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Abstract The Louisville Seamount Chain (LSC) is, besides the Hawaiian-Emperor Chain, one of the
longest-lived hotspot traces. We report here the first Re-Os isotope and platinum group element (PGE) data
for Canopus, Rigil, and Burton Guyots along the chain, which were drilled during IODP Expedition 330. The
LSC basalts possess (187Os/188Os)i 5 0.1245–0.1314 that are remarkably homogeneous and do not vary with
age. A Re-Os isochron age of 64.9 6 3.2 Ma was obtained for Burton seamount (the youngest of the three
seamounts drilled), consistent with 40Ar-39Ar data. Isochron-derived initial 187Os/188Os ratio of
0.1272 6 0.0008, together with data for olivines (0.1271–0.1275), are within the estimated primitive mantle
values. This (187Os/188Os)i range is similar to those of Rarotonga (0.124–0.139) and Samoan shield (0.1276–
0.1313) basalts and lower than those of Cook-Austral (0.136–0.155) and Hawaiian shield (0.1283–0.1578)
basalts, suggesting little or no recycled component in the LSC mantle source. The PGE data of LSC basalts
are distinct from those of oceanic lower crust. Variation in PGE patterns can be largely explained by different
low degrees of melting under sulfide-saturated conditions of the same relatively fertile mantle source, con-
sistent with their primitive mantle-like Os and primordial Ne isotope signatures. The PGE patterns and the
low 187Os/188Os composition of LSC basalts contrast with those of Ontong Java Plateau (OJP) tholeiites. We
conclude that the Re-Os isotope and PGE composition of LSC basalts reflect a relatively pure deep-sourced
common mantle sampled by some ocean island basalts but is not discernible in the composition of OJP
tholeiites.

1. Introduction

The Louisville Seamount Chain (LSC) is recognized as a product of one of the few primary Pacific hotspots,
together with Hawaii and Easter [Courtillot et al., 2003], based on its linear morphology and its long-lived
age-progressive volcanism [Koppers et al., 2004, 2011]. This volcanic chain is thought to have formed as the
Pacific plate moved over a persistent mantle-melting anomaly or hotspot in the past 80 Myr [Cheng et al.,
1987]. Available data obtained from dredged rocks define a limited range in isotopic composition [Cheng
et al., 1987; Hawkins et al., 1987; Beier et al., 2011; Vanderkluysen et al., 2014], suggesting that the mantle
source has been remarkably homogeneous for the whole �80 Myr duration of magmatic activity. These
data contrast strongly with those obtained from the Hawaiian-Emperor Seamount Chain, which indicate a
heterogeneous mantle source expressed in the compositional differences among and within volcanoes.
However, compared to the Hawaiian-Emperor Chain volcanoes, those belonging to the LSC have been
barely studied.

Five of the older guyots along the LSC were drilled during the Integrated Ocean Drilling Program (IODP)
Expedition 330 from December 2010 to February 2011 (Figure 1). One of the objectives of the expedition is
to better understand the eruptive cycle and geochemical evolution of typical Louisville volcanoes. Previous
dredging recovered mostly alkalic basalts, basanites, and tephrites [Hawkins et al., 1987; Beier et al., 2011;
Vanderkluysen et al., 2014], which raises the question of whether or not the Louisville volcanoes were con-
structed solely by alkalic shield volcanism. The other point of interest is the nature of the source, which up
until now has had very limited support for a deep-rooted mantle [e.g., Hanyu, 2014] with little influence
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from heterogeneities found in most ocean island basalts (OIB). For example, isotopic and trace element
data suggest a long-lived and remarkably homogeneous mantle source quite distinct from that of mid-
ocean ridge basalts (MORB) [Cheng et al., 1987; Hawkins et al., 1987; Beier et al., 2011; Vanderkluysen et al.,
2014] and, combined with the age-progressive volcanism [Koppers et al., 2004, 2011], led these workers to
suggest a source with an affinity to the FOcal ZOne (FOZO) [Hart et al., 1992] mantle inferred to represent a
common component in the source of OIBs. Finally, Expedition 330 was expected to shed further light on
the inferred link with the Ontong Java Plateau (OJP) emplacement as the potential plume-head stage of the
Louisville hotspot development.

The present study aims to characterize the mantle source of the LSC in terms of the Re-Os isotope and
platinum-group element (PGE) abundances and to examine the temporal geochemical variation along the
seamount chain. We show that the Os isotopic data for the LSC basalts also fall within a limited range very
close to estimated primitive mantle composition (also termed as ‘‘primitive upper mantle,’’ PUM) [Meisel
et al., 2001] and that the differences in PGE abundances among seamounts may be explained by a range of
low-degree melt extraction under sulfide-saturated condition from a relatively fertile mantle with little or no
contribution from recycled crust. Together with their primordial Ne isotopic signature [Hanyu, 2014], these
results support a deeply rooted mantle source for the LSC.
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Figure 1. Louisville Seamount Chain showing the sites and seamounts drilled during the IODP Expedition 330 [Expedition 330 Scientists, 2011]. Structural features around the seamounts,
such as the Wishbone Scarps, Osborn Trough, and Kermadec Trench are also shown for reference.
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2. Geological Background and Samples

Recent IODP Expedition 330 recovered in situ volcanic rocks from four of the five drilled seamounts that
range in age from 50 to 74 Ma (Figure 1): Canopus (Site U1372, 74.2 6 0.5 Ma); Rigil (Sites U1373, 69.560.4
Ma and U1374, 70.760.6 Ma); Burton (Site U1376, 64.1 6 0.5 Ma); Achernar (Site U1375, 58.5 Ma); and Hadar
(Site U1377, 50 6 0.3 Ma) [Expedition 330 Scientists, 2011; Koppers et al., 2012a, 2012b]. Before this expedi-
tion, information on the composition and geochemistry, as well as the age of the LSC was exclusively based
on data obtained from dredged volcanic rocks [Cheng et al., 1987; Hawkins et al., 1987; Lonsdale, 1988; Watts
et al., 1988; Beier et al., 2011; Koppers et al., 2004, 2011]. Dredged samples included lava flows and pillow
basalt fragments that are silica-undersaturated and have trace element abundances and radiogenic isotopic
compositions typical of OIBs. On the other hand, except at Achernar Seamount, drilling recovered lava
flows, pillow basalts, dikes, scoriaceous and blocky breccias, and peperites, indicating a change in eruption
environment from submarine to subaerial. Compared to dredged rocks, the drilled samples have a similar
or comparable geochemical composition but display a smaller variability, especially in relatively mobile
major elements, reflecting their less altered state [Expedition 330 Scientists, 2011]. They range from transi-
tional to alkalic basalts that differ slightly in trace element abundances (Figures 2 and 3). None of the drill
holes encountered a tholeiitic basement.

Ten samples, with variable range in MgO contents from 5.86 to 21.69 wt %, were selected from Canopus
(U1372), Rigil (U1374), and Burton (U1376) seamounts (Figure 1) for Os isotope and PGE analyses in order to
investigate the temporal and fractionation variation with Os isotopic composition and PGE abundances
(Tables 1 and 2). Samples from both Canopus and Burton seamounts are transitional basalts, while those
from Rigil seamount are alkali basalts (Figure 2). Two of the four samples with <8 wt % MgO (U1374A-70R-
1, 56–59 cm and U1374A-52R-2, 96–99 cm) are aphyric. Most of the high-MgO basalt samples (9–22 wt %
MgO, Table 1, Figure 3) are moderately to highly olivine-phyric and contain olivine phenocrysts that are
fresh and range in size from 1 to 3 mm. One of the Burton seamount samples, U1376A-21R-5, 0–16 cm,
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Figure 2. Total alkali versus SiO2 plot for LSC basalts analyzed for Os isotopes and Re and platinum group element (PGE) abundances
showing the slightly different composition of samples from Rigil seamount. Also shown are data fields for the dredged samples from Louis-
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contains clusters of olivine phenocrysts which have been accumulated through crystal settling, based on its
Al2O3 and MgO contents that are the lowest and highest, respectively, among our samples (Figure 3). Oli-
vine mineral separates from this olivine-enriched sample and another highly phyric one, U1376A-8R-6, 122–
128 cm, were also analyzed to derive the primary magmatic 187Os/188Os composition. Previous studies have
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Figure 3. MgO versus Al2O3, Ni, Cr, Cu, and PGE abundance in LSC basalts compared with those of Kilauea Iki lavas in Hawaii [Pitcher et al.,
2009] and Hawaiian (HI) picrites [Norman and Garcia, 1999; Bennett et al., 2000]. Olivine fractionation versus accumulation trends for Hawai-
ian picrites based on MgO versus Al2O3 plot [Norman and Garcia, 1999] are shown for comparison. The Kilauea Iki data demonstrate the
PGE variation with increasing crystallization. The PGE data of the LSC basalts do not vary with crystallization and are lower than those of
the Kiluea Iki data especially at higher MgO contents, except for Pt and Pd in one sample from Canopus seamount.
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shown that early crystallizing olivine may be shielded from the effect of later crustal assimilation, especially
in low-Os basalts [Jackson and Shirey, 2011; Hanyu et al., 2011]. The Forsterite (Fo) values in olivine cores of
Louisville basalts range from 78 to 90, with up to 0.4 wt % NiO, suggesting that olivines are phenocrysts in
equilibrium with the magmas or have been derived from previous magmas with similar compositions (S.

Table 1. Platinum Group Element Concentrations With Selected Major and Trace Element Compositions for Louisville Core Samplesa

IODP Sample ID
MgO

(wt %)
Al2O3

(wt %)
Ni

(ppm)
Cr

(ppm)
Cu

(ppm)
Ir

(ppb) 2r
Ru

(ppb) 2r
Pt

(ppb) 2r
Pd

(ppb) 2r

U1372A-9R-6, 12–17 cm 16.29 11.33 512.9 803.9 63.6 0.1114 0.0025 0.4165 0.0061 0.785 0.011 0.551 0.016
(0–15 cm)

U1372A-38R-3, 86–92 cm 9.09 14.96 175.6 481.3 79.3 0.3077 0.0062 0.1845 0.0036 3.034 0.043 2.501 0.040
(96–99 cm)

U1374A-3R-3, 11–14 cm 9.11 14.71 191.7 442.1 41.6 0.0423 0.0010 0.0653 0.0014 0.300 0.007 0.207 0.008
(3R-2, 126–137 cm)

U1374A-32R-3, 128–135 cm 6.51 15.93 78.8 101.0 35.4 0.0025 0.0004 0.0065 0.0008 0.057 0.005
(105–108 cm)

U1374A-37R-3, 39–44 cm 6.54 15.88 94 120.2 34.1 0.0031 0.0004 0.0042 0.0008 0.069 0.005
(36R-1, 62–68 cm)

U1374A-52R-2, 78–83 cm 5.87 14.67 39.9 26.5 48.4 0.0012 0.0001
(96–99 cm)

U1374A-70R-1, 60–65 cm 5.86 16.72 33.7 16.0 36.0 0.0011 0.0001
(56–59 cm)

U1376A-8R-5, 111–116 cm 16.87 10.18 498.7 808.1 69.2 0.0328 0.0012 0.1270 0.0025 0.179 0.011 0.151 0.008
(8R-6, 122–128 cm)

U1376A-14R-3, 3–8 cm 13.15 11.69 349.5 609.6 77.8 0.0426 0.0015 0.1300 0.0026 0.377 0.012 0.204 0.009
(14R-2, 94–97 cm)

U1376A-21R-5, 17–22 cm 21.69 7.10 888 1131.8 43.9 0.0854 0.0018 0.5340 0.0099 0.266 0.006 0.168 0.008
(0–16 cm)

Blank 0.0034 0.0102 0.157 0.100
Standard

BIR-1a, measured 0.1320 0.0003 0.4981 0.0008 4.208 0.005 5.803 0.010
Publishedb 0.149 0.031 0.278 0.067 4.30 0.22 6.11 0.24
Publishedc 0.143 0.007 0.519 0.011 4.37 0.22 5.84 0.09

aNotes: Numbers in italics are below or very close to blank values. Numbers in parentheses are sample intervals used for Os isotope
and PGE analyses; 2r 5 2 sigma error.

bMeisel and Moser [2004].
cIshikawa et al. [2014].

Table 2. Re-Os Isotope and Re and Os Concentration Data for Louisville Core Samplesa

Sample No. Seamount
Age
(Ma)

Re
(ppt) 2r

Os
(ppt) 2r 187Os/188Os 2r 187Re/188Os 2r (187Os/188Os)t

Whole rock
U1372A-9R-6, 0–15 cm Canopus 74 122 8 106 0.2 0.1345 0.0003 5.53 0.36 0.1274
U1372A-38R-3, 96–99cm Canopus 74 271 14 270 0.5 0.1335 0.0002 4.84 0.24 0.1273
U1374A-3R-2, 126–127 cm Rigil 71 499 24 72 0.2 0.1672 0.0009 33.6 1.6 0.1263
U1374A-32R-3, 105–108cm Rigil 71 179 10 8.99 0.03 0.2431 0.0010 97.5 5.7 0.1245
U1374A-36R-1, 62–68 cm Rigil 71 127 9 8.58 0.02 0.2191 0.0013 72.0 5.3 0.1314
U1374A-52R-2, 96–99 cm Rigil 71 356 6 10 0.5
U1374A-70R-1, 56–59 cm Rigil 71 347 6
U1376A-8R-6, 122–128 cm Burton 64 91 1 26 0.2 0.1460 0.0014 17.2 0.5 0.1274
U1376A-14R-2, 94–97 cm Burton 64 176 8 43 0.1 0.1488 0.0004 20.0 0.5 0.1272
U1376A-21R-5, 0–16 cm Burton 64 51 1 187 0.7 0.1267 0.0003 1.31 0.03 0.1253
WR blank 0.65 0.57 0.01 0.2073 0.0104

Standard
BIR-1a 681 17 336 0.7 0.1336 0.0005 9.80 0.3
Publishedb 634 28 374 46 0.1400 0.0080 8.28 1.0
Publishedc 684 5 345 24 0.1330 0.0007 9.62 0.64

Olivine
U1376A-8R-6, cm Burton b.b. 231 2 0.1275 0.0016
Duplicate b.b. 231 2 0.1271 0.0010
U1376A-21R-5, cm Burton b.b. 13 0.2 0.1272 0.0066
OL blank 1.6 0.27 0.01 0.2204 0.0094

aNotes: b.b. 5 below background values; 2r 5 2 sigma error.
bMeisel and Moser [2004] by HPA.
cIshikawa et al. [2014] by ID-ICPMS.
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Machida, personal communication, 2014). Thus, these olivine phenocrysts can be used to determine the
original magmatic Os isotopic compositions and that of the LSC source. Osmium isotopes and Re and PGE
abundances were determined for two whole-rock and olivine pairs from Site U1376A for comparison
(Table 2).

3. Methods

Sample preparation and X-ray Fluorescence analysis for major and trace elements used in this study were
carried out at the University of Edinburgh on a Philips PW2404 automatic X-ray spectrometer. The techni-
ques used are essentially similar to those described by Fitton et al. [1998], with modifications noted by Fitton
and Godard [2004]. Analytical precision and accuracy are comparable to the values reported by Fitton et al.
[1998].

For Re-Os isotope and PGE analyses, the whole rock samples taken from adjacent core intervals to those
analyzed for major and trace elements (Table 1) were cleaned of drilling and cutting marks by polishing off
the surfaces prior to sequential ultrasonic cleaning of samples in distilled water, deionized ultrapure water,
and acetone. The samples were dried in an oven overnight before they were further processed. They were
then wrapped in thick paper and crushed into �3 mm fragments using a steel mortar and pestle. Only
alteration-free and interior fragments (as much as possible) were picked under a hand lens, in order to avoid
alteration minerals in veins and amygdules and potential contamination introduced from drilling, polishing,
and crushing. The handpicked fragments were ground in an alumina mill and then both Os isotopes and
PGE and Re abundances were measured from the same rock powder digestion.

One to 1.5 g of unleached whole-rock powders were weighed, combined with Re and PGE spikes, and
sealed in Carius tubes with 2.5 mL of 9 M HCl and 7.5 mL of 16 M HNO3. Digestion of samples was carried
out at 240�C for 72 h in order for spike and sample to equilibriate [Ishikawa et al., 2014], after which Os was
separated by solvent extraction followed by microdistillation [Cohen and Waters, 1996; Roy-Barman and Alle-
gre, 1995]. The extraction residues were then dried and further digested in teflon beakers by HF addition
(desilicification) to improve recovery of Re and PGEs from the samples [Dale et al., 2012; Ishikawa et al.,
2014]. The PGE and Re were purified by a three-step separation method described in Ishikawa et al. [2014],
which includes anion and cation exchange column extraction [Shinotsuka and Suzuki, 2007]. Osmium was
measured as oxide by thermal ionization mass spectrometry (TIMS) in negative ion mode, and Re and PGE
concentrations were determined by isotope dilution inductively-coupled-plasma mass spectrometry (ID-
ICPMS) at Japan Agency for Marine-Earth Science and Technology (JAMSTEC). Analytical procedures of both
TIMS and ICP-MS followed those described by Ishikawa et al. [2014]. Blank contributions are negligible
(<1%) for Re and for Os, except for samples with low Os concentration (<10 ppt), where it is less than 7%.
Total procedure blanks and measurement results for BIR-1a standard are presented with data in Tables 1
and 2.

Olivine grains were separated from crushed whole rocks by handpicking under a binocular microscope to
remove altered parts and contaminants. They were cleaned in an ultrasonic bath with diluted HCl, HNO3,
and ultrapure deionized water, successively, for 5 min and rinsed with ultrapure water in between. After dry-
ing in an oven, they were ground by hand in an agate mortar. Olivine powders (25–300 mg) were weighed,
combined with PGE and Re spikes, and digested with 1 mL of 9 M HCl and 3 mL of 16 M HNO3 in a sealed
Carius tube at 240�C for 72 h. Osmium separation and isotopic measurement, as well as Re and PGE purifica-
tion and abundance determination, procedures are similar to those applied for the whole rocks, except for
the lesser amount of reagents (half of that for whole rocks) used for Os extraction. Os blank contribution
is� 2% for the olivine samples.

4. Results

4.1. Re-Os Isotopes
Whole rock Os isotope data (Table 2) show that the high-MgO samples with >8 wt % MgO from Canopus
and Burton seamounts generally have lower measured 187Os/188Os values of 0.1267–0.1488. In contrast, the
Rigil seamount samples with lower (<8 wt %) MgO contents and much higher abundances of Re relative to
Os also have higher present-day 187Os/188Os values of 0.1672–0.2431. These results are consistent with
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radiogenic growth from the same mantle source as indicated by the plot of 187Re/188Os versus 187Os/188Os,
which show the expected evolution growth lines or isochrons given their ages of 64–74 Ma, based on avail-
able 40Ar-39Ar data [Koppers et al., 2004, 2011, 2012b] (Figure 4a). Note that there is no significant deviation
from the isochrons, suggesting the reliability of the results. Some scatter in the data may be attributable to
possible Re loss or addition (points displaced left and right of the isochron, respectively) during submarine
alteration.

Age correction gives a limited range in initial 187Os/188Os values of 0.1245–0.1314, which are remarkably
unradiogenic compared to most Pacific OIB data (Figure 5). For comparison, 187Os/188Os data for Pacific

Figure 4. (a) Comparison of LSC Re-Os data with 80, 72, and 65 Ma isochrons, showing the limited scatter that can be attributed to altera-
tion effects. The isochrons are inferred from available 40Ar-39Ar dates [Koppers et al., 2004, 2011, 2012a, 2012b]. The dashed line is the appa-
rent 72 Ma Re-Os isochron for Canopus and Rigil seamounts whole rock data with age and initial 187Os/188Os ratios indicated. Also shown,
for comparison, is the age and initial ratios for Rigil seamount whole rock data if robust regression model is used to calculate the isochron
[Ludwig, 2003]. (b) Re-Os isochron plot for Burton seamount whole rock and olivine data (except for U1376A-21R-5, 0–16 cm that may
have been affected by Re addition) with an age that is in excellent agreement with published 40Ar-39Ar age (64.1 6 0.5 Ma) [Koppers et al.,
2012b] and an initial 187Os/188Os ratio that is identical to values derived from olivine separates. Isochron plots were derived by Isoplot [Lud-
wig, 2003]. Most of the errors are smaller or the same size as the symbols.
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OIBs range from 0.123 to 0.150 [Martin, 1991; Hauri and Hart, 1993; Reisberg et al., 1993; Martin et al., 1994;
Roy-Barman and Allegre, 1995; Lassiter and Hauri, 1998; Brandon et al., 1999; Lassiter et al., 2000; Schiano
et al., 2001; Eisele et al., 2002; Gaffney et al., 2005; Bryce et al., 2005; Jamais et al., 2008; Jackson and Shirey,
2011; Hanyu et al., 2011; Ireland et al., 2011]. The initial Os isotopic values of LSC samples are also mostly
lower than those of MORB (0.1277–0.1631) [Schiano et al., 1997]. Among the Pacific OIBs, only Rarotonga
(0.1249–0.1285, Hauri and Hart [1993]; 0.124–0.139, Hanyu et al. [2011]); and Samoa (0.1230–0.1287, Hauri
and Hart [1993]; 0.1277–0.1313 except for Savai’i, Jackson and Shirey [2011]) have comparable Os isotopic
compositions with the Louisville samples (Figure 5). All these data, including those of the Louisville basalts,
fall between the estimated values for the primitive upper mantle (PUM), with age-corrected 187Os/188Os val-
ues ranging from 0.1257 to 0.1258 [Walker et al., 2002] and 0.1290 to 0.1291 [Meisel et al., 2001] at 65–77
Ma. These results suggest a dominant mantle signature for the source of the LSC and thus little contribution
from the Pacific lithosphere.

Both of the olivine separate samples from Burton seamount have very low Re contents, requiring no age
correction and suggesting that their measured 187Os/188Os ratios represent those of the Louisville source.
The present-day 187Os/188Os values for the two olivine samples (0.1272 and 0.1271–0.1275) are in excellent
agreement with the age-corrected data for the whole rocks from the same seamount (0.1253–0.1274; Table
2, Figure 5). The olivine data are also identical with the age-corrected values for Canopus seamount basalts
(0.1273, 0.1274). These results corroborate previous studies, indicating that olivines indeed preserve pristine
magmatic Os isotopic compositions, reflecting those of their source [Jackson and Shirey, 2011; Hanyu et al.,
2011].

There is no clear correlation between MgO contents and Os and Re concentrations, respectively (Figure 3).
High-MgO samples generally possess higher or similar levels of Re concentration compared to Os

0.10

0.14

0.18

0.22

0.26

0 400 800 1200 1600

Os, ppt

Rarotonga

Pitcairn

(  
   

O
s/

   
  O

s)    
t  

18
7 

   
   

18
8

Samoa

Hawaii

Cook-AustralMORB

Canopus 
OJP, Kroenke-Kwaimbaita

Burton 
Rigil 

olivine 
MORB

0.1150

0.1250

0.1350

0.1450

0 100 200 300 400

Rarotonga

Samoa

Hawaii

Cook-Austral

Figure 5. Plot of Os concentration versus Os isotope ratios for LSC basalts (age-corrected) and olivines (present-day) compared with other Pacific ocean island basalts (OIB), mid-ocean
ridge basalts (MORB), and Ontong Java Plateau basalts (OJP). The range of Os abundance and isotopic signature of the LSC basalts are relatively limited compared with those of the other
Pacific OIBs and overlap with the lower side of the data fields for Samoa and Rarotonga basalts. Data sources are: Schiano et al. [1997, 2001]; Brandon et al. [1999]; Eisele et al. [2002]; Jack-
son and Shirey [2011]; Hanyu et al. [2011]; Tejada et al. [2013]. Errors are smaller than the symbols.

Geochemistry, Geophysics, Geosystems 10.1002/2014GC005629

TEJADA ET AL. VC 2015. American Geophysical Union. All Rights Reserved. 493



0.00001

0.0001

0.001

0.01

0.1

1

U1372A
9R-6,
0-15 cm

U1372A
38R-3,
96-99 cm

Re Pd Pt Ru Ir Os

ch
on
dr
ite
-n
or
m
al
iz
ed

OJP
9.6 wt%
7.4 wt%

MORB

OJP

PUM

Canopus

U1374A
3R-2,
126-127 cm
U1374A
32R-3,
105-108 cm
U1374A
36R-1,
62-68 cm

Re Pd Pt Ru Ir Os

ch
on
dr
ite
-n
or
m
al
iz
ed

1

0.00001

0.0001

0.001

0.01

0.1

M-307
M-306

sulfides

Hawaiian 

Rigil

CLC
OLC

Loihi

Kilauea0.00001

0.0001

0.001

0.01

0.1

1

U1376A
8R-6,
122-128 cm
U1376A
14R-2,
94-97 cm
U1376A
21R-5
0-16 cm

Re Pd Pt Ru Ir Os

ch
on
dr
ite
-n
or
m
al
iz
ed

Koolau
M. Loa

PUM
OJP

Burton

Figure 6. Chondrite-normalized PGE patterns for alkalic and transitional basalts from Canopus, Rigil, and Burton seamounts showing differ-
ences in abundance levels and their comparison with Hawaiian picrites [Bennett et al., 2000], Mangaian high-MgO basalts, M-306 and M-
307, [Tatsumi et al., 2000; Hanyu et al., 2011], MORB [Bezos et al., 2005], and OJP [Chazey and Neal, 2004]. Patterns for primitive upper man-
tle (PUM) [Becker et al., 2006], oceanic lower crust (OLC), and composite oceanic lower crust (CLC) [Peucker-Ehrenbrink et al., 2003] and
Hawaiian included and interstitial sulfides [Sen et al., 2010] are also shown for reference. Normalizing values are from Palme and Jones
[2003].

Geochemistry, Geophysics, Geosystems 10.1002/2014GC005629

TEJADA ET AL. VC 2015. American Geophysical Union. All Rights Reserved. 494



abundances. However, U1376A-8R-6W, 122–128 cm and U1376-14R-2W, 94–97 cm from Burton seamount
have unusually low Os abundances of 26 and 43 ppt, considering their MgO contents of 17 and 13 wt %,
respectively (Tables 1 and 2; Figure 3). Interestingly, the Os contents of the olivine separates from these
rocks are also highly variable, i.e., they have 231 and 13 ppt, respectively. On the other hand, the low-MgO
samples have Re abundances in the same range as those of the high-MgO basalts but lower Os contents.
These observations indicate that the Os abundances and isotopic compositions are not controlled by the
olivine content of the samples.

4.2. Whole Rock PGE Abundances
The PGE abundances display slight variation between samples within each seamount, e.g., Canopus and
Burton, and among seamounts (Figure 6). The Canopus seamount samples have the highest PGE contents,
up to one order of magnitude greater than the others. In general, samples from both Canopus and Burton
seamounts are similar and have the same gently sloping patterns except for one sample, U1376A 21R-5, 0–
16 cm. This sample from Burton seamount displays an almost flat PGE pattern, with chondrite-normalized
Pt/Ir and Pd/Ir close to 1, similar to PUM except for the much lower abundance levels. It has the highest
MgO content and its porphyritic texture with olivine crystals forming clusters supports its origin through
the accumulation of phenocrysts (Figure 3). The rest of the Burton and Canopus samples have Iridium PGE
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(Os, Ir, Ru; IPGE) patterns similar to some Hawaiian picrites [Bennett et al., 2000] and OJP basalts [Chazey and
Neal, 2004] but have markedly lower Platinum PGE contents (Pt, Pd; PPGE, Figure 6). Samples from Rigil sea-
mount have different, slightly concave-up PGE patterns. This type of pattern is found in sulfide inclusions
and interstitial sulfides in Hawaiian garnet pyroxenite xenoliths [Sen et al., 2010] and is also shown by alkalic
basalts from Mangaia [Tatsumi et al., 2000; Hanyu et al., 2011]. The different PGE patterns may be related to
the more alkalic compositions of the Rigil basalts compared to the transitional character of samples from
Canopus and Burton seamounts. It is noteworthy that none of the LSC patterns has the same steep slope
shown by oceanic lower crust [Peucker-Ehrenbrink et al., 2003], suggesting that this possible lithospheric
contaminant has little or no influence on the composition of the Louisville basalts.

Interelement variation plots show that Pt and Pd are well correlated with Os and Ir but not with Re and Ru
(Figures 7 and 8). Similarly, total PGE and Pt (and Pd) do not correlate with fractionation indices such as
MgO, Ni, and Cr contents (Figure 3) but show some covariation with Cu, except for Burton seamount data
(Figure 9). Chondrite-normalized Pt/Ir [(Pt/Ir)n 5 1.7–4.3] and Pd/Ir [(Pd/Ir)n 5 1.5–4.8] values are modest
compared to a large range of 0.5–22.2 and 1.1–19.7 for tholeiites from Kilauea-Iki [Pitcher et al., 2009] and
6.5–65 and 2.8–22, respectively, for OJP [Chazey and Neal, 2004] at 9–20 wt % MgO contents. The Louisville
data are comparable to those of picrites from Loihi and Mauna Loa (4.8–5.7 and 2.2–3.9) [Bennett et al.,
2000] at similar MgO contents but lower than those of Rarotonga (8.2–19.2 and 4.7–9.2) [Tatsumi et al.,
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2000], Koolau picrites (7.3 and
6.3) [Bennett et al., 2000], and
average oceanic lower crust
(13.5 and 11.5) [Peucker-Ehren-
brink et al., 2003].

5. Discussion

5.1. Os Isotope Variation and
Re-Os Ages
One of the striking characteris-
tics of the LSC is the almost uni-
form isotopic composition of its
volcanic products along the
chain [Cheng et al., 1987; Beier
et al., 2011; Vanderkluysen et al.,
2014], except for the seamounts
in the vicinity of the Wishbone
Scarp (Figure 1) [Beier et al.,
2011]. The limited range in the
age-corrected Os isotopic com-
positions for the Louisville sea-
mount samples compared to
other OIBs (Table 2; Figure 5) is
in excellent agreement with Pb,
Nd, Hf, and Sr isotope data.
Some scatter in the data, when
compared with the isochrons
based on estimated ages (Figure
4a), especially the highest and
lowest values for the Rigil sea-
mount samples (Table 2) may be
attributed to Re loss or addition
during submarine alteration. Fur-
thermore, crustal contamination
for samples with low Os con-
tents [Peucker-Ehrenbrink et al.,
2003; Reisberg et al., 2008] may
also contribute to the scatter in
the data. Low, mantle-like age-
corrected 187Os/188Os values
suggest insignificant effect of
contamination by the Pacific
lithosphere. This may be attrib-
uted to the small age difference
between the oceanic litho-
spheric lid and the Louisville sea-
mounts (�30 Myrs) [Lonsdale,
1988], such that the Os isotopic

composition of the contaminant was very close to that of the Louisville magma when they were erupted.

Rhenium loss, leading to an insufficient age-correction and thus a higher than expected initial 187Os/188Os
ratio based on olivine data, may have been caused by shallow submarine to subaerial degassing [Lassiter,
2003] as most of the drilled LSC lavas were degassed [Nichols et al., 2014]. On the other hand, Re gain during
submarine alteration would have led to too much of an age correction for some Rigil and Burton seamounts
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data that plot off the isochron lines, leading to much lower than expected initial 187Os/188Os ratios indicated
by the olivine data (Table 2). Magnified examination of crushed fragments for samples U1374 36R-1, 62–
68 cm and 32R-3, 105–108 cm showed some hair-fine veinlets (�1 mm wide) and slight brownish alteration
of olivine, suggesting that they have suffered alteration that may have not been completely removed by
picking. Another sample, U1374-52R-2, 96–99 cm, is finely vesicular and contains very fine amygdules that
may have not been totally avoided during the sample preparation, resulting in anomalously very high Os
isotopic ratios, which are not reported in Table 2. The phenocryst-enriched sample from Burton seamount,
U1376-21R-5, 0–16 cm may have also experienced some Re gain from submarine alteration as indicated by
its higher LOI value (5.4 wt %) relative to others. Nevertheless, most of the altered parts may have been
avoided during sample preparation or alteration may have happened shortly after emplacement for most
of the samples such that their Os isotopic ratios are very close to magmatic values indicated by the data for
the olivine separates. Note that most of the data plot along their respective isochrons, considering the
errors in 187Re/188Os ratios, suggesting that Re loss or gain was insignificant (Figure 4). Furthermore, the ini-
tial Os isotope ratios obtained for the Canopus and Burton seamounts samples are remarkably similar to
those measured for the olivine separates, suggesting the reliability of these data.

Using the robust regression model of Ludwig [2003] gives an isochron age of 71 19.7/215 Ma and an initial
187Os/188Os ratio of 0.127 6 0.015 for the Rigil seamount data (Figure 4a). Interestingly, both Canopus and
Rigil seamounts data fall along the 72 Ma isochron line, giving an apparent age of 72 6 2.8 Ma and an initial
187Os/188Os value of 0.1278 6 0.0004, suggesting that these two seamounts may have been formed within
a short-time interval (Figure 4a). Indeed, the Canopus and Rigil seamounts are believed to have been
formed within only a few million years of each other (Site U1372, 74.2 6 0.5 Ma; Site U1374, 70.7 6 0.6 Ma)
[Koppers et al., 2012a, 2012b]. In contrast, the Burton seamount data plot along a 65 Ma isochron, consistent
with its younger 40Ar-39Ar age [Koppers et al., 2012b], except for that of sample U1376-21R-5, 0–16 cm (Fig-
ure 4a). Excluding this sample with possible Re gain effect, plotting to the right of the 65 Ma isochron, the
whole rock and olivine data for Burton seamount define an isochron age of 64.9 6 3.2 Ma and an initial
187Os/188Os value of 0.1272 6 0.0008 (Figure 4b). These Re-Os ages are very close to the 40Ar-39Ar data for
Site U1376 (64.1 6 0.5 Ma) [Koppers et al., 2012a, 2012b]. The agreement between Re-Os ages and available
40Ar-39Ar data further indicates that the Re-Os data for these samples are not significantly disturbed by
alteration or contamination. In addition, the initial 187Os/188Os ratios obtained from the isochrons are identi-
cal to those of the olivine separates, which likely represent the original magmatic composition and that of
the LSC mantle source.

5.2. Controls on PGE Variation
Although the Os isotope compositions do not show any significant difference along the chain from Cano-
pus to Burton seamount, there are obvious variations in the relative and absolute abundance of PGE among
the three seamounts. These differences may reflect magmatic processes that control the behavior of the
PGE, such as magmatic differentiation and partial melting of the same mantle source. Pitcher et al. [2009]
have shown that PGE concentrations vary with fractionation of olivine and chromite in the Kilauea Iki lavas
(Figure 3). However, this fractionation effect is not displayed by the picrites and tholeiites from different
Hawaiian islands [Tatsumi et al., 1999; Bennett et al., 2000]. The same is true for the different Louisville sea-
mount samples, as shown by plots of PGE versus MgO contents, although olivine fractionation is evident
from the tight correlation among MgO, Ni, and Cr (Figure 3). Instead, total PGE, Pt, and Pd show better cor-
relation with Cu (Figure 9). Cu and PGE are all chalcophile elements and behave as incompatible elements
in sulfide-undersaturated melts [e.g., Barnes and Picard, 1993]. In addition, PGE have higher partition coeffi-
cients in sulfides than that of Cu [Fleet et al., 1996]. Thus, the correlation of Cu with PGE may be used to
assess the role of sulfides in controlling the PGE abundance in the Louisville basalts.

Ratios of Cu with Pd and Re are much higher in Louisville samples than in Hawaiian picrites (Figure 9). The
constant and higher than mantle Cu/Pd ratios in Hawaiian picrites are interpreted to be an indication of
residual sulfide in their source [Bennett et al., 2000]. Because Cu contents are not so different between the
Hawaiian picrites and Louisville basalts, this may be explained by the lower concentrations of Re and PGEs
in the latter (Figure 3). Consequently, the Cu/Pd ratios in Louisville basalts could indicate residual sulfide in
their source and that the much higher ratios result from lower degree of melting (2–7% [Vanderkluysen
et al., 2014] versus 5–10% for Hawaiian picrites [Norman and Garcia, 1999]), assuming the same amounts of
sulfides in their source. Thus, it follows that the high-MgO basalts from Canopus and Burton seamounts
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may have been products of
higher degrees of melting
compared to that responsible
for the lower-MgO Burton
and Rigil seamount basalts.
Comparison with the relative
PGE abundances in model
melts produced at different
degrees of melting [Mungall
and Brenan, 2014] suggests
that the variation in PGE pat-
terns among Louisville sam-
ples may be controlled by
partial melting under sulfide-
saturated conditions.

A melting model, following
the fractional melting simula-
tion by a series of very small
degree batch melting calcu-
lations [Mungall and Brenan,
2014], shows that the PGE
abundance patterns of sam-
ples from Canopus, Burton,
and Rigil can be explained by
variable degrees of melting
of the same PUM-like source
(see Figure 10 caption for
PGE composition). The mod-
eling assumes 1.1 wt % incre-
ments of batch partial
melting calculations, with
only the excess 0.1 wt % frac-
tion of every batch melting
step pooled together and the
remaining amount combined
with the restite to form the
starting composition of the
next batch melting step. The
addition of the resulting PGE
contents from each batch
melting step back to the
starting composition simu-
lates the retention of partial
melts along grain boundaries
in the source [Mungall and
Brenan, 2014]. The 0.1% par-
tial melt fractions from each

melting step were combined together with equal weights to represent the pooled melts. This way of com-
bining melt fractions assumes a columnar melting model as suggested for hotspots and melting above
plume heads [Mungall and Brenan, 2014].

The best fit results show that the Rigil and the Burton patterns with lower PGE contents may be reproduced
by the composition of pooled melts from 1 to 6.6% partial melting increments of a PUM-like mantle source
[Becker et al., 2006; Fischer-Godde et al., 2011] with �0.015 wt % modal residual sulfide (Figure 10). The
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Figure 10. Comparison of fractional melting model-derived PGE abundances with the PGE
patterns of LSC basalts. The variation in the LSC patterns can be explained by variable low
degree melting of a relatively fertile mantle with 0.015 modal wt % sulfides (range for lherzo-
lites is 0.01–0.03 wt % [Luguet et al., 2003]). Starting PGE composition was assumed to be simi-
lar to primitive mantle (Re 5 35 ppb, Pd 5 7.1 ppb, Pt 5 7.6 ppb, Ru 5 7 ppb, Ir 5 3.5 ppb, and
Os 5 3.9 ppb) [Becker et al., 2006; Fischer-G€odde et al., 2011] although the best fit models were
attained with a lower Re initial content (30 ppb). Melting model and partition coefficients fol-
lowed those of Mungall and Brenan [2014]. Results are shown for the instantaneous initial and
sixth fractional melting steps (F 5 0.1% and F 5 6.6%, respectively), pooled melts from F 5 1–
6.6% and F 51–9.9% and right before (F crit, at 9.9%) and after (F after, at 11%) sulfide exhaus-
tion. See text for further details of the melting model.
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amount of modal residual sulfide required by the model is within the range determined for lherzolites
(0.01–0.03 wt %) [Luguet et al., 2003]. The higher PGE abundances of the high-MgO Canopus and Burton
basalts require a larger amount of pooled melts from a longer melting column or a greater number of par-
tial melting increments (F 5 1–9.9%) of the same source, just before sulfide exhaustion (at F 5 11%). In addi-
tion, the PGE abundance in the high-MgO Canopus sample may also indicate fractionation of olivine,
without accompanying sulfide saturation. Alternatively, mixing with extremely low amounts of partial melts
after sulfide exhaustion may also lead to higher Os, Ir, Pt, and Pd contents and lower Ru content (Figure 10).
In contrast, the more evolved nature of the Rigil seamount samples with the lowest PGE contents indicate
the possibility that sulfide saturation was reached during olivine crystallization, leading to the fractionation
of sulfides and lower PGE contents. Olivine crystallization may lead to sulfide precipitation by producing sul-
fide saturation in the melt [Burton et al., 2002]. This is evident from the lower Cu and Ni contents of the Rigil
basalts compared to Burton and Canopus samples and the low Cu contents in most fractionated glasses
from the same seamount, suggesting that the melts could have been saturated with an immiscible sulfide
phase [Nichols et al., 2014].

5.3. The Nature of the LSC Source
The limited isotopic composition of the dredged samples available so far stands witness to the remarkable
homogeneity of the LSC mantle source [Cheng et al., 1987; Hawkins et al., 1987; Beier et al., 2011; Vanderkluy-
sen et al., 2014]. This is made even more significant by the fact that these basalts are products of low-
degree melting, indicating that they are sampling a pure signature of their mantle source. This means either
that this mantle source is not diluted or mixed with those of other potential source components (in the
case where the scale of melting is larger than those of source components) or that this mantle source is
larger in scale than the degree of melting. Given that a number of OIBs appear to sample this mantle
source, and the low estimated degree of melting for LSC [Vanderkluysen et al., 2014], the latter case is more
likely. An average age-corrected 187Os/188Os ratio of 0.1271 6 0.0007 and the range of initial
187Os/188Os 5 0.1263–0.1274 (except for three ratios compromised by alteration) falls between the two esti-
mated ranges of primitive mantle values of 0.1290–0.1291 [Meisel et al., 2001] and 0.1257–0.1258 [Walker
et al., 2002] at 64–74 Ma and suggest that the source of the Louisville basalts is dominantly oceanic mantle,
with no or insignificant contribution from the Pacific lithosphere or deeply recycled crust inferred for most
OIBs (Figure 5). It is notable that, unlike those Mangaian basalts whose high 187Os/188Os ratios are attributed
to recycled crust in their source, the Pt, Pd, and Ir contents of the LSC basalts are lower and Os concentra-
tions higher compared to oceanic lower crustal composition (Figure 6). Moreover, the range of initial
187Os/188Os ratios for the LSC seamounts is much smaller and mostly lower than MORB (0.1277–0.1631)
[Schiano et al., 1997] These results, together with published Pb, Nd, and Sr isotope data, suggest that LSC
mantle could indeed represent a distinct mantle source. What then is the nature of the LSC mantle source?

If the Louisville basalts indeed originate from the so-called FOZO mantle, then their Os isotope composition
is consistent with the interpretation that they represent the common, possibly fed from the deep, lower
mantle sampled by many OIBs [Hart et al., 1992; Hanan and Graham, 1996; Lee et al., 2010]. It is noteworthy
that the Os isotopic composition of the basalts from Ofu Island in the Samoan hotspot chain, with similar
FOZO- or primitive He mantle (PHEM) [Farley et al., 1992] source signature, is just slightly higher (0.1279–
0.1294 [Jackson and Shirey, 2011]) compared to those of the LSC basalts. These Samoan basalts also possess
the highest 3He/4He ratios (19.5–33.8 Ra) in the southern hemisphere and exhibit slight variation in their
87Sr/86Sr (0.704438–0.704795), 143Nd/144Nd (0.512800–0.512844), and 206Pb/204Pb (19.126–19.257) [Jackson
et al., 2007]. Such characteristics are in good agreement with the primordial Ne isotope signature
(20Ne/22Ne 5 9.8–10.3) and the slightly elevated 3He/4He signature (3He/4He 5 8.8–10.6 Ra), relative to nor-
mal MORB, obtained from the same samples from this study [Hanyu, 2014], as well as the limited Sr-Nd-Pb
isotopic compositions ((87Sr/86Sr)t 5 0.70285–0.70398; (143Nd/144Nd)t 5 0.512814–0.512864;
(206Pb/204Pb)t 5 19.060–19.385; Cheng et al. [1987]; Hawkins et al. [1987]; Beier et al. [2011]; Vanderkluysen
et al. [2014]) of most LSC basalts. Thus, the evidence available so far points to the existence of a near-
primitive mantle that is possibly tapped by both LSC and Ofu Island basalts. Recycled components lead to
higher 187Os/188Os values observed for other Samoan and Rarotongan basalts but appear to have no signifi-
cant effect on the LSC composition. Combined with the gently sloping PGE patterns negating oceanic lower
crust influence, the limited range of LSC Os isotopic data do not support the suggestion that FOZO repre-
sents a well-stirred mixture of recycled oceanic crust [Kellogg et al., 2004; Stracke et al., 2005]. Such mixture
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would be expected to have steeply sloping PGE patterns and radiogenic 187Os/188Os of at least 0.146 that
would increase with age [Peucker-Ehrenbrink et al., 2003, 2012].

The Re-Os isotope system is an excellent tracer of recycled crustal materials because these possess high Re/
Os that develop radiogenic Os isotope compositions over time, making their presence easily traceable. Con-
tamination or mixing of recycled crustal material could lead to dilutional effects on mantle PGE and push
Os isotopic compositions to more radiogenic values [Day, 2013]. Note that, in the case of LSC samples, there
is no significant difference in 187Os/188Os ratios between low PGE samples from Rigil and Burton seamounts
and the high PGE basalts from Canopus seamount (Tables 1 and 2). In contrast, the OJP tholeiites, inferred
to originate from a well-homogenized mantle source considering the large (20–30%) degrees of melting
[e.g., Fitton and Godard, 2004] and the limited range in Pb, Nd, Sr isotope composition [Mahoney et al., 1993;
Tejada et al., 1996, 2002, 2004], show recycled material influence on their Os isotopic ratios [Tejada et al.,
2013]. Both OJP and Hawaiian high-MgO basalts are suggested to contain up to 28% recycled crust [Sobolev
et al., 2005, 2007]. If true, this is possibly the reason why both have elevated 187Os/188Os and steeper sloping
PGE patterns compared to LSC and Samoan basalts (Figure 5).

5.4. Relationship With OJP
The link between the LSC and OJP mantle source hangs on a very thin thread based on available isotopic
composition [Mahoney and Spencer, 1991; Vanderkluysen et al., 2014]. Our present Os isotope and PGE
results are also not favorable to a linkage between LSC and OJP. Both the Os isotopic composition and PGE
abundance patterns of the OJP tholeiites are more comparable to those of Hawaiian basalts (Figures 5 and
6) [Tejada et al., 2013; Chazey and Neal, 2004], consistent with their lithophile element isotopic composition,
and quite different from those of the LSC. However, younger alkalic volcanism on the OJP may indicate
some heterogeneity associated with the plateau’s source, if they represent the later stages of its plume
head to tail hotspot development [Tejada et al., 2015]. Most of these younger alkalic rocks possess similar to
higher 206Pb/204Pb ratios than those of OJP tholeiites and one group, the �90 Ma Sigana Alkalic Suite, even
exhibit HIMU-like Pb isotopic composition [Tejada et al., 1996]. With this consideration, it is still possible that
the LSC mantle source could be present in the source of the OJP and warrants further exploration in the
future.

6. Conclusions

Re-Os isotope and PGE data obtained from the LSC basalts give better insight into the nature of the so-
called Focal Zone mantle sampled by many OIBs and sulfide control on magmatic processes. The range of
initial 187Os/188Os ratios is small and falls well within the two estimated values for PUM, ruling out signifi-
cant recycled components in the LSC source. Re-Os isochron ages of 72 6 2.8 Ma for the older Canopus and
Rigil seamounts and 64.9 6 3.2 Ma for the younger Burton seamount are in excellent agreement with
40Ar-39Ar data. Isochron-derived initial 187Os/188Os (0.1272) is also identical to that obtained from olivine
separates and likely represents that of the LSC mantle source. The PGE abundances in the LSC basalts are
unlike those of oceanic lower crust and the best fit results from modeling require a relatively fertile mantle
source. Slight variation in the PGE contents of LSC basalts is best explained by variable low-degree melting
in the presence of residual sulfides. These results, together with limited range in lithophile element and pri-
mordial noble gas isotope data, could represent the portrait of a deeply-rooted mantle source tapped by
the LSC basalts and some Polynesian OIBs. Such mantle may be present in the source of the OJP but is not
discernible in the composition of the main-phase plateau basalts.
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