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Abstract: Lava samples from the Christmas Island Seamount Province (CHRISP) record an extreme
range in enriched mantle (EM) type Sr-Nd-Pb-Hf isotope signatures. Here we report osmium isotope
data obtained on four samples from the youngest, Pliocene petit-spot phase (Upper Volcanic Series,
UVS; ~4.4 Ma), and four samples from the earlier, Eocene (Lower Volcanic Series, LVS; ~40 Ma) shield
building phase of Christmas Island. Osmium concentrations are low (5–82 ppt) with initial Os isotopic
values (187Os/188Osi) ranging from (0.1230–0.1679). Along with additional new geochemical data
(major and trace elements, Sr-Nd-Pb isotopes, olivine δ18O values), we demonstrate the following:
(1) The UVS is consistent with melting of shallow Indian mid-ocean ridge basalt (MORB) mantle
enriched with both lower continental crust (LCC) and subcontinental lithospheric mantle (SCLM)
components; and (2) The LVS is consistent with recycling of SCLM components related to Gondwana
break-up. The SCLM component has FOZO or HIMU like characteristics. One of the LVS samples
has less radiogenic Os (γOs –3.4) and provides evidence for the presence of ancient SCLM in the
source. The geochemistry of the Christmas Island lava series supports the idea that continental
breakup causes shallow recycling of lithospheric and lower crustal components into the ambient
MORB mantle.

Keywords: osmium isotopes; petit-spot volcanism; olivine oxygen isotopes; intraplate volcanism;
Christmas Island; Indian Ocean; CHRISP; crust recycling; lithosphere recycling; DUPAL

1. Introduction

A fundamental question concerns the origin of the hundreds of thousands of solitary
seamounts and small isolated clusters of such seamounts on the seafloor of the world’s
ocean basins (>20,000 at least 1 km high; [1]). Most of them are not directly associated with
age-progressive hotspot tracks and are therefore difficult to explain within the classic mantle
plume model [2–7]. They could be the result of shallow tectonically driven processes, and
several models have been proposed (e.g., [8–14]), or alternatively the result of smaller scale
mantle plumes (e.g., [15,16]). To gain a better understanding of magmatism associated with

Geosciences 2022, 12, 118. https://doi.org/10.3390/geosciences12030118 https://www.mdpi.com/journal/geosciences

https://doi.org/10.3390/geosciences12030118
https://doi.org/10.3390/geosciences12030118
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/geosciences
https://www.mdpi.com
https://orcid.org/0000-0001-6528-9739
https://orcid.org/0000-0002-3165-3480
https://orcid.org/0000-0001-9006-9463
https://doi.org/10.3390/geosciences12030118
https://www.mdpi.com/journal/geosciences
https://www.mdpi.com/article/10.3390/geosciences12030118?type=check_update&version=2


Geosciences 2022, 12, 118 2 of 36

enigmatic non-plume intraplate settings it is essential to provide petrogenetic constraints
on the nature of mantle sources and melts in these settings. Christmas Island located in the
northeast Indian Ocean (10◦29′ S 105◦38′ E; Figure 1) is an ideal subject for investigation
as it belongs to the extensive but diffuse Christmas Island Seamount Province (CHRISP,
Figures 1 and S1; [10]), which shows no relationship to any mantle plume but instead shows
complex, irregular age–distance relationships (Figure S1; [10]).

Figure 1. Bathymetric map of the NE Indian Ocean showing the location of Christmas Island. White
squares show the locations of seamounts “1763 m” and “1341 m” of the Vening-Meinesz Volcanic
Province (VMP). Inset shows the volcanic sub-provinces of CHRISP [10] as follows: AP, Argo Basin
volcanic province; EWP, Eastern Wharton Basin volcanic province; VMP, Vening-Meinesz volcanic
province and CKP, Cocos-Keeling volcanic province. Map generated by GeoMapApp [17].

In addition, Christmas Island has a young (lower Pliocene) rejuvenated lava series
(the upper volcanic series UVS, [10]) significantly younger than an older (upper Eocene)
lava series (the lower volcanic series LVS, [10]). Rejuvenated magmatism is an enigmatic
feature of intraplate volcanism in general [18–24] which is also difficult for a mantle plume
model to explain in all cases.

In the case of the rejuvenated lava of Christmas Island, Hoernle et al. [10] proposed
that they could be the result of lithospheric plate flexure as the Indian Plate is subducted
at the Java Trench [25,26] and therefore has a similar origin to the newly recognized
intraplate volcanism referred to as ‘petit-spot’ occurring out board of oceanic trenches
at the fore-bulge of the down-going subducting oceanic plate [24,27]. Hoernle et al. [10]
demonstrated that the 40Ar/30Ar ages and isotopic (Sr-Nd-Hf-Pb) compositions of dredged
volcanic rocks from CHRISP were consistent with a petrogenetic model involving near-
ridge volcanism and shallow recycling of delaminated continental lithosphere (related
to Gondwana supercontinent break-up). One of the aims of this paper is to test whether
the model of Hoernle et al. [10] is also applicable to the lava from both the Eocene (LVS)
and lower Pliocene (LVS) volcanic series of Christmas Island [10], by determining the
osmium isotopic (187Os/188Os) values on relatively unaltered (fresh) lavas. The presence
of continental lithosphere should be evident in low 187Os/188Os and sub-chondritic γOsi
values (γOsi is the parts per 100 difference between the sample and chondrite–0.12757 [28]
calculated at the age of the sample [29]) in the erupted lava [28,30–35].
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Along with osmium isotopic analyses we present whole rock and mineral geochem-
istry (major and trace elements, Sr-Nd-Pb isotopes, and olivine phenocryst δ18O values)
of the Christmas Island lava series to provide petrogenetic constraints on the nature of
mantle sources, and PTX (pressure, temperature, composition) conditions of melt genera-
tion. We also present whole rock geochemical and isotopic data for volcanic rocks from
two seamounts of the Cretaceous-aged Vening-Meinesz volcanic sub-province (VMP) of
CHRISP (Figures 1 and S1) to the southwest of Christmas Island sampled by dredging
during voyage FR9_87 of the RV Franklin. In summary, our data supports the model of
Hoernle et al. [10] and provides new petrogenetic constraints on the origin of non-plume in-
traplate magmatism and the nature of enriched DUPAL components in the Indian Oceanic
mantle. DUPAL is the name which refers to a large-scale isotope anomaly in the southern
hemisphere mantle centered on latitude 30◦ S [36]. Details on the geology of Christmas
Island and our sampling are provided in the Supplementary Discussion.

2. Methods

2.1. 40Ar–39Ar Radiometric Dating

We selected two relatively unaltered lava samples from the LVS and three from the
UVS for radiometric dating (Table 1, Figure S2) using the 40Ar–39Ar total fusion method.
The least-altered, well-crystallized samples were slabbed to remove surface weathering,
crushed and sieved to 0.5–1.0 mm-size fraction, then ultrasonically washed in distilled water.
We separated the groundmass fraction from phenocrysts by hand-picking under binocular
microscope. The cleaned groundmass chips were loaded into evacuated glass vials and
irradiated in a flux of fast neutrons (1 MW power for 6 hr) at the Oregon State University
TRIGA reactor. We used FCT-3 biotite standard (28.04 Ma; [37]) to monitor neutron flux.
Corrections for interfering reactions involving Ca and K are given in [38]. After the decay
of short-lived radionuclides (~3 weeks) we measured the Ar-isotopic composition of the
samples using an AEI MS–l0S single-collector mass spectrometer, with RF-induction fusion
under vacuum and Ti-getter gas clean-up. We collected 10 sets of Ar-isotopic peak heights
and regressed these with time to obtain initial isotopic ratios. We calculated the ages using
the corrected Steiger and Jager [39] decay constant of 5.530 ± 0.097 × 10–10/yr, as reported
by [40]. Further analytical details are provided in [41]. All 40Ar–39Ar ages are reported at
the 2 s level. Table 1 summarizes the results of our new geochronological data.

Table 1. 40Ar–39Ar Total Fusion Ages for Christmas Island volcanic rocks.

Sample OSU Run# % rad. 40Ar Measured Age (Ma) 2σ Errors Locality

Lower Volcanic Series
70452 B3009 47.0 40.10 0.30 The Dales
70480 B3016 73.8 40.70 0.20 Dolly Beach

Upper Volcanic Series
70457 B3011 49.2 5.08 0.30 Winifried Beach
70461 B3012 41.6 4.95 0.06 Winifried Beach
70462 B3013 57.4 3.06 0.14 Winifried Beach

2.2. Mineral Chemistry

The mineralogy of representative lava from both the LVS and UVS were analyzed using
either EDS (energy dispersive spectroscopy) or WDS (wavelength dispersive spectroscopy)
microprobe techniques. The compositions of representative phenocryst and groundmass
phases are presented in Table S3. For the three representative primitive lava (LVS samples
70480 and 70470 and UVS sample 70453), olivine and clinopyroxene were hand-picked
under binocular microscope and individually mounted in epoxy before analysis (Table S4).
EDS analyses (Table S3) were obtained using a Jeol JXA-50A microprobe at the Central
Science laboratory, University of Tasmania (UTAS), Hobart (operating conditions 15 kV,
7 × 10–10 A, calibration was on pure Cu) following the methods outlined by [42]. Internal
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standard “Delegate Cpx” was used to monitor beam current and analysis quality. WDS
analyses of olivine and clinopyroxene (Table S4) were obtained using a Cameca SX100
electron microprobe at the Central Science laboratory, University of Tasmania, Hobart
(operating conditions 15 kV and 30ηA and a beam size of 1–2 µm). Each element was
calibrated against a relevant oxide standard. Counting times for Mg, Si, Al and Fe was
20 s for the peak and 10 s for the background on both sides of the peak. Counting times
for Ca, Cr and Ni were 30 s for the peak and 15 s for the background on both sides
of the peak. International standard USNM 111312/444 (San Carlos olivine) was used as
primary standard and analyzed throughout analytical sessions. The accuracy of the electron
microprobe analyses is ~2% for major elements

2.3. Whole Rock Geochemistry

The geochemistry of rock samples from the FR9_87 RV Franklin voyage (Table S1),
the 1987 field season (Table S2) and from [43] were determined either at the University
of Tasmania or Becquerel Laboratories Pty Ltd., Sydney, Australia using the following
techniques: (1) major elements were determined by XRF (X-ray fluorescence) using an auto-
mated Phillips PW1410 spectrometer, and the method of [44]. Accuracy for major elements
is generally <1% while for minor elements it is <1–6%; (2) trace element geochemistry
was determined by XRF, ICP-MS (inductively coupled plasma mass spectrometry) and
INAA (instrumental neutron activation analysis) analyses. XRF analyses were determined
on pressed powder pills (10 grams, 32 mm) using a combination of ScMo and Au 3 kW
side window X-ray tubes and a Philips PW1480 x-ray spectrometer. Analyses of interna-
tional and secondary standards and detection limits are presented in Table S5. ICP-MS
trace element analyses were obtained using the methods of [45,46]. ICP-MS analyses were
performed on duplicate high-pressure HF-HClO4 digestions. Sub-boiling double distilled
acids and ultrapure water were used, as were clean sampler and skimmer cones, ICP torch,
spray chamber, nebulizer and sample introduction tubes (including auto-sampler tubing).
Prior to sample analysis the instrument was purged for at least 24 h with 5% v/v HNO3
and 0.05% v/v HF rinse solution. Analyses of standards and detection limits are presented
in Table S5. INAA analyses of REE, Th, Ta and Hf were determined by Dr H. Waldron of
Becquerel Laboratories Pty Ltd. at Lucas Heights, Sydney, Australia. Detection limits, as
assessed from replicate analyses of standard rocks, are as follows: Th, 0.1–0.25 ppm (de-
pending on length of radiation and counting schedule); Ta, 0.2–0.5 ppm (again depending
on length of radiation and counting schedule); Hf, 0.5 ppm; La, 0.1 ppm; Ce, 1.5 ppm; Nd,
2.5 ppm; Sm, 0.05 ppm; Eu, 0.2 ppm; Tb, 0.5 ppm; Ho, 0.5 ppm; Yb, 0.1 ppm; Lu, 0.05 ppm.
Accuracy is generally better than 5% for Th, Ta and Hf and between 5–10% for the REE. The
geochemistry of rock samples from the study of [10] were carried out by Acme Analytical
Laboratories Ltd., Vancouver, Canada, using the following techniques:(1) major elements
were determined by ICP-ES analysis. A precision of better than 2% was obtained for major
elements; and (2) trace elements were determined by ICP-MS. A precision better than 10%
was achieved for all elements. Analyses of standard rocks are presented in Table S5.

The measured Sr, Nd, and Pb isotope compositions (Table 2) were determined at
both Massachusetts Institute of Technology and Woods Hole Oceanographic Institution
following the analytical techniques described in [47,48]. Two sigma precision of the mea-
sured isotopic data is 0.0025% for Sr, 0.0020% for Nd and ± 0.05% amu−1 for Pb [49]. The
following international standards were used: BCR-1 for neodymium; Eimer and Amend
SrCO3 for strontium and NBS-981 for lead. The isotope data on our new samples were
determined solely on leached powders, excepting samples 70480 and 70471, for which both
leached and unleached powders were analyzed for Pb isotopes.
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Table 2. Sr, Nd and Pb isotopic composition of volcanic rocks from Christmas Island and dredged by
the RV Franklin voyage FR9_87.

Sample Lava Series 87Sr/86Sr 143Nd/144Nd 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb Leached

70472 LVS 0.703980 0.512806 19.151 15.675 39.334 Y
70480 LVS 0.703930 0.512724 18.915 15.637 39.071 Y
70480 LVS 18.937 15.615 39.056 N
70452 LVS 0.704090 0.512702 18.955 15.644 39.125 Y
70471 LVS 0.703770 0.512827 18.918 15.577 38.784 Y
70471 LVS 18.852 15.578 38.779 N
70457 UVS 0.705360 0.512544 18.043 15.566 38.128 Y
70453 UVS 0.705420 0.512498 17.846 15.566 38.071 Y
70461 UVS 0.705390 0.512511 17.905 15.573 38.134 Y
70462 UVS 0.705430 0.512460 17.904 15.568 38.118 Y

70488-2 VM-1763m 0.704670 0.512452 17.979 15.639 38.478 Y
70488-5 VM-1763m 0.704640 0.512470 17.960 15.625 38.427 Y

2.4. Osmium and Oxygen Isotopes

Osmium isotopes were determined on representative samples from both the LVS and
UVS of Christmas Island (Table 3). Samples that were selected did not contain any xenoliths,
clumps of olivine or obviously resorbed olivine that may have suggested xenolithic material.
Olivine was relatively small and euhedral to subhedral for all samples for which Os
was analyzed. Osmium isotopes were determined using the methods outlined in the
Supplementary Discussion. Oxygen isotopes were also determined using the methods
outlined in [50] on olivine phenocryst separates from the same samples by laser fluorination
-MAT253 system at the University of Oregon (Table 3) and normalized to San Carlos olivine
standard at 5.25‰ (analytical error 0.07‰).

Table 3. Os, Re and O isotopes of Christmas Island volcanic rocks.

Sample
No.

Lava
Series

Age
(Ma)

Os
(ppb) 2σ 187Os/188Os 2σ Re

(ppb) 2σ 187Re/188Os 2σ 187Os/188Osi γ(Osi) δ 18O

CH7B UVS 4.4 0.0327 0.0001 0.145560 0.000136 0.0809 0.0012 11.94 0.01 0.144684 13.44 5.30
CH7B UVS 4.4 0.0178 0.0001 0.145236 0.000085 0.0806 0.0012 21.86 0.01 0.143633 12.62
CH7A UVS 4.4 0.0052 0.0002 0.159383 0.000572 0.0537 0.0008 50.19 0.18 0.155703 22.08 5.28
CH3 UVS 4.5 0.0278 0.0001 0.169787 0.000100 0.1424 0.0021 24.78 0.02 0.167921 31.66 5.40
CH4 UVS 4.4 0.0150 0.0001 0.162934 0.000213 0.0984 0.0015 31.77 0.04 0.160632 25.94 5.41

CH1B UVS 4.4 5.40
CH1A UVS 4.3 5.47
CH9 LVS 37.0 0.0247 0.0001 0.133402 0.000060 0.0864 0.0013 16.88 0.01 0.123004 −3.39 5.31
CH11 LVS 42.6 0.0820 0.0002 0.145955 0.000095 0.2629 0.004 15.49 0.01 0.134960 6.03 5.45
CH13 LVS 43.6 0.0520 0.0001 0.169542 0.000216 0.2948 0.0044 27.44 0.04 0.149601 17.54 5.28
CH12 LVS 43.0 0.0630 0.0002 0.152965 0.000106 0.1183 0.0018 8.93 0.01 0.146563 15.15 5.58

3. Results
3.1. Radiometric Ages

Our new radiometric ages for Christmas Island are consistent with the previous
work [10]. The dated LVS samples are of Eocene age and range from 37.0–43.6 Ma
(this study; n = 6; [10]; n = 3; [51]). The dated UVS are of Pliocene age and range from
3.06 ± 0.28 to 4.95 ± 0.12 to 5.08 ± 0.60 Ma (all errors are 2 sigma; this study), 4.31 ± 0.14
to 4.52 ± 0.18 Ma (n = 4; [10]) and 4.32 ± 0.17 [51].

3.2. Petrography and Mineral Chemistry

The rocks of the LVS consists of dykes, lava and hyaloclastite breccia. Petrographically
they include olivine + clinopyroxene ± plagioclase—phyric basalts, basanites, mugearites,
and minor trachytes (Table S5). Smith [52] provides detailed petrographic descriptions
of LVS rocks. The mafic volcanics contain euhedral phenocrysts and microphenocrysts
of olivine (EDS, Mg# 75.4–89.2; WDS, Mg# 70.3–89.5; Tables S3 and S4, Figures 2 and 3),
clinopyroxene (augite; EDS, Mg# 76.8–85.5; WDS Mg# 80.3–85.9, Tables S3 and S4, Figure 2)
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and plagioclase (EDS, An 55–70). The groundmass consists of plagioclase (EDS, An 8–66)
and augite microlites (EDS, Mg# 67–79) which form an intersertal texture with altered
glass, ilmenite and titanomagnetite. The olivine + clinopyroxene-phyric basalts also con-
tain groundmass olivine. More evolved volcanic compositions contain microphenocrysts
of ilmenite and apatite. Some of the olivine + clinopyroxene-phyric basalts of the LVS
are distinctive in containing abundant xenolithic material (e.g., samples 70472, 70469)
including ultramafic inclusions (~10–50 mm in size) and xenocrysts apparently derived
from disrupted xenolithic material. The ultramafic inclusions are of both cumulate (web-
sterite and wehrlite) and mantle (lherzolite and harzburgite) origin. Cumulates contain
olivine (Fo78–87), augite (Mg# 80–85), orthopyroxene (Mg#83–87), Cr-spinel (Cr# 50) and
titanomagnetite. The mantle-derived material consists of olivine (Fo91–92), clinopyroxene
(endiopside, Mg# 93), orthopyroxene (Mg# 91) and Al-spinel (Falloon unpublished data).
The Ni and CaO abundances of the olivine phenocrysts (Figure 3) are typical for OIB
plume-related lava [53].

The rocks of the UVS contain euhedral phenocrysts and microphenocrysts of olivine
(EDS, Mg# 85.0–89.5; WDS, 85.6–90.4, Tables S3 and S4, Figures 2 and 3) and clinopyroxene
(diopside; EDS Mg# 73–86; WDS Mg# 71–86, Tables S3 and S4, Figure 2), set in a groundmass
consisting of turbid glass with diopside microlites (Mg# 67–84) and titanomagnetite. Cr-
spinel occurs both as inclusions in olivine phenocrysts and as microphenocrysts (Cr# 61–64).
Petrographically these rocks are limburgites. The Ni abundances of the olivine phenocrysts
(Figure 3) are typical of MORB-related lava [53].

Figure 2. Histograms of olivine and clinopyroxene phenocryst compositions (Mg#) for primitive lava
of Christmas Island; (a) Lower Volcanic Series (LVS) and (b) Upper Volcanic Series (UVS). Mineral
data from Table S4.
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Figure 3. Olivine (a) Ni (ppm) and (b) CaO (wt%) abundances versus Mg# for the Christmas Island
lava series (Table S4) compared to Indian MORB, Reunion and Hawaiian lavas. WPM-thick = within
plate magmas erupted through thick (>70 km) lithosphere; UVS = Christmas Island upper volcanic
series; LVS = Christmas Island lower volcanic series. Olivine data from [53] and Falloon (unpublished).
High Mg# olivines with low (~<0.12 wt%) CaO abundances are inferred to be xenocrystal material
from the oceanic lithosphere (CHRISP Lithosphere, (b)).

Altered volcanic rocks from “1341 m” and “1763 m” seamounts to the southwest of
Christmas Island (Figures 1 and S6, Table S1) have phenocryst assemblages like rocks of the
LVS of Christmas Island. The rocks contain pseudomorphs after olivine phenocrysts, now
completely replaced by secondary minerals, together with part-resorbed plagioclase, and
clinopyroxene phenocrysts set in an altered cryptocrystalline groundmass with plagioclase
microlites.

3.3. Whole-Rock Geochemistry

Loss on ignition (LOI) values vary significantly for both the LVS and UVS (Figure 4),
consistent with petrographic evidence for alteration. Out of 33 LVS samples, six have
elevated LOI of 3.0–5.5 wt.%. Out of 16 UVS samples, four have LOI between 3.0–3.9 wt.%.
However, this alteration has not significantly changed the primary geochemical characteris-
tics of the lavas. There are no correlations between LOI with age of sample or any geochem-
ical element or index (Figure 4). Furthermore, mobile incompatible oxides/elements such
as K2O correlate positively with immobile incompatible elements excluding submarine
samples for the older LVS series, e.g., TiO2 (r2 = 0.90, excluding one outlier), Zr (r2 = 0.95,
combining XRF and ICP-MS data) and Nb (r2 = 0.92, XRF + ICP-MS data), La (r2 = 0.94,
ICP-MS data only), Th (r2 = 0.95, ICP-MS data), Ta (r2 = 0.90, ICP-MS data) and Hf (r2 = 0.96,
ICP-MS data). Also, mobile oxides/elements correlate well with each other, e.g., K2O vs.
Na2O (r2 = 0.79), U (r2 = 0.90, ICP-MS data), Rb (r2 = 0.97, XRF + ICP-MS data). Thus,
we are confident in using the geochemistry of the lava for rock classification as well as
in comparing the major and trace-element data with the lava compositions from other
localities. In Figure S7 we demonstrate excellent correlations for trace element abundances
determined by different (XRF, ICP-MS and INAA) techniques. We are therefore confident
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that the trace element abundances reported in this study can be used to develop potential
petrogenetic models for Christmas Island magma genesis.

Figure 4. Loss on Ignition (LOI) values for Christmas Island high MgO lava (>9 wt%) and low MgO
lava (<9 wt%) (Table S5) and dredged lava from the VMP by the RV Franklin during voyage FR9_87
(Table S5) versus (a) K2O wt%; (b) Rb ppm; (c) 87Sr/86Sr values (Table 2, [10,43]), (d) 187Os/188Os
values (Table 3).

In the TAS (total-alkalis vs. silica) classification plot (Figure 5; [54]) whole rock
(Table S5) and scans of unaltered glassy groundmass (Table S3) of the Christmas Island
series lava are clearly distinct. The LVS forms a sodic (Na2O/K2O~>2) alkaline series
(Mg# 71–10) whereas the UVS forms a primitive slightly potassic (Na2O/K2O~<0.9) alka-
line series (Mg# 72–63). Both series appear to form coherent liquid lines of descent based
on the variation of compatible to incompatible trace elements (e.g., Ni vs. Zr; Figure 6)
suggesting a limited range in parental magma compositions for each lava series.

The more primitive rocks from both lava series show a restricted range in REE
(Figure 7a) and the two series can be clearly distinguished—with the UVS being more
enriched in LREE and have relatively higher (La/Yb)N values compared to the LVS (22–29
vs. 11–20). This results in crossing REE patterns (Figure 7a), which can be explained by
differences in petrogenetic conditions and mantle sources for the two volcanic series (see
discussion in Section 4 below). In contrast, rocks with <9 wt% MgO have much more
variable patterns and range in abundances (Figure 7b)—this could be due to differences
in parental magmas, crystal fractionation and potentially assimilation of depleted mantle
lithosphere or crustal components during magma evolution. As we wish to explore the
nature of primitive magmatic components in order to constrain the petrogenesis of the two
volcanic series on Christmas Island, we restrict our discussion to rocks with MgO values
>9 wt% MgO.
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Figure 5. Christmas Island lava plotted in the total alkali (Na2O + K2O) vs. silica (SiO2) (TAS)
classification for igneous volcanic rocks [54]. Data from Tables S3 and S5.

Figure 6. The Ni ppm (a) and Zr/Ni values (b) versus Zr ppm for the Christmas Island lava series.
Outliers 70472 has accumulated olivine and xenolithic material whereas 70482 was recovered by
dredging during FR9_87 and most likely represents a slightly different parental magma composition
of the UVS.

In Figures 8 and 9, the major and trace element abundances of the Christmas Island lava
series are plotted against their MgO contents. The two suites can be clearly distinguished
on nearly all of the plots, in particular the UVS compared to the LVS have, in general,
lower TiO2, FeOT, Na2O, Nb, Y, Ni and higher CaO, K2O, Rb, Ba, La, Sr abundances
(Figures 8 and 9). The primitive mantle normalised abundance patterns (NAPs) of the
Christmas Island volcanic series are presented in Figure 10. The NAPs of the UVS are all
very similar (Figure 10a)—indicating a limited range of parental compositions. In particular,
the NAPs for the UVS all show prominent enrichment anomalies in Ba and Pb. In contrast
to the UVS, the NAPs of LVS show more variability (Figure 10b), suggesting a range of
parental magmas, they all in general show the same overall relative enrichment in Nb
relative to U and K and a depletion in Pb relative to Ce.
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Figure 7. Chondrite normalized REE patterns for the Christmas Island lava series. (a) Lava with
MgO contents >9 wt% MgO and in (b) lava with <9 wt% MgO, also plotted in (b) are the lava from
the VMP dredged by the RV Franklin during voyage FR9_87.

Figure 8. (a) Major elements (wt%) versus MgO (wt%) of Christmas Island lava series (LVS—blue
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circles; UVS—green circles) compared to the Indian Ocean plumes Reunion and Kerguelen.
Symbols, fields and data sources as follows: Bold square—average (n = 147) Indian N-MORB
((La/Sm)N < 1.0; [55]); DMM (depleted morb mantle), HIMU (high-µ mantle), EM1 (enriched mantle
1), EM2 (enriched mantle 2) parental magmas [56]; Kerguelen (Heard Island basaltic and basanite
series, >9 wt% MgO; [57]); Reunion (yellow field, Piton de la Fournaise, lava 9–20 wt% MgO; [58]).
(b) Major elements (wt%) versus MgO (wt%) of Christmas Island lava series compared to petit-
spot lava and lava associated with lithospheric flexure. Symbols as for (a), and the following:
Hokkaido Rise (light red field; [27]); North Arch volcanic field [59]; Uo Mamae seamount (light orange
field; [60–62]); Tutuila Island (orange field; [22]); Western Pacific Seamount Province (red field,
WPSP; [63]).

Figure 9. Trace element (ppm) abundances versus MgO (wt%) of Christmas Island lava series
compared to (a) Indian Ocean plumes Reunion and Kerguelen and (b) petit-spot lava and lava
associated with lithospheric flexure. Symbols, fields and data sources as for Figure 8, except for the
following: HIMU—average (n = 14) > 9 wt% MgO lava from Mangaia Island [64]; EM1—average
(n = 11) > 9 wt% MgO lava from Pitcairn Island and adjacent seamounts [65,66]; EMII—average
(n = 6) > 9 wt% MgO lava from Savaii Island, Samoa [67].
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Figure 10. Primitive mantle normalized trace element abundance patterns for Christmas Island lava
series; (a) Upper volcanic series—thin green lines, lava with >9 wt% MgO, thick dark green line—
average; pale blue thick line is the average pattern for LVS lava with >9 wt% MgO for comparison;
gray field encompasses the range in patterns for the LVS lava in panel b; (b) Lower volcanic series—
thin blue lines, lava with >9 wt% MgO, thick dark blue line—average. Primitive mantle normalizing
values from [68].

The dredged volcanic rocks from two seamounts of the WMP (FR9_87; Table S5) all
have high LOI, reflecting seafloor alteration. However, despite this alteration, they display
a high degree of geochemical coherence (Figures 4 and 7). In terms of major element
geochemistry, the dredged volcanics have relatively low MgO abundances (~<4.5 wt%)
and are most similar to the evolved lava of the Christmas Island LVS, which is consistent
with their petrographic affinities.

3.4. Sr-Nd-Pb Isotopic Geochemistry

The new isotopic data presented here (Table 2) is completely consistent with the
isotopic values obtained previously by [10,43]. The excellent coherence of leached and
unleached samples on the various isotope plots (e.g., Figure 11) suggests that there is no
significant alteration component which is affecting the isotope data. The new isotope data
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confirm that the LVS (n = 21, new and published data) and UVS (n = 11, new and published
data) have distinct 87Sr/86Sr, 143Nd/144Nd, 206Pb/204Pb, 207Pb/204Pb and 208Pb/204Pb
isotope ratios, in contrast [69] who obtained a similar isotopic composition for their single
Pliocene (UVS) sample to the LVS, although the LVS compositions match those of the new
and data published elsewhere [10,43].

Figure 11. (a) ∆208Pb/204Pb versus ∆207Pb/204Pb [36] and (b) 87Sr/86Sr versus 206Pb/204Pb for Christ-
mas Island lava series (Table 2; [10,43]). Delta (∆) values measure the vertical deviation in 207Pb/204Pb or
208Pb/204Pb from a northern hemisphere reference line (NHRL, solid vertical and horizontal lines at 0 in
(a)) as defined by [36]. Symbols, lines and data fields as follows: Grey vertical line at ∆208Pb/204Pb = 60
is after [43] who define DUPAL hotspot lava with ∆208Pb/∆204Pb >60, with 87Sr/86Sr >0.705; Indian
N-MORB is the average glass (n = 157) where all Sr-Nd-Pb isotopes have been analyzed on the same
glass sample (grey field, I-MORB (Indian morb) delineates the range of glasses; [70]); Purple dotted
line labelled ‘m-SCLM-India’ (metasomatized subcontinental lithospheric mantle) trends towards the
average (n = 7) Krishna Lamproite (∆208Pb/∆204Pb ~545; ∆207Pb/∆204Pb ~25; [71]); Purple dotted line
labelled ‘m-SCLM-Antarctica’ trends towards inferred compositions of Antarctica m-SCLM constrained
by the average (n = 26) composition of Gaussberg olivine lamproites [72]; Purple dotted line labelled
‘m-SCLM-Australia’ trends towards inferred compositions of Australian m-SCLM constrained by the
average (n = 6) composition of Western Australian olivine lamproites (>9 wt% MgO; [73]); r-SCLM (re-
fractory subcontinental lithospheric mantle; [74]); CHRISP fields [10] as follows: CKP—Cocos/Keeling
Province; EWP—Eastern Wharton Province; VMP—Vening-Meinesz Province; AP—Argo Province;
Japan Trench [75]; Uo Mamae [61,62]; Reunion (average n = 70 analyses from Piton de la Fournaise; [58]);
Kerguelen (Heard Island, average for the Big Ben lava series; [57]); DMM—206Pb/204Pb and 207Pb/204Pb
values from [76]) and 208Pb/204Pb values from [77]; HIMU—average (n = 14) >9 wt% MgO lava
from Mangaia Island [64]; EM1—average (n = 11) > 9 wt% MgO lava from Pitcairn Island and ad-
jacent seamounts [65,66]; EMII—average (n = 6) >9 wt% MgO lava from Savaii Island, Samoa [67];
Component—“C” [78].
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The ∆207Pb/204Pb (∆7/4 Pb) and ∆208Pb/204Pb (∆8/4 Pb) values of the seamount lava
dredged during FR9_87 are isotopically distinct from the Christmas Island lava series and
plot (Figure 11a) within the field defined by seamounts of the VMP [10]. The Christmas
Island lava series almost encompass the entire range of 87Sr/86Sr and 206Pb/204Pb values
(Figure 11b) of the VMP. On all isotope correlation diagrams the LVS could potentially serve
as the geochemical end member with FOZO (focus zone)-like composition (radiogenic
Pb) for the VMP of CHRISP. The UVS lava however have lower 207Pb/204Pb and higher
176Hf/177Hf isotope ratios to serve as the enriched end member with low 206Pb/204Pb
isotope ratios (Figure S8; [10]).

3.5. Osmium Isotopes

In general, the LVS has slightly higher Os abundances (range ~25–64 ppt, Table 3)
compared to UVS (range ~15–33 ppt, Table 3, Figure 12). Although the Os abundances
overlap, they can clearly be distinguished when plotted against MgO wt% (Figure 12).
Both lava series have similar Os ppt abundances to a range of oceanic and continental
intraplate magmatic suites (Figure 12). However, the UVS Os abundances all fall below
the recommended value of 50 ppt for uncontaminated lava from the Canary and Madeira
Islands [79,80].

Figure 12. Os (ppt) versus MgO (wt%) for the Christmas Island lava series compared to other
intraplate lava suites. Data sources as follows: Comoros [81]; Reunion [82–84]; Kerguelen [85];
Samoa [86,87]; Pitcairn [66]; Austral [82,88]; Austral-Cook [89]; Madagascar [74]. The horizontal
dotted line at Os 50 ppt is the proposed cut off filter [79] to eliminate crustally contaminated lavas.

The LVS lava have overall lower 187Os/188Osi(initial) isotopic values (0.123–0.150;
γOsi = –3.4 to 17.5; Table 3) than the UVS lava (0.144–0.167; γOsi = 12.6 to 31.7; Table 3).
In Figure 13 187Os/188Os isotopic values are plotted against Os abundances (ppt) at two
different scales. In Figure 13a, the Christmas Island lava series plot in the bottom left
corner—where we expect to see uncontaminated mantle derived lava (187Os/188Os values
of ≤ 0.15; [90]). In Figure 13b the data falling inside the shaded rectangle in Figure 13a
is shown to illustrate in more detail the relationship of the Christmas Island lava series
to potential crustal and lithospheric contamination. As discussed by [91] a significant
difficulty in the interpretation of Os isotopic data is the potential problem of (1) crustal
contamination or alteration by seawater, especially in evolved magmas with relatively
lower Os abundances which can produce anomalously high Os isotopic values at low Os
ppt and (2) contamination by the lithospheric mantle either via melt-rock reaction or the
incorporation of xenolithic material (especially olivine) resulting in very high Os abun-
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dances and low (subchondritic) Os isotopic values [92]. The LVS sample CH9 therefore is
of interest as it has initial subchondritic Os isotopic values at relatively low Os abundances
(Table 3).

One potential solution to this problem is to apply a filter, for example [79] recommend
that only Os isotopic values for lava with greater than ~50 ppt should be used to define
uncontaminated magmatic values. Applying such a filter to the Christmas Island lava
series would eliminate the majority of the data set (Figure 12). Although suites with
low Os and high 187Os/188Os values are clearly related to crustal contamination [93],
applying a filter would also eliminate a significant number of data sets at low Os ppt
which have been demonstrated to not have suffered crustal contamination or seawater
alteration [74,80,83,94]. An alternative to applying a filter is to look for correlations between
Os isotopic values and other geochemical indicators of crustal contamination. In Figure 4d,
Figures S9 and S10 there are no significant correlations between 187Os/188Os values and
LOI (Figure 4d), Re abundances (Figure S9a), Re/Os values (Figure S9b), Nb/U values
(Figure S10a) and Ce/Pb values (Figure S10b). Therefore, we are confident that the Os
isotopic data presented in this paper are primary magmatic values and are not the result
of either seawater alteration, crustal contamination or lithospheric interaction. We also
note that thus far no crustal contamination process has been recognized that can produce
subchondritic Os isotope ratios, as observed in LVS sample CH9.

Figure 13. (a) 187Os/188Os versus Os (ppt) for the Christmas Island lava series compared to other
intraplate lava suites, shaded rectangle is the area shown in (b). Symbols and data sources as for the
legend to Figure 12 with the additional data and suites (see legend in (a)) as follows: Canary Islands
and Madeira [79]; Pitcairn [91]; Austral-Cook [89,95]. The vertical dotted line in b) at Os 50 ppt is the
proposed cut-off filter of [79] to eliminate crustally contaminated lavas. Typical lithospheric mantle
187Os/188Os values vary between 0.105–0.135 and Os (ppt) values vary from 500–5000 [35].

3.6. Olivine Phenocryst Oxygen Isotopes

Oxygen isotopes are also a very sensitive indicator of crustal contamination and
post-magmatic fluid alteration [50,96,97]. The measured δ18Ool(olivine) values of olivine
phenocrysts from both the LVS and UVS are almost identical (range in δ18Ool values 5.3–5.6)
and only extend to slightly higher values than found in mantle peridotites (5.2 ± 0.2;
Figure 14). There is no correlation between initial Os isotope ratio and δ18Ool as observed in
other studies [98,99] and the full range of initial Os isotope ratios is present in samples with
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mantle type δ18Ool. Only two samples from the older LVS have δ18Ool above the mantle
range. Therefore, the olivine δ18Ool data from the Christmas Island lava series indicate that
contamination and/or post-magmatic alteration cannot explain the range of Os isotopic
values, which therefore must reflect the mantle Os isotopic composition.

Figure 14. Olivine phenocryst δ18O (‰ VSMOW—Vienna mean standard ocean water [50]) values
for the Christmas Island lava series compared to the range and averages for other mantle derived
lava series. A correction of–0.5 (‰) has been applied to glasses based on experimental and natural
studies [50,96]. Data as follows: MORB glass, data points n = 198 [96,100–104]; r-SCLM, refractory-
subcontinental lithospheric mantle, data points n = 254 [96,105–107]; HIMU, olivine phenocrysts, data
points n = 41 [96,108]; EM1, olivine phenocrysts, data points n = 8 [106]; EM2, olivine phenocrysts,
data points n = 32 [96,109]; m-SCLM, metasomatized subcontinental lithospheric mantle, olivine
phenocrysts and whole rocks, data points n = 147 [107,110]; LCC, average lower continental crust,
data points n = 74; references [111,112]. The thick black vertical line is the MORB average and dashed
black vertical lines are ±1σ standard deviation from this average.

4. Discussion
4.1. Are the UVS an Example of Petit-Spot Volcanism?

Petit-spot volcanism is a newly recognized form of intraplate volcanic phenomena
occurring out board of oceanic trenches at the fore-bulge of the down-going subducting
oceanic plate [24,27,27,63,113–116]. Petit-spot volcanism is believed to be the result of
plate-flexure allowing the direct sampling of an underlying asthenosphere melt lying at the
lithosphere-asthenosphere boundary (LAB) [117]. Thus petit-spot volcanism gives strong
support for the long-standing idea that the LAB is defined and marked by the presence of a
melt phase [116,118–121].



Geosciences 2022, 12, 118 17 of 36

As previously stated by [10] the age of the UVS and occurrence on the outer rise of the
down-going Indian plate at the Java Trench, is very similar to what has been reported from
the Hokkaido Rise and Japan Trench [24,27] and thus the UVS, although erupted through
an older volcanic edifice, appears to be another good example of petit-spot volcanism [10].
In Figures 8 and 9 we compare the major and trace element geochemistry of the UVS with
other petit-spot lava (Hokkaido Rise, [27]; Western Pacific Seamount Province, [63]) and
as well with lava associated with plate flexure (Samoa—Islands of Tuitila and Uo Mamae;
Hawaii—North Arch Volcanic Field, [22,59]). In Figures 8 and 9 there is no uniformity
in the geochemical compositions of lava associated with plate flexure, and as a result
there is no exact match to the UVS of Christmas Island. For example, compared to the
petit-spot lava of the Hokkaido Rise [27], the UVS has lower SiO2, K2O TiO2 Na2O; higher
CaO and Ba abundances. However, in terms of NAPs the average UVS lava composition
shows a striking similarity to averages for the Hokkaido Rise and Uo Mamae, especially
with regards to peaks in Ba and Pb. Although the UVS has a more pronounced Ba peak
compared to Uo Mamae, all three suites have pronounced Pb peaks relative to Ce which
is reflected in low Ce/Pb (averages ~13–15) values compared to other suites (Figure 15a).
As well the UVS has very similar (Sr-Nd-Pb) isotopic values compared to Uo Mamae and
the Hokkaido Rise (Figure 11). So, in summary, despite differences in parental magma
compositions reflected in major elements, the UVS are very similar to petit-spot lava and
lava associated with plate flexure in terms of NAPs and isotopic composition and most
likely reflect similar enriched mantle components.

Figure 15. Primitive mantle normalized trace element abundance patterns for Christmas Island lava
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series: (a) the average (>9 wt% MgO) pattern for the Christmas Island UVS compared to other lava
suites in the panels: (i) mantle end-members; (ii) petit-spot and lithospheric flexure -related suites
and (iii) crustal and m-SCLM compositions; (b) the average (>9 wt% MgO) pattern for the Christmas
Island LVS compared to other lava suits in the panels: (iv) mantle end-members; (v) Reunion and
Kerguelen mantle plumes; (vi) African HIMU—related suites, and late-stage volcanism on the Walvis
Ridge. Data sources and abbreviations as follows: HIMU—average (n = 14) > 9 wt% MgO lava
from Mangaia Island [64]; EM1—average (n = 11) > 9 wt% MgO lava from Pitcairn Island and
adjacent seamounts [65,66]; EMII—average (n = 6) >9 wt% MgO lava from Savaii Island, Samoa [67];
Hokkaido Rise—average (n = 10) glasses and whole rocks (5–13 wt% MgO; [27]); North Arch volcanic
field—average (n = 17) >9 wt% MgO lava [59]; Uo Mamae seamount—average (n = 4) >9 wt% MgO
lava [60–62]; Tutuila Island—average (n = 22) >9 wt% MgO lava [22]; Western Pacific Seamount
Province—average (n = 8) glass analyses [63]; m-SCLM is the average (n = 5) pattern for potassic lava
derived from Gondwana Archean cratons. Data compilation as follows: Antarctica—average (n = 26)
Gausberg lamproite [72]; Australian—average (n = 7) Mt. Bundey lamprophyre [122] and Western
Australian olivine lamproite sample B20/1 [73]; Africa— average (n = 7) Finsch Mine micaceous
kimberlite [73,123] and India—average (n = 2) Chelima lamproite [124]); Kerguelen—average (n = 9)
Heard Island basaltic and average (n = 4) basanite series >9 wt% MgO [57]; Reunion—Piton de la
Fournaise, average (n = 187) lava >9 wt% MgO [58]; Walvis Seamount—sample SO233-DR90-6 [125];
Comoros—average (n = 9) Mayotte South Domain lava [126]; Takarindoha—average (n = 34) olivine
melilitite [127]; Itasy—primitive lava MI-16-16 [74]; Gamoep—average (n = 8) olivine melilitite [128].

An important unresolved question concerning petit-spot volcanism is whether the
source of the magmas is derived directly from an ambient LAB melt phase [27] or whether
petit-spot volcanism requires melt ponding at the LAB [116]. In the case of petit-spot vol-
canism on the Pacific Plate, outboard of the Chile Trench, Yamamoto et al. [116] suggested
melt-ponding with melts derived from the nearby Juan Fernández mantle plume [116].
In Figure 16, we schematically illustrate another potential mechanism to produce melt
ponding at the LAB during plate flexure. At position (1) (Figure 16a), lithospheric bending
is expected to depress the lithosphere down at the pre-flexure point which might instigate
brittle fracturing. As indicated by the arrow (1) (Figure 16b) the lithospheric bending is
expected to cause a pressure induced breakdown of amphibole—which perhaps will cause
enough melting to allow the production of petit-spot volcanism. As the oceanic plate passes
over the bulge (position 2, Figure 16a), melt-freezing should occur as the mantle returns
into the stability of amphibole (arrow (2), Figure 16b). This simple model can be tested if we
have good constraints on the compositions of parental/primary melts for petit-spot lavas.
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Figure 16. (a) Schematic outline of the ‘plate flexure model’ based on Figure 7 from [129]; (b) Ex-
perimentally determined pressure (GPa) and temperature (◦C) phase relationships for pyrolite and
pyrolite + (C + H + O) containing 200 ppm H2O and 100 ppm CO2 (water-undersaturated con-
ditions; [130,131]). The ‘Oceanic intraplate’ geotherm (thick black line) represents a geothermal
gradient for old thick ocean crust, appropriate for petit-spot magmatism. If the oceanic lithosphere
has ƒO2 ≥ IW + 2 log units, then the solidus along this geotherm is defined by paragasite dehydra-
tion melting which occurs at ~90 km (~2.7 GPa) at ~1070 ◦C [132]. This intersection provides a
petrological argument for a rheological change from lithosphere to asthenosphere with the presence
of an incipient melt fraction (pink field %F < 2; %F > 2 is the ‘major’ melting regime in red, %F is
weight fraction of melt expressed as a percentage). Dark and light brown fields are sub-solidus.
Contours are marked with %F and dissolved water content (in brackets). Dashed contours within
the major melting regime are for volatile free melting (volatile contents are so low that they have no
significant influence on melting relationships). Inset shows the change in phase relationships as the
oceanic lithosphere undergoes lithospheric flexure.
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If petit-spot lava are derived from the LAB, then their primary melts should be
in equilibrium with the mantle at temperatures (~1175 ± 50 ◦C; [133]) and pressures
(appropriate to the age of the lithosphere, 100 Ma = 100 km ~3.0 GPa, 81 Ma = 90 km
~2.7 GPa; [134,135]) appropriate for the LAB. We therefore have used the whole rock and
mineral composition of UVS sample 70453 and modelling using software Petrolog3 [136]
to calculate a primary petit-spot melt (Table 4). Calculations used an oxygen fugacity of
QFM + 0.5 log units which is a suitable value for OIB magmas [137]. Further details of
the mineral-melt equilibrium models used are presented in Tables 4 and S6. Mass balance
calculations (Table S6) using the analyzed groundmass composition of 70454 (Table S3) and
average olivine and clinopyroxene compositions indicate that the whole rock composition
of 70453 contains ~18 wt% olivine and 12 wt% clinopyroxene phenocrysts. Modelling with
Petrolog3 software indicates that the whole rock composition of 70453 is representative
of a parental liquid composition for the following reasons: (1) the calculated equilibrium
olivine composition of the groundmass has an Mg# of 85.1 matching the rim compositions
of olivine phenocrysts (Mg# ~84–86) whereas the whole rock composition has a calculated
equilibrium olivine composition of Mg# 89.4 which is less than the maximum observed
(Mg# 90.4). This result indicates that it is unlikely that the whole rock composition of
70453 is the result of crystal accumulation; (2) modelling of fractional crystallization using
the whole rock composition of 70453 can produce a reasonable match to the groundmass
composition of 70454 with proportions and amounts of crystal phases extracted almost
identical to the mass balance results (Table S6). In summary, we believe the whole rock
composition of 70453 represents a parental melt composition and is a suitable composition
for petrogenetic calculations as presented in Table 4.

Table 4. Model Christmas Island parental liquids and estimates of potential petrogenetic conditions
at 3–3.5 GPa.

UVS LVS

SiO2 42.92 45.72
TiO2 2.19 2.78

Al2O3 10.57 9.41
Fe2O3 2.14 2.20
FeO 9.48 10.30
MnO 0.20 0.18
MgO 17.00 16.71
CaO 12.16 9.30

Na2O 1.30 1.72
K2O 1.44 1.17
P2O5 0.59 0.49
Mg# 0.726 0.708
H2O 2.38 1.66
CO2 2.83 2.53

Temp (0.2 GPa) 1418 1415
Oliv Eq 90.4 89.5
% Oliv 4.94 9.11

Temp (3–3.5 GPa) 1392 1551
F 0.02 0.11

Tp 1360 1415

As the most magnesian olivine composition analyzed has a Mg# of 90.4 (Table S4) we
use Petrolog3 to reverse olivine crystallization (~5 wt%, Table 4) to calculate a parental
magma (17 wt% MgO) in equilibrium with this olivine (Table 4). This composition has a
calculated anhydrous temperature at 0.2 GPa of 1418 ◦C, which will obviously be lower,
taking into account the presence of volatiles (H2O and CO2).

The olivine mineral-melt model [138] oxygen fugacity model (QFM + 0.5 log units; [139]).
See text for further details.
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As we have not determined the volatile contents for the Christmas Island lava series,
we estimated the likely number of volatiles via natural and experimental constraints on
similar alkaline compositions from other intraplate oceanic settings. We have therefore
used a H2O/Ce value of 200 [140,141] to calculate a parental H2O content of 2.38 wt%
(Table 4). We calculate CO2 contents by a CO2/Nb value of 505 [142] resulting in an
estimated CO2 content of 2.83 wt%. The resulting estimated CO2/H2 O value of ~1.2 is
consistent with natural OIB lava suites [143–145] and experimental studies of peridotite-
melt equilibria [146–150]. Using these volatile abundances, we can apply an olivine liquidus
depression for H2O of ~55 ◦C/1 wt% (calculated from the experimental data of [147,149])
and for CO2 of ~18 ◦C/1 wt% (calculated from the experimental data of [151]) to infer a
temperature of ~1236 ◦C at 0.2 GPa for the UVS parental magma.

To determine the pressure of mantle melting for the calculated UVS parental magma
we project the composition into the CIPW normative tetrahedron and compare it with
relevant experimental data at a range of pressures (Figure 17). The projected position of
the UVS parental magma (Figure 17) is consistent with it being a melt in equilibrium with
the mantle at pressures >3.0 GPa, significantly deeper than pressures expected for the LAB
in the Indian Ocean (~2.6 GPa; [135]). The UVS parental composition plots well away
from the low-normative olivine compositions expected from the melting of amphibole
bearing mantle compositions [152–154]. As the UVS parental magma composition plots
between the anhydrous and CO2 bearing mantle melting cotectics at 3 GPa [151,155] and
the H2O bearing mantle melting cotectic at 4 GPa [154], we infer a pressure of ~3.5 GPa for
mantle equilibrium for the UVS primary melt (Figure 17). Using the K2O content of the
parental UVS magma and MORB source mantle (MORB pyrolite K2O~0.03 wt%; [76,130]),
we calculate that the UVS primary melt represents a F (weight fraction of melt) of 0.02 of a
garnet lherzolite mantle composition. Using the TiO2 content of MORB pyrolite (~0.17wt%)
and the method of [151] we calculate a slightly higher melt fraction of ~0.04. To reconcile the
two results the mantle source needs to be slightly more depleted with ~0.13 wt% TiO2. The
relatively high primitive mantle normalised (Dy/Yb)N value of the parental UVS magma is
2.26 which is consistent with garnet being a residual phase in the mantle but is too high
for a MORB source composition (e.g., DMM; [76]). Using the starting modal proportions
of [89] for garnet lherzolite and the mineral-melt coefficients of [156], melting F 0.02 of a
MORB source mantle only produces a melt with a (Dy/Yb)N value of 2.08. To be consistent
with the calculated F using K2O abundances, the mantle source needs to be enriched in
Dy relative to Yb. This enrichment we believe reflects the nature of the mantle source to
the UVS (see Section 4.4 below). Using Petrolog3 modelling and the calculated liquidus
depression based on the inferred volatile contents (see above), we calculate a temperature
of ~1392 ◦C at a pressure of 3.5 GPa. Using the methods outlined in [157] this equates to a
mantle potential temperature (Tp) of ~1360 ◦C.

Therefore, in summary, our calculated UVS primary melt is not consistent with a
melt derived from the LAB but instead is consistent with an adiabatic mantle melting
decompression path for normal MORB mantle (1375 ± 75 ◦C; [157–161]). Our results are
consistent with the experimental study on Hokkaido Rise parental compositions [10,162],
who suggest that petit-spot volcanism is the result of decompression melting of a buoyant
mantle heterogeneity (Figure 17, see also Supplementary Discussion). Our results suggest
that the lithospheric flexure of the oceanic plate must induce upwelling and subsequent
decompression melting of randomly distributed enriched mantle heterogeneities, reflect-
ing recycled metasomatized subcontinental lithospheric mantle possibly including small
amounts of lower crust [10], within the shallow MORB asthenosphere. This explains why
petit-spot volcanism is not ubiquitous along the flexural bends of subducting oceanic plates
in agreement with previous studies [75,116,162].
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Figure 17. Calculated parental magmas for the Christmas Island lava series (Table 4, large green
circle—UVS, large blue circle—LVS) and for petit-spot magmas from the Hokkaido Rise (large red
circles; [162]) plotted in the projection from diopside onto the base of the CIPW molecular normative
‘basalt tetrahedron’. Normative components as follows: Ol, olivine; Qz, quartz; Hy, hypersphene;
Pl, Ab + An + Or (Ab, albite; An, anorthite; Or, orthoclase); JCL, Jd + CaTs + Lc (Jd, jadeite; CaTs,
Ca-Tschermaks; Lc, leucite). The position of the parental magmas is compared to experimentally
determined melting cotectics for Hawaiian pyrolite (open star) from 0.5–3 GPa under nominally
volatile free conditions [155] and for peridotite (PERC3; filled star) under CO2 under-saturated
conditions at 3 GPa [151]. Solid cotectic lines are melts in equilibrium with a lherzolite residue;
grey dashed cotectic lines are melts in equilibrium with a harzburgite residue and black dashed
cotectic lines are melts in equilibrium with a dunite residue. Other symbols and fields are as follows:
small blue circles—LVS lava >9 wt% MgO; small green circles—UVS lava >9 wt% MgO; small filled
red circles—petit-spot lava from the Hokkaido Rise with >9 wt% MgO [27]; HIMU, EMI, EMII are
calculated parental melts for mantle-end members from [56]); small red open circles are melts in
equilibrium with harzburgite from the experiments of Machida et al. [162] (see also Supplementary
Discussion); open and filled diamonds are the near-solidus melts for HZ1 peridotite [163] under H2O-
saturated conditions at 2.5 and 4 GPa respectively [154]; right facing open triangles are experimentally
determined melts of amphibole bearing mantle lithologies from [153]; filled upside triangles are
natural glass in mantle xenoliths resulting from the melting of amphibole [152].

4.2. Are the LVS Plume-Related Volcanism?

Since in general, late-stage volcanism generally occurs within a few million years after
the main volcanic phase at other hotspots (e.g., [18–20,164,165]), the long ~41 Ma volcanic
hiatus compared to the age of the seamounts of the VMP is of interest. Two possibilities



Geosciences 2022, 12, 118 23 of 36

are that the LVS is derived from a mantle plume and is thus unrelated to CHRISP or
alternatively the LVS represents a late stage or delayed expression of the shallow-level
recycling of CHRISP as outlined by [10].

To help answer this question, we have calculated a parental melt composition for the
LVS using the whole rock composition of sample 70480 (Table 4, Figure 17) in a similar
manner to the UVS (see above). Mass balance calculations (Table S6) using the analyzed
groundmass composition of 70476 (Table S3) and average olivine, clinopyroxene and
plagioclase compositions indicates that the whole rock composition of 70480 contains
~19 wt% olivine, ~12 wt% clinopyroxene and ~1 wt% plagioclase phenocrysts. As was the
case for 70453, modelling with Petrolog3 software indicates that the whole rock composition
of 70480 is also representative of a parental liquid as: (1) the calculated equilibrium olivine
composition of the groundmass has an Mg# of 79 matching the rim compositions of olivine
phenocrysts (Mg# > 77), whereas the whole rock composition has a calculated equilibrium
olivine composition of Mg# 87.7, which is less than the maximum observed (Mg# 89.5) and
(2) modelling of fractional crystallization using the whole rock composition of 70480 can
produce a very close matching to the groundmass composition of 70476 with proportions
and amounts of crystal phases extracted almost identical to the mass balance results
(Table S6). The calculated parental melt has ~17 wt% MgO in equilibrium with olivine
Mg# 89.5, which is the composition of the most magnesian olivine phenocryst analyzed in
sample 70480, which we are confident is not xenocrystal (Figure 3, Table S4). As with the
UVS we use a H2O/Ce value of 200 to calculate a H2O content of ~1.7 wt% and a CO2/Nb
value of 505 to calculate a CO2 content of ~2.5 wt% (Table 4). When projected into the
CIPW normative tetrahedron (Figure 17), the parental composition plots at slightly lower
pressures (~3 GPa) compared to the UVS parental composition and towards Hy, consistent
with its higher calculated degree of partial melting of F ~0.11, based on the K2O content of
Hawaiian Pyrolite [130]. An OIB mantle source like Hawaii is appropriate for the LVS due
to the similarity in olivine compositions as opposed to the MORB like olivine compositions
of the UVS (Figure 3). Using the TiO2 content of Hawaiian pyrolite (0.7wt%) and the
method of [151] we calculate a significantly higher melt fraction of ~0.22. To reconcile
the two results the mantle source needs to have lower TiO2 abundances (~0.4 wt%) than
Hawaiian pyrolite. As Hawaiian pyrolite is based on a Kilauea composition [130] it is
more enriched in TiO2 than other OIB [166]. The high (Dy/Yb)N values of 2.16 for the
parental LVS composition suggests garnet as a residual phase which in contrast to the UVS
is inconsistent with the projected position of the LVS in the normative CIPW tetrahdron,
which suggests equilibrium with a harzburgite residue (Figure 17). This inconsistency is a
common problem amongst OIB magma suites [131,166,167] and in the case of the LVS we
believe it is due to the nature of the prior history of the recycled components in the mantle
source (see Section 4.4 below). A pressure of ~3.0 GPa for the LVS is significantly higher
than expected for the LAB at 41 Ma, if the LVS was erupted on normal oceanic crust with
an age of 55 Ma (~2.5 GPa, 81 km; [10,168]) and requires a mantle Tp of ~1415 ◦C. This Tp
is within the range of 1375 ± 75 ◦C proposed for normal mantle and is significantly lower
than temperatures proposed for thermal plumes (Tp > 1500 ◦C; [169]). So, in summary our
petrogenetic calculations for a parental melt for the LVS strongly support the hypothesis
that the LVS is the result of decompression melting of normal MORB mantle at ~41 Ma,
containing dispersed enriched heterogeneities like CHRISP. The ages of the LVS also overlap
the timing of collision between the Australian and Indian plates at ~40–45 Ma resulting in
a significant plate network reorganization [170]. Thus, regional plate tectonic stress may
well have contributed to the origin of LVS magmatism.

4.3. Are the LVS Related to Recycled Oceanic Crust?

Hoernle et al. [10] noted that the LVS has affinities to E-MORB (enriched mid ocean
ridge basalt) in terms of Sr-Nd-Pb-Hf isotopes [10], suggesting recycling of young oceanic
crust as a component in CHRISP. In this section we investigate whether the major and trace
element geochemistry of the LVS is consistent with recycled oceanic crust or alternatively
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represents a heterogeneity due to pollution by major plumes in Indian Ocean, such as the
Reunion (Reunion Island, 21◦07′ S 55◦32′ E) and Kerguelen (Heard Island, 53◦05′ S 73◦30′ E)
plumes which could have potentially enriched the asthenospheric mantle source region of
the Christmas Island lava [57,171]. In terms of major element and trace element abundances,
the LVS lava compositions are very similar to lava from the currently active expression of the
Kerguelen plume (Heard Island, Figures 8 and 9) and have higher TiO2 and, in general, have
higher trace element abundances compared to Reunion (Figures 8 and 9). However, when
average NAPs are compared (Figure 15b), the LVS are clearly distinct from both the Reunion
and Kerguelen plumes in their marked enrichment in HFSE (Nb, Ta) and relative depletion
in LIL (Cs, Rb, K) and slight depletion in Pb relative to Ce (Figure 15b). In particular, the
LVS lava have relatively high Nb/Rb, Nb/U and Ce/Pb values (2.34 ± 0.73 vs. 2.82 ± 0.36;
49.02 ± 8.20 vs. 44.05 ± 6.19; 42.1 ± 12.2 vs. 31.9 ± 2.3; LVS vs. HIMU respectively) typical
of HIMU derived lava [64,74,172]. Instead, the LVS NAPs (Figure 15b) are similar to NAPs
for endmember HIMU [64], African HIMU suites (Figure 15b; [74,126–128,173,174]) and
HIMU-type late-stage volcanism on the Walvis Ridge [125].

The HIMU signature carried in intraplate lava on and around the African continent is
believed to be derived from the African LLSVP (large low s-wave velocity
province; [125,173,175]). Therefore, the presence of this HIMU signature (young oceanic
crust) in the Christmas Island LVS far from the African LLSVP is of interest. In the next
section below (Section 4.4), we investigate two possibilities: (1) that the Christmas Island
LVS represents shallow recycling of young oceanic crust (with HIMU trace element geo-
chemistry and isotopic affinities similar to component C of [78]) unrelated to the African
HIMU suites, or (2) the Christmas Island LVS represents recycling of Gondwana litho-
spheric mantle, which has been cratonized by a long history of upwelling HIMU plume
material (cf., [176]). During the break-up of Gondwana and the formation of the Indian
Ocean, this lithospheric mantle has been incorporated into the developing Indian MORB
by asthenospheric mantle flow [174,177–179].

4.4. The Nature of Enriched Mantle Components

As demonstrated by Hoernle et al. [10] the near-ridge seamount lava of CHRISP have
strong DUPAL isotopic compositions as defined by Hart [43] (∆208Pb/∆204Pb > + 60 and
87Sr/86Sr > 0.705, Figure 11). The UVS are also strongly DUPAL and plot within the field
of the VMP seamounts (Figure 11), however they also plot close to the composition of
the extreme EM (defined by 143Nd/144Nd < 0.512630; [180]) Kerguelen plume (Figure 11).
Hoernle et al. [10] explain the isotopic composition of the VMP lava as the result of shallow
recycling of LCC and/or m-SCLM and as the UVS plot with the VMP in Figure 11, and as
we have demonstrated are the result of shallow melting of a buoyant heterogeneity within
the MORB mantle, it is reasonable to conclude that the mantle source for the UVS has been
enriched with similar LCC and/or m-SCLM recycled components. However, it is also
possible that the enrichment seen in the UVS is due to pollution by the Kerguelen Plume
during the development on the Indian Ocean [181]. The 87Sr/86Sr and 206Pb/204Pb values
of the UVS could also be explained by mixing between a C or HIMU type component with
an enriched component similar to the Eastern Wharton Province Seamounts or the UVS
(Figure 11b). As previously stated (Section 4.2), the nature of the enriched component is im-
portant to evaluate whether the LVS mantle source is an independent recycled component
with HIMU-EM characteristics or reflects recycling of the Gondwana lithosphere (with
HIMU characteristics) and/or Gondwana LCC components.

We test the above potential possibilities using the determined Ce/Pb and γOs values
of the Christmas Island lava series (Figure 17). Ce/Pb values are a strong tracer of crustal
sources due to the strong enrichment in Pb relative to the mantle [182–184]. Sims and
DePaolo [185] demonstrate Ce/Pb values can change due to plagioclase fractionation—as
Pb is partitioned into plagioclase preferentially to Ce. If plagioclase fractionation has
occurred, we would expect to find a strong negative linear relationship with Eu/Eu* [185],
which is not observed in the Christmas Island lava (Figure S12). As there are no correlations
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with indices of alteration, and the samples being considered have MgO contents >9 wt%
we are confident that the Ce/Pb values of Christmas Island lava plotted in Figure 18
are primary magmatic values. In contrast to Ce/Pb, γOs values are a powerful tool to
distinguish between crustal and lithospheric sources, due to the strong partitioning for Re
into the crust and Os into the mantle [32,33,90–92,186]. Therefore, crustal sources will have
positive γOs values in contrast to negative γOs for lithospheric mantle sources [32,33].

Figure 18. Ce/Pb versus γOs values of Christmas Island lava series. Data sources as follows:
horizontal and vertical lines represent average Indian N-MORB [(La/Sm)N <1.0]-Ce/Pb value of
20.33 (average of n = 108) calculated from the dataset of [55], γOs value of 8.68 is from [187]; γOs
values for DMM, EM1, EM2 and HIMU are from [32]; m-SCLM—Ce/Pb value of 8.27 is the average
for Western Australian lamproites [73], γOs value = −1.5 [35,43]; r-SCLM—refractory sub continental
lithospheric mantle—Ce/Pb value of 87.1 based on the modelling of [156], γOs value = –10.3 [35];
red arrow points to LCC γOs values of >250 [32,187] and Ce/Pb values of ~5 [188]. Symbols as for
the figure caption to Figure 11.

The UVS show a wide range in + γOs at relatively constant low Ce/Pb values
(Figure 18, UVS average ~ 12.6). The UVS appear to form a steep almost vertical array lying
between the composition of m-SCLM and LCC (Figure 18). The UVS array is displaced
from the composition of Indian MORB mantle and extends to higher + γOs values than the
EM1 mantle (Figure 18). These relationships strongly suggest that both m-SCLM and LCC
are required to explain the enrichments in the UVS as opposed to enrichment by an EM
plume such as Kerguelen. This observation is supported by the NAPs of the UVS compared
to those for representative average compositions for m-SCLM and LCC (Figure 15a). The
average NAP for the UVS plots in an intermediate position between m-SCLM and LCC
suggesting a mixture between LCC and m-SCLM could explain the enrichments seen in the
UVS (Figure 15a). The UVS NAP shares the same distinctive Ba and Pb peaks which can
be seen in the NAPs for both LCC and m-SCLM (Figure 15a) but absent in the Kerguelen
plume NAPs and EM1 mantle (Figure 15b).

The LVS γOs values correlate negatively with Ce/Pb values (Figure 18) and Os isotope
values range from + γOs (~17.5), similar to HIMU mantle, towards a more depleted mantle
end-member with—γOs (~–3.4) values (Figure 18). The correlation between Ce/Pb and
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γOs values of the LVS are inconsistent with asthenospheric mantle (e.g., Indian MORB,
DMM) being the high Ce/Pb and—γOs end member. As pyroxenite is a component within
refractory lithospheric mantle [32] we speculate that the high Ce/Pb—γOs component
in the LVS is derived from a pyroxenite component of refractory lithospheric mantle (r-
SCLM, Figure 18). Based on the modelling of peridotite-pyroxenite melting of [156], we
assign a Ce/Pb value of 87.1 and a γOs value of -10.3 based on the average value for on
craton mantle xenoliths [35]. The presence of a r-SCLM component in the LVS lava gives
strong support to the hypothesis that the LVS mantle source is not an isolated independent
HIMU-EMI recycled component but is more likely to be the result of recycling of SCLM
during breakup of Gondwana, specifically Greater India, Australia and the Burma block.
This result supports the model of [10] that LCC and SCLM is distributed throughout the
Indian Ocean due to Gondwana breakup. The model of [10] is also supported by the
ages of zircons (2525–173Ma; [189]) obtained from gabbros recovered from the Central
Indian Ridge (at 5◦15′ S 68◦30′ E; [189]) suggesting episodic entrainment and dispersal of
continental lithosphere during the breakup of Gondwana and the formation of the Indian
Ocean crust [189].

Previous studies on Indian Ocean MORB and plumes in the South Atlantic and Indian
ocean propose that three-component mixing is required to explain the range in DUPAL
isotopic compositions observed [10,57,74,78,175,190–194]. In Figure 19 we qualitatively
demonstrate the plausibility of three component mixing with respect to the petrogenesis of
the Christmas Island lava series using 87Sr/86Sr and 206Pb/204Pb values (Figure 19). The
end members in three-component mixing in most previous studies involve a mixture of (a)
a plume component; (b) a depleted mantle component and (c) a continental component
(LCC and/or SCLM).

In the case of the UVS, the three components that are plausibly required to fully
encapsulate the range in isotopic values shown by lava compositions are (a) SCLM derived
from Gondwana lithosphere, with an intermediate composition between r-SCLM and
m-SCLM, (b) LCC from Gondwana lower crust and (c) ambient Indian MORB mantle
(Figure 19, green shaded triangle). No plume component is required or is a suitable
component to explain the isotopic values of the UVS lava (Figure 19). This observation
agrees with other studies, which propose that the enrichments present in petit-spot lava are
the result of ubiquitous shallow-level enrichment of MORB source mantle by continental
components [10,75,195].

Figure 19. A proposed three component mixing model for the Christmas Island lava series schematically
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outlined in 87Sr/86Sr versus 206Pb/204Pb isotopic space (see text for details). Data sources as follows:
Indian MORB, average (n = 157) N-MORB Indian glasses where Sr-Nd-Pb isotopes were analyzed on
the same glass sample [70]; DMM, [76]; m-SCLM average Western Australian olivine lamproite [73];
r-SCLM [74]; EMII, Savaii, most isotopically enriched whole rock sample D115-21 [67]; EM1, average
(n = 11) > 9 wt% MgO lava from Pitcairn Island and adjacent seamounts [65,66]; HIMU, average
(n = 14) > 9 wt% MgO lava from Mangaia Island [64]; Component “C” [78]; Modern Pelagic sed-
iment [196]; CC—average modern continental crust [172]; LCC—lower continental crust, average
(n = 89) granulites [197–201]. LVS, and UVS lava >9 wt% MgO (Table 2; [10,43]).

In the case of the LVS, the three components that are plausibly required to fully
encapsulate the range in isotopic values shown by the lava compositions (Figure 19) are
(a) a HIMU component, (b) r-SCLM derived from Gondwana lithospheric mantle and (c)
ambient Indian MORB mantle. The HIMU component could either be young recycled
oceanic crust [10] or potentially a mantle plume component incorporated into Gondwana
lithospheric mantle during cratonization [176].

5. Conclusions

(1) The variable Os isotopic compositions of the Christmas Island lava series, extending
from subchondritic to superchondritic values but none have typical MORB type
Os isotope values, are consistent with DUPAL components being present in Indian
Ocean upper mantle. These components are likely to reflect the presence of recycled
LCC and/or SCLM components within the ambient Indian MORB mantle due to
Gondwana break-up and continental drift [10].

(2) The geochemistry of the UVS lava of Christmas Island is consistent with a petrogenesis
involving shallow-level melting of Indian MORB source mantle enriched with both
LCC and SCLM components. The enrichment of the Indian MORB mantle by plume
components, such as the EM1 Kerguelen mantle, is not required to explain the enriched
trace element and isotopic composition of the UVS. This is supported by the MORB
like olivine compositions (Mg#, Ni ppm) of the UVS and olivine δ18O values, which
are similar to m-SCLM. Calculated primary mantle-derived melts for the UVS petit-
spot lava are inferred to result from decompression melting along a MORB mantle
adiabat of ~Tp 1360 ◦C with melt segregation at ~3.5 GPa. They do not originate from
the LAB, although lithospheric flexure clearly plays a role in causing upwelling and
the melting of small-scale heterogeneities present in the asthenospheric MORB source
mantle as suggested by [10].

(3) The geochemistry of the LVS is consistent with recycling plume and SCLM compo-
nents related to Gondwana break-up. Calculated primary mantle-derived melts for
the LVS lava require a MORB like adiabat of Tp ~1415 ◦C along with the Os isotopic
evidence for the presence of r-SCLM supports the proposed idea that continental
breakup causes recycling of lithospheric components into the ambient MORB mantle.
As the LVS end member with radiogenic Pb represents a shallow recycled component,
it provides a satisfactory explanation as to why there is no associated hotspot track or
LIP associated with the LVS.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/geosciences12030118/s1, Supplementary Discussion: (1) Geology and Regional Setting,
(2) Osmium Analytical Techniques and (3) Petit-spot volcanism, References [202–222] are cited in the
supplementary materials. Figure S1: Bathymetric map of the Christmas Island Seamount Province
(CHRISP) summarizing seafloor morphology and Ar/Ar ages in millions of years, Table S1: Dredge
locations yielding rock material during the RV Franklin 1987 voyage (expedition FR 9/87), Figure
S2: A simplified geological map of Christmas Island, Table S2: Field notes and sample locations of
Christmas Island volcanic rocks, Figure S3: A simplified stratigraphic column for exposed rocks
on Christmas Island based on palaeontologic and stratigraphic studies, Table S3: Representatitve
mineral chemistry from Christmas Island volcanic rocks, Figure S4: Schematic figure showing the
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sea-level curve of [216], Table S4: Olivine and Clinopyroxene mineral chemistry from Christmas
Island volcanic rocks, Figure S5: Pillow lavas (A) and hyloclastite breccia and broken pillows (B)
of the Pliocene-aged Upper Volcanic Series—exposed in the Egeria Point Peninsula of Christmas
Island, Table S5: Geochemistry of volcanic rocks from Christmas Island, Figure S6: Bathymetric map
of the area Southwest of Christmas Island showing the location of dredge stations during voyage
FR9_87 of the RV Franklin, Table S6: Mass balance and Petrolog3 modelling results for Christmas
Island lavas, Figure S7: A comparison of trace element abundances in Christmas Island lava series
as determined by XRF versus ICPMS/INAA methods, Figure S8: The CHRISP volcanism displays
a large range in isotopic composition, Figure S9: The 187Os/188Os values of the Christmas Island
lava series versus (a) Re (ppt) and (b) Re/Os values, Figure S10: The Ce/Pb (a) and Nb/U (b) versus
187Os/188Os values for the Christmas Island lava series, Figure S11: Pressure (GPa) and temperature
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vs Eu/Eu* values of the Christmas Island lava series.
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