and C [�0.047 K bar�1]),
and at 0.1 GPa, 1800 �g/g. After 45% fractional crystallization,
the sulfur concentration of the magma could be as much as
�1515 �g/g. We envisage the late stages of magma evolution
are likely to have occurred in near-surface magma chambers at
pressures between 1.0 and 0.1 GPa. However, the magma
temperature during late-stage fractional crystallization (plagio-
clase, clinopyroxene) is likely to be under �1200°C. The
temperature drop would cause the SCSS to drop back to near
�1078 �g/g at 0.1 MPa. All these calculations, however,
neglect the effects of magma composition. The most important
compositional factor is FeO; the higher the FeO of a magma,
the higher the SCSS (O’Neill and Mavrogenes, 2002). At low
FeO, the other major element oxides do have an effect on the
SCSS as well, but at �10 wt % FeO, the effects of other oxides
become inconsequential (O’Neill and Mavrogenes, 2002). As
the Kerguelen basalts analyzed in this study all contain 11.5 wt
% FeO or more, the effects of the other major elements can be
treated as negligible. A strong exponential relationship between
the SCSS and FeO content suggests that the SCSS for these
magmas would be very high indeed. Estimates using the equa-
tions from O’Neill and Mavrogenes (2002) indicate that the
SCSS may reach almost 7000 �g/g for the highest FeO abun-
dance KP basalts. Given these high FeO abundances, it is very
unlikely that the KP basalts could have saturated with respect to
sulfur.

Wallrock interaction with either crustal or mantle material
may change the sulfur concentration of the magma through
assimilation, while decreasing its sulfur capacity due to the
temperature decrease. Continental material typically has high
concentrations of sulfur (697 �g/g; Wedepohl, 1995), and
assimilation of such material may increase sulfur in the magma,
while incorporation of depleted mantle sources would serve to
decrease the sulfur through dilution. However, by the time the
magma encounters continental material, it would have sulfur
abundances far in excess of �700 �g/g. The added fraction-
ation associated with assimilation only serves to increase the
natural sulfur abundance of the magma. In order for the sulfur
not to be diluted in these cases, sulfide would have to be
preferentially assimilated by the magma. Studies have shown
this to be a strong possibility, as the high temperatures of the
magma preferentially destabilize phases like pyrite in the wall-
rock (Barnes et al., 1997; Baker et al., 2001). Therefore, mag-
mas with sulfur abundances greater than 700 �g/g may still be
enriched in sulfur via wallrock assimilation.

If segregation of a sulfur-rich liquid had occurred, relatively
large depletions of Pt and Pd relative to Y on primitive mantle
normalized plots would be expected in the remaining silicate
liquid (Brügmann et al., 1993). In a sulfide-undersaturated
basaltic system, Pd and Y should have similar incompatibili-
ties, producing a relatively flat normalized pattern [i.e., (Y/
Pd)pm �1)]. The PGE data for the KP basalts (Fig. 2) show a
slight depletion of Pd [(Y/Pd)pm ranges from 1.5 to 13, whereas
N-MORB is �40)]. MORBs are generally considered to have
experienced sulfide saturation and extraction of an immiscible
sulfide melt (e.g., Roy-Barman et al., 1998; Rehkämper et al.,

1999; Chazey, 2004). They plot well below the KP on a
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primitive mantle normalized plot (Fig. 2), and show extreme
depletions of Pt and Pd relative to Y. Therefore, PGE data for
the KP basalts indicate that the magma that produced them did
not segregate an immiscible sulfide liquid. The slight depletions
in Pd will be explained below.

The basalts of Sites 738 and 1137 and to some degree those
of Site 1136 interacted with continental lithospheric material
(Storey et al., 1992; Weis et al., 1993; Mahoney et al., 1995;
Neal et al., 2002). While we did not analyze any basalts from
Site 738, the overall PGE abundances of the basalts analyzed
from Site 1136 and 1137 show no significant difference from
KP basalts that do not contain continental components (Sites
1138, 1141, and 1142). The similarity between the PGE abun-
dances at each of the sites suggests that although some basalts
have been affected by assimilation of continental crust, this has
not dramatically affected the PGEs either through dilution or
through promoting sulfur saturation and removal of an immis-
cible S-rich liquid.

Finally, while the presence of vesicles in many KP basalts
indicates the magmas lost volatiles via degassing, it is unlikely
that this would affect PGE abundances due to the high volatility
temperature of these elements. Seawater alteration could have
removed sulfide minerals from the host basalts, but if so, the
PGEs were incorporated into alteration phases and basalts
retained their relative whole-rock abundances. Given the evi-
dence based on petrography, sulfur saturation models, and PGE
data, it is likely that the KP magmas did not saturate with
respect to sulfur, and that the PGEs exhibited lithophile behav-
ior during the evolution of the Kerguelen Plateau basalts.

6.2. PGE Behavior during Basalt Petrogenesis

At Site 1138, a sequence of subaerially erupted tholeiitic
basalts was recovered that has been previously modeled by
replenishment and fractional crystallization (Neal et al., 2002).
Although the Site 1138 basalt compositions require earlier
stages of crystallization that include olivine, the last stage to
take place before eruption included plagioclase, clinopyroxene,
and a small amount of titanomagnetite. By determining PGE
abundances in the basalt units throughout the sequence, frac-

Table 2. Model concentrations (ng/g) and crys

Ir R

Olivine Kd 0.77 1.7
Orthopyroxene Kd 1.8 1.9
Clinopyroxene Kd 1.8 1.9
Cr-spinel Kd 100 15
Sulfide Kd 4400 24
Plagioclase Kd 0.3 0.3
Ti-magnetite Kd 500 30
Spinel Lherzolite ng/g 2.46 4.2
Primitive Mantle ng/g 3.2 5.0
Outer Core (Model 3) ng/g 188 66
Outer Core (Model 4) ng/g 332 11

a References for data are as follows: 1 � Puchtel and Humayun (20
estimated from Hill et al. (2000); 3 � Capobianco et al. (1990, 1991),
(2001), Capobianco et al. (1990); 5 � Peach et al. (1994), Bezmen
Capobianco and Drake (1994); 7 � Capobianco et al., 1994, estimate
and Sun (1995); 10 � Snow and Schmidt (1998); 11 � Righter et al.
tionation of the PGE profile can be monitored. This can be
achieved using the Pt/Ir ratio. This ratio is useful as a fraction-
ation index as Pt ranges from a bulk D of �1 to being slightly
incompatible during a typical fractionation sequence, while Ir
remains compatible during the fractionation (see Table 2 for
crystal/liquid partition coefficients). The Pt/Ir ratio for the Site
1138 basalts shows a general negative correlation with Cr, Sc,
and Ni (Fig. 3), all of which are compatible in clinopyroxene
and titanomagnetite (e.g., Villemant et al., 1981; Green, 1994).
Conversely, the Pt/Ir ratio correlates positively with TiO2 (Fig.
3c), and Cr exhibits a generally positive correlation with Ir
(Fig. 3f). One of the samples falls off of the Pt/Ir vs. Cr trend
(Sample 1138 80R5), but this may be due to a large error on Ir
(0.6 � 0.3 ng/g; instrument sensitivity was lower for this
particular run). All of these plots show some variability in the
degree of correlation, but that is consistent with the complexity
of the RFC processes inferred to have affected these basalts
(Neal et al., 2002). Although plagioclase was fractionating, a
positive correlation between Pt/Ir and Eu (Fig. 3d) suggests that
Eu was behaving incompatibly overall. This is consistent with
the conclusion of Neal et al. (2002) that the amount of plagio-
clase crystallization was not enough for the bulk Kd of Eu to
exceed unity. While there is also a possibility that the PGEs
may be present as metal alloys (e.g., Ballhaus and Sylvester,
2000), in the KP basalts, the presence of titanomagnetite as a
fractionating phase suggests fO2 was too high for such alloys to
form (e.g., Barnes, 1993; Tredoux et al., 1995; Borisov and
Palme, 1997; Ertel et al., 1999).

As stated earlier, the presence of Cr-spinel in Sites 1141 and
1142 basalts correlates strongly with whole-rock Cr contents of
these basalts (Table 1). According to the partition coefficients
used in our modeling (see below and Table 2), the PGEs should
be affected in much the same way. If the increase between the
low (tholeiitic) and high (alkalic)-Cr samples is between 3 and
40 times, we could reasonably expect to see an appreciable
increase in Ir and Ru. Spinel-melt partition coefficients for Cr
(�200; Puchtel and Humayun, 2001) are not much higher than
Ir and Ru and at the very least, we might expect a two-fold
increase in PGE contents in the samples. However, this is not
the case. The basalts at Sites 1141 and 1142, Unit 1 have

id partition coefficients for the KP modeling.

Rh Pt Pd Referencea

1.8 0.08 0.03 1, 11
0.27 2.2 0.3 2
0.27 0.8 0.3 3
63 3.3 1.6 4, 11
3000 6900 6300 5
0.4 0.3 0.2 6
130 3 1.1 7
0.8 4.34 2.48 8
0.9 7.1 3.9 9
134 776 572 10
237 5254 3873 12

pobianco et al. (1991); 2 � estimates from Ely and Neal (2003), Rh
ianco and Drake (1994), Hill et al. (2000); 4 � Puchtel and Humayun
(1994), Tredoux et al. (1995); 6 � Capobianco et al. (1990, 1991),

ly and Neal (2003); 8 � Rehkämper et al. (1997); 9 � McDonough
; 12 � Brandon et al. (2003).
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basalts. But they also formed from a lower degree of partial
melting than those at Sites 1136 and 1138 (Neal et al., 2002).
This model predicts that a lower degree of partial melting
would decrease the concentration of Ir and Ru in the primary
magma. This would result in decreased overall Ir and Ru
abundances relative to other samples, provided that a similar

Fig. 3. Fractional crystallization indicators compared
correlation of Pt/Ir with TiO2 (c) and Cr with Ir (f), and n
e) indicate Pt and Ir are in a sulfur-undersaturated environ
Ir is compatible in a fractionating phase. Pt/Ir correlation w
suggest clinopyroxene and titanomagnetite are responsible
Kds in the literature (Table 2).
amount of the same phases were crystallized from their parent
melts. The presence of Cr-spinel could therefore act as a
counterbalance to the lower abundance of PGE abundance in
the primary magma to the Site 1141 and 1142 alkalic basalts,
and thus the final basalt. In other words, the Cr-spinel crystals
bring up what would otherwise be lower PGE abundances in
the Site 1141 and 1142 alkalic basalts.

Pt/Ir and Ir abundance for Site 1138 basalts. Positive
correlations of Pt/Ir with Cr, Sc, Eu and Ni (a, b, d, and

uch that Pt has a bulk partition coefficient around one and
and Sc coupled with a negative correlation with TiO2 may

compatible behavior of Ir. This is in agreement with the
with
egative
ment, s
ith Cr
for the
On the larger scale, the KP basalts mark a change in trend



4694 W. J. Chazey III and C. R. Neal
relative to komatiites and picrites on MgO vs. Pt and Pd
diagrams (Figs. 4a,b). From the komatiite field, Pt in a sulfur-
undersaturated system has a Kd of about one during olivine and
Cr-spinel fractionation. This is consistent with published Kds
for the Pt in these phases (Table 2; Puchtel and Humayun,
2001). At or near the point at which olivine and Cr-spinel are
no longer liquidus phases, it seems that MORB magmas expe-
rience sulfide saturation and removal of Pt (and the other

Fig. 4. Pt and Pd (ng/g) vs. MgO (wt%) for the KP basalts compared
with various other types of basalts, picrites, and komatiites. The insets
in each figure display only the KP data. (a) Sulfur undersaturated
systems like the Baltic komatiites (Vetreny) and the KP basalts indicate
Pt has a bulk partition coefficient near one during olivine and Cr-spinel
fractionation. The bulk partition coefficient decreases after olivine and
Cr-spinel move off the liquidus. MORBs are likely affected by sulfide
saturation. (b) Again, sulfur undersaturated systems reflect the incom-
patible behavior of Pd during olivine and Cr-spinel fractionation.
However, Pd abundances in the KP basalts decrease with decreasing
MgO abundance during fractionation of plagioclase, clinopyroxene and
titanomagnetite. This behavior is inconsistent with current Kds for Pd,
and combined with other evidence (see text) is indicative of Pd removal
by secondary alteration processes. Data are from Arndt and Nesbitt
(1984), Arndt (1986), Lightfoot et al. (1990), Fryer and Greenough
(1992), Brügmann et al. (1993), Devey et al. (1994), Puchtel et al.
(1996), Norman and Garcia (1999), Rehkämper et al. (1999), Tatsumi
et al. (1999), Bennett et al. (2000), Puchtel and Humayun (2001),
Tejada et al. (1996, 2002), Ely and Neal (2003), Chazey and Neal
(2004), Fitton and Godard (2004).
PGEs), whereas the basalts from the KP and several from the
OJP (Chazey and Neal, 2004) suggest Pt becomes slightly
incompatible at this point, again consistent with published
partition coefficients (Table 2). It is expected Pd would follow
a similar trend, increasing with decreasing MgO, if a bit steeper
due to Pd being more incompatible than Pt in silicate and oxide
phases (Table 2; Puchtel and Humayun, 2001; Ely and Neal,
2003). For the Vetreny (komatiite) samples, this is true; the
slope of the Pd trend is �50% greater than that of Pt (Fig. 4b).
However, the KP basalts show constant Pd values or a general
decrease of Pd with MgO, appearing to behave in the opposite
sense (i.e., it is compatible—see insets to Fig. 4) to Pt. On the
basis of known partition coefficients, it is unlikely that the trend
in Pd vs. MgO displayed by the KP basalts is a result of sudden
increased compatibility. Furthermore, this cannot be an effect
of sulfide removal because such a process would have affected
all the PGEs, not just Pd (e.g. Bezmen et al., 1994), and Pt
clearly does not follow the same trend (Fig. 4a).

Studies around PGE ore bodies have demonstrated that Pd is
more mobile than Pt in surficial (low temperature) environ-
ments and is transported in solution (e.g., Wood and Vlasso-
poulos, 1990). Previously, Barnes et al. (1985) concluded that
hydrothermal alteration preferentially mobilized Pd relative to
the other PGEs. Studies have also demonstrated that this en-
hanced low-temperature Pd mobility is independent of climate
(e.g., Taufen and Marchetto, 1989; Prichard and Lord, 1990;
Salpeteur and Jezequel, 1992). This behavior of Pd has been
quantified by experimental work (e.g., Wood, 1990; Bowles et
al., 1994). Therefore, as with basalts from the Ontong Java
Plateau (Ely and Neal, 2003), we suggest that the Pd abun-
dances of the KP basalts have been affected by low temperature
alteration processes (Wood and Vlassopoulos, 1990). Thus, the
flattening of the primitive mantle-normalized pattern from Pt to
Pd (Fig. 2) is an artifact of secondary alteration (Ely and Neal,
2003). This also explains why the Y/Pd values are slightly
increased over primitive mantle in the KP basalts, without
evidence for sulfur saturation and sulfide segregation.

6.3. Site 1137

The two samples from Site 1137, the Unit 2B tholeiitic
basalt, which on the basis of isotopic data contains a component
of continental crust (Weis et al., 2001), and the garnet-biotite
gneiss cobble, have PGE concentrations that fall within error of
the rest of KP basalts. Continental crust is known to have low
PGE abundances (Wedepohl, 1995; Gao et al., 1998). On the
basis of current knowledge, it is unlikely that the PGEs would
be compatible in any of the minerals in the gneiss except for
magnetite (Table 2; see Mitchell and Keays, 1981, for PGEs in
garnet, and Capobianco et al., 1991, and Capobianco and
Drake, 1994, for PGEs in plagioclase feldspar; no data are
available for PGEs in K-feldspar and quartz, although we
assume such contents in these minerals would be low). If the
few percent of magnetite were responsible for the relatively
high PGE abundances, a roughly negatively sloped primitive
mantle-normalized PGE pattern would result. However, Rb,
Nd, and Pb isotopes indicate that these gneisses are very similar
to Domain 2 of the Eastern Ghats in India (Ingle et al., 2002).
In addition, U-Pb dates from zircons and monazites in the
garnet-biotite gneiss clast have a similar age range to those of

zircons in the Eastern Ghats (Nicolaysen et al., 2001). The
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protolith of the Eastern Ghats granulites may be a tholeiitic
basalt, possibly produced by a plume in a rift environment
(Subba and Divakara, 1999). In this case, plume-derived basalts
could be responsible for the PGEs in the garnet-biotite gneiss,
with the implication that the PGEs are relatively immobile
during metamorphism. Ingle et al. (2002) indicated, however,
that the Pb isotopes of the gneiss are those of ancient conti-
nental material. These authors also suggested that sandstones in
the conglomerate housing the gneiss clasts have isotopic sig-
natures supporting mixing between the gneiss and younger
tholeiitic basalt flows. In this second case, addition of PGEs to
the gneiss via metasomatism is the most likely mechanism,
where the gneiss must have interacted with the pre-Kerguelen
tholeiitic magma now represented in the sandstone and/or the
Kerguelen plume itself. In either case, the Kerguelen plume
would be the source for the PGEs.

6.4. Modeling of the KP Basalt PGE Compositions

6.4.1. Modeling Parameters

Partition coefficients for the PGEs were acquired from liter-
ature sources where possible. In cases where a range of parti-
tion coefficients was given (e.g., Capobianco and Drake, 1994),
the Kd was chosen to best fit the data. At this time, orthopy-
roxene partition coefficients are not available and were as-
sumed for the sake of the model to be the same as for clinopy-
roxene (as was done by Ely and Neal, 2003, for the modeling
of the OJP basalt PGEs). Source mineralogy and mineral-melt
proportions were adapted from Ely and Neal (2003) and are
presented in Table 3. In our modeling, we use three mantle
sources: 1) depleted mantle; 2) primitive mantle; 3) primitive
mantle containing up to 1% of an outer core component. In the
first model, the “average spinel lherzolite” composition from
Rehkämper et al. (1997) was chosen to represent an upper
(depleted) mantle source. As no Rh value is reported for these
samples, we estimated a value that would create a relatively
smooth primitive mantle-normalized pattern. The second
model utilizes the primitive mantle composition of McDon-
ough and Sun (1995). The third model uses the same primitive
mantle composition as in the second model along with up to 1%
of an outer core component (Snow and Schmidt, 1998). Mod-
eling the abundances of the PGEs during crystal fractionation
was undertaken as described above.

6.4.2. Partial Melting and Fractional Crystallization

The KP basalts have relatively high levels of PGEs com-

Table 3. Source mineralogy and m

Garnet
lherzolite

Spinel
lherzolite

Olivine 0.6000 0.6000
Orthopyroxene 0.1500 0.1500
Clinopyroxene 0.1994 0.1994
Cr-spinel 0.0000 0.0500
Sulfide 0.0006 0.0006
Garnet 0.0500 0.0000
pared to other common basalts, such as ocean island basalts
(OIBs; e.g., Fryer and Greenough, 1992) and MORBs (e.g.,
Devey et al., 1994; Rehkämper et al., 1999; Tatsumi et al.,
1999), but have similar concentrations to other LIP basalts,
such as those from the OJP (e.g., Ely and Neal, 2003; Chazey
and Neal, 2004). Total PGE abundances for the KP basalts are
roughly similar to some komatiites (e.g., Arndt and Nesbitt,
1984; Arndt, 1986; Brügmann et al., 1987; Puchtel and Huma-
yun, 2001). Normalized Ir values are high relative to Ru and the
overall PGE patterns are not as fractionated as expected given
the extensive fractional crystallization that occurred to produce
these basalts (indicated by relatively low MgO abundances).

To constrain the amount of partial melting and fractional
crystallization that took place to produce the KP basalts, a
model was constructed using nonmodal batch melting of a
garnet lherzolite to 10%. This lherzolite then moved through
the garnet-spinel transition and melted approximately a further
20%, for up to 30% partial melting of the rising plume source.
Both sulfide and spinel were modeled to exhaust at 15% partial
melting. The amount of garnet in the source is difficult to
gauge, although the volume of the KP makes it unlikely that
melting was restricted to the spinel stability field (cf. Coffin and
Eldholm, 1993). The Zr/Y values of the KP increase with
decreasing age of the plateau as a result of the lower degrees of
partial melting at Sites 1141 and 1142 than those at Sites 1136
and 1138. It is unclear, however, whether the increased Zr/Y
requires the presence of garnet in the source. Frey et al. (2000b)
indicates that at least late stage Kerguelen Archipelago basalts
have equilibrated with garnet, while those in the Ninetyeast
ridge did not due to their proximity to the SEIR and consequent
lower pressure of melting. Regardless, the PGEs are thought to
be highly incompatible in garnet (Mitchell and Keays, 1981),
and would not significantly fractionate the normalized PGE
profile.

To generate the KP basalts, a two-stage crystallization se-
quence was employed. The first stage was based on PELE
model calculations using a 28.9% melt of spinel lherzolite
KLB-1 as the initial (primary) melt composition. [Note that the
first 10% partial melting of KLB-1 was conducted in the garnet
stability field by assuming all spinel was garnet; the remainder
of the melting occurred in the spinel stability field.] This
method is a first-order approximation of the crystallization
sequence; any further complication to the model is unwarranted
as no samples of early cumulate stages of crystallization were
recovered. Varying some of the parameters resulted in small
changes in the sequence, but most reasonable estimates suggest
that the KP basalts have experienced between 30 and 50%
fractional crystallization, with between 20 and 25% olivine

proportions for the KP modeling.

age 1 Stage 2 Stage 3 Stage 4

.371 0.313 0.45 0.425

.200 0.150 0.25 0.250

.275 0.200 0.30 0.325

.000 0.333 0.00 0.000

.004 0.004 0.00 0.000

.150 0.000 0.00 0.000
elting

St

0
0
0
0
0

fractionation. This amount of olivine fractionation produced
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magmas with �8–9 wt% MgO, which was at the upper end of
the range defined by KP basalts analyzed in this study. Spinel
crystallization in the models varied from �1% to almost 4%.
Plagioclase and clinopyroxene usually became saturated at
almost the same time, typically fractionating more plagioclase
than clinopyroxene. Total abundance of these two phases
ranged from 10%–25% by mass. As the MgO content of KLB-1
is low relative to other spinel lherzolites, using this composition
provides a lower limit with regard to the amount of olivine
fractionation required. For our modeling purposes, parameters
were adjusted slightly based on both physical and chemical
observations and previous work (Neal et al., 2002). The MgO
contents of the KP basalts require more olivine and/or clinopy-
roxene fractionation to occur than in the PELE models of the
melt derived from KLB-1. As such, the first stage used in our
model is 30% crystallization of olivine (98%) and Cr-spinel
(2%). The second stage of crystallization is adapted from Neal
et al. (2002) and involves 15% crystallization of 60% cpx, 36%
plagioclase, and 4% titanomagnetite. The petrography supports
this model (Neal et al., 2002). As noted above, samples from
Site 1141 the uppermost unit of Site 1142 contain altered,
partially resorbed olivine crystals and small Cr-spinel crystals,
indicating that while no longer stable, these phases were crys-
tallizing at one point. Primary Cr-spinel crystals are only
present in these samples when protected by an encapsulating
olivine crystal, suggesting any and all other spinel crystals have
been resorbed. The Cr abundances of these three samples
(300–405 �g/g) are much higher than the other KP samples
analyzed in this study (11–101 �g/g) The PELE modeling
supports these observations, as in all cases spinel moves off of
the liquidus before plagioclase and clinopyroxene precipitate.

6.4.3. Model 1

The spinel lherzolite source contains insufficient PGEs to
produce the KP basalt compositions via partial melting fol-
lowed by fractional crystallization of the resulting magma (Fig.

Fig. 5. Modeling of the KP basalts using nonmodal batch melting of
a depleted upper mantle (spinel lherzolite) source. Spinel lherzolite data
from Rehkämper et al. (1997). The “parental melt” is the concentration
of the PGEs in the magma after olivine plus Cr-spinel fractionation
(30%, 49:1), and the subsequent percentages indicate fractional crys-
tallization of plagioclase, clinopyroxene, and titanomagnetite (15:9:1)
after Neal et al. (2002). The gray field represents the range of KP basalt
compositions.
5). Given the fractional crystallization requirements from the
MgO content of these basalts, the magmas that produced the
KP basalts experienced close to 45% total crystallization.
Therefore, the model significantly underestimates the amount
of Ir, Ru, Rh, and Pt. Although this model can account for the
lowest Pd abundance of the KP basalts, these are not true
magmatic abundances because Pd was lost during low-temper-
ature alteration. Ely and Neal (2003) demonstrated that it was
possible to preferentially remove more than half the primary Pd
abundance by such low-temperature alteration (see their fig. 1).
Subsequent stages of replenishment and fractional crystalliza-
tion, as invoked by Neal et al. (2002), serve to flatten the
overall PGE profile (based on the partition coefficients for
magnetite reported by Capobianco et al., 1991, and Capobianco
and Drake, 1994), requiring more fractional crystallization to
counter this. Adding several replenishments to the system does
not alter the overall outcome of this model, which indicates that
the KP source must have contained PGE abundances higher
than those in depleted upper mantle.

It is important to note that this and all subsequent models
produce the positive Ir anomaly seen in the KP basalts. The use
of the Kds for Ir and Ru for Cr-spinel from Puchtel and
Humayun (2001) are largely responsible for this effect. The
more recent study of Righter et al. (2004), which included
experimental determination of the partition coefficients of Ir
and Ru into spinel, does not resolve the anomaly issue. Their
results indicate that the Kd

spinel/melt for Ir and Ru range from 5
to 22,000 and 76 to 1143, respectively. Again, depending on
which values are chosen, model reproduction of PGE patterns
both with and without Ir anomalies are possible. Preferential
resorption of titanomagnetite may also produce this pattern.

6.4.4. Model 2

The second model uses a primitive mantle source and the
same melting-crystallization parameters as in Model 1 (Table
3). Although the predicted PGE abundances are higher than that
of our depleted mantle source model, it again fails to produce
all of the PGE concentrations in the KP basalts (Fig. 6). The
resulting abundances for Ir, Ru, and Rh are still an order of
magnitude too low, though the modeled Pt and Pd are in the
range of the KP basalts. As neither the depleted upper mantle
nor the primitive mantle can produce the PGE concentrations in
the KP basalts, it appears that the plume source must have
contained some other PGE-rich component. We have already
demonstrated that assimilation of continental crust did not
affect the PGE abundances in the Site 1136 and 1137 basalts.
This PGE excess in the mantle, relative to what there should be
assuming efficient metallic core segregation, could be a result
of the addition of a meteoritic late veneer of PGEs to the Earth
after core formation, which is subsequently mixed into the
mantle (e.g., Morgan, 1986). However, the primitive mantle
estimates of McDonough and Sun (1995) already include this
feature. We therefore suggest that an outer core component was
included in the KP plume source.

6.4.5. Model 3

If LIPs are plume-generated, the large size of some of them
requires an origin at the core-mantle boundary (e.g., Griffiths

and Campbell, 1990; Coffin and Eldholm, 1993, 1994). Models
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for plume-derived magmas have used geochemistry as evi-
dence for such an interaction (Walker et al., 1995, 1997;
Brandon et al., 1999; Ely and Neal, 2003; Chazey and Neal,
2004). Geophysical evidence suggests the presence of partial
melts, convection, and strong physical heterogeneity at the D”
layer (e.g., Vidale et al., 1998; Vinnik et al., 1998). Experi-
mental studies indicate that percolation of the liquid outer core
into the base of the mantle is possible (Shannon and Agee,
1998), such that the outer core may influence the composition
of a mantle plume at its source.

While we note that estimates for the amount of PGEs in the
outer core are also model dependent, the available estimates
(Table 2; Snow and Schmidt, 1998) illustrate the dramatic
effect adding only a small amount of outer core to a plume
source can have on the PGE contents in the derived basalts. The
outer core material was “added” to primitive mantle by assum-
ing 1% (for example) by weight core material metasomatized
the plume source. The PGE abundances of the source material

Fig. 6. (a) Modeling of the KP basalts using nonmodal batch melting
of a primitive mantle source (McDonough and Sun, 1995). The param-
eters are otherwise identical to those in Figure 5. The gray field
represents the range of KP basalt compositions. Again the model fails
to account for KP basalts with the highest PGE abundances. (b) Model
of the KP basalts using the same parameters as Figure 5, but including
the RFC process of Neal et al. (2002). The parental melt is the magma
generated by replenishment of 5% by weight of the primary magma,
with 8% magma escape, and 0.2% resorption after 15% of the original
(3rd overall stage) magma crystallized. Subsequent fractionation of the
assemblage plagioclase, clinopyroxene, and titanomagnetite would rep-
resent a third stage. The parental melt approaches the pattern but not the
abundance of PGEs necessary to produce the KP basalts.
were then recalculated as a weighted average of plume and
core. Figures 7a,b show the effect of addition of 0.3 and 1% of
outer core material, respectively, to the primitive mantle
source. However, the magma generated by 15% fractional
crystallization contains Ir and Ru abundances that are below the
range of the KP basalts, but 15% is required by the modeling of
the other trace elements (Neal et al., 2002). Including up to

Fig. 7. Modeling of the KP basalts using nonmodal batch melting of
a primitive mantle source (McDonough and Sun, 1995) metasomatized
by (a) 0.3% and (b) 1% outer core material from Snow and Schmidt
(1998). (c) uses the same parameters as that of (a), but applies the outer
core values generated from Brandon et al. (2003). The gray fields
represent the range of KP basalt compositions. Also plotted on each
figure are compositions resulting from 15% fractional crystallization
(as in Fig. 5) and 0.3% resorption of 1:3:6 olivine, clinopyroxene and
titanomagnetite. Varying the degree of fractional crystallization, re-

plenishment, and resorption presumed experienced by this PGE-
enriched primary melt can reproduce the full range of the KP basalts.
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0.3% resorption of an olivine, clinopyroxene, and titanomag-
netite cumulate (in the proportions 1:3:6) generates the range of
abundances shown in Figures 7a,b and reported in Table 1.

6.4.6. Model 4

While the Snow and Schmidt (1998) estimate is the only one
available that predicts abundances for all of the PGEs in the
earth’s outer core, more recent models (Brandon et al., 2003)
indicate that the core may have crystallized over a longer
period than that used by Snow and Schmidt. The Snow and
Schmidt model assumes the core has crystallized instanta-
neously at 4.5 Ga, whereas the four models presented in Bran-
don et al. (2003) assume that at least some crystallization is still
occurring today. To apply the new core data to the KP models,
we first had to select a core crystallization model from Brandon
et al. (2003). These authors indicated that either their model 3
(constant crystallization of the core starting at 4.3 Ga) or model
4 [delayed start to crystallization of the core (3.5 Ga) followed
by an intermediate rate of cooling] best fit their data. In all
cases, including the model of Snow and Schmidt, crystalliza-
tion of the core progresses to 5.5 weight % of the Earth. We
have chosen to apply model 4 of Brandon et al. (2003) to the
KP basalts.

As the models presented in Brandon et al. (2003) only supply
information on Pt, Re, and Os abundances, the remaining PGEs
had to be estimated from these values. Osmium and Ir are of
similar abundance in the Snow and Schmidt (1998) model (176
and 188 ng/g, respectively) and we therefore chose to use the
Os value from Brandon et al. (2003) as representative of the Ir
abundance. The Pd abundance was acquired by assuming that
the ratio of Pt to Pd in the Brandon et al. (2003) model would
be the same of that as Snow and Schmidt (1998). The Ru and
Rh abundances were calculated assuming the ratios of Ir to Ru
and Rh were also the same as that for Snow and Schmidt
(1998). The new values for outer core are presented in Table 2.
Platinum and Pd abundances are �7 times higher than the
Snow and Schmidt (1998) model, while those of Ir, Ru, and Rh,
are approximately twice as high.

Other than these new PGE abundances for outer core, our
Model 4 uses the same parameters as those of Model 3. All of
the PGE abundances for outer core used in Model 4 are sig-
nificantly higher than those used for Model 3, such that only
0.3% outer core is necessary to produce the Pt and Pd values of
the KP (Fig. 7c). However, although Pt and Pd are modeled
successfully with only 0.3% outer core, the Ir, Ru, and Rh fall
short of the uppermost KP PGE abundances. This could be
remedied either by decreasing the amount of Cr-spinel and
titanomagnetite that fractionally crystallize in the model, or by
choosing slightly lower partition coefficients for Ir, Ru, and Rh
in Cr-spinel and titanomagnetite. Both of these options increase
Ir, Ru, and Rh relative to Pt and Pd, allowing for Model 4 to
successfully account for PGE abundances in the KP.

7. CONCLUSIONS

The Kerguelen Plateau basalts from ODP Leg 183 have PGE
abundances similar to those of komatiites and other LIPs, such
as the Ontong Java Plateau. These relatively high abundances

are not the result of sulfide accumulation, as deduced from
petrography, lithophile/chalcophile element ratios, and geo-
chemical modeling. While sulfide loss via alteration is a pos-
sibility, it is unlikely because removal of sulfide would also
remove a significant portion of the PGEs. Sulfur saturation
models, when applied to the KP basalts, suggest that the
magma never became sulfur saturated and therefore never
segregated an immiscible sulfide melt during its ascent. The
high temperatures, high FeO abundances, and decreasing pres-
sures associated with the rising Kerguelen plume combine to
keep the sulfide capacity of the magma high enough to prevent
sulfur saturation despite the extensive fractional crystallization
experienced by the KP basalts. Using an experimentally deter-
mined melt composition and PELE modeling as a basis for a
first-order approximation, a two-stage fractionation regime was
developed for the KP basalts. The first involved 30% olivine
plus Cr-spinel fractionation (49:1), and a second stage using a
replenishment and fractional crystallization (RFC) model that
included clinopyroxene, plagioclase, and titanomagnetite (15:
9:1) (cf. Neal et al., 2002).

The PGE patterns of the KP basalts are reproducible al-
though we note that this is dependent upon certain modeling
parameters. What cannot be produced via petrogenetic model-
ing is the flat transition from Pt to Pd on primitive mantle-
normalized plots. This coupled with a lack of correlation with
any fractionation indices leads to the conclusion that Pd has
been preferentially mobilized during secondary alteration. The
positive Ir anomaly is a result of it having a lower bulk D than
Ru during olivine � Cr-spinel crystallization, while the varia-
tion in the Ir anomaly may also be due in part to crystallization
and resorption of titanomagnetite later during magma evolu-
tion. While the PGE patterns can be reproduced using models
that involve melts originating in both depleted and fertile
mantle sources, neither can account for the overall PGE abun-
dances in the KP basalts, which require a source that is enriched
in the PGEs above the concentrations in primitive mantle. On
the basis of current estimates of PGE partition coefficients, the
PGE abundances in the KP basalts are consistent with a prim-
itive mantle source enriched with up to 1% of outer core
material as defined by Snow and Schmidt (1998). Alternatively,
0.3% outer core material is sufficient if model 4 from Brandon
et al. (2003) is used to calculate the outer core PGE abun-
dances.
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