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Abstract

The compositional variability of ocean island basalts (OIBs) is thought to reflect partial melting of a lithologically-
heterogeneous mantle source dominated by either pyroxenite or peridotite. The Pohnpei Island in Micronesia,
which is associated with the Caroline hotspot, is suggested to have been generated from partial melting of a
pyroxenite-rich mantle. To examine this hypothesis, we present new major- and trace-element compositions of
olivine phenocrysts in basalts from the island. The olivines exhibit large systematic inter- and intra-crystalline
compositional variability. In Sample DS]1, olivines record compositional zonation, in which cores have relatively
high Fo (77-85), Ni (550x10-6-2 392x10-%), and Fe/Mn ratios (66-82), whereas rims have lower Fo (71-78), Ni
(526x10-5-1 537x10-%), and Fe/Mn ratios (51-62). By contrast, olivines within other samples preserve no clear
compositional zonation, exhibiting similar or slightly lower Fo values (66-78), Ni contents (401x10-6-1 268x10-6),
and Fe/Mn ratios (53-69) as the rims of zoned crystals. The distinct chemical contrast between the two different
types of olivine suggests they formed in magma chambers at different depths. Analysis using forward petrological
modeling and multi-element indicators (Fe/Mn, Zn/Fe, FC3MS (FeO'/Ca0-(3xMg0/Si0,)), Mn/Zn, and
Ni/(Mg/Fe)) of whole-rock samples and high-Fo olivines is inconsistent with a pyroxenite-rich mantle source. We
suggest these inconsistencies reflect an influence on the partition coefficients of Ni and Mn between olivine and
liquid during melting at variable pressures and temperatures. In addition, magma recharge and mixing within the
magmatic plumbing system can change the composition of olivine. We suggest that identification of the mantle
source of OIBs in volcanic islands such as the Pohnpei Island using olivine geochemistry should be treated with

caution.

Key words: olivine geochemistry, mantle source, magmatic evolution, ocean island basalt, Pohnpei Island

Citation: Zong Tong, Li Zhenggang, Li Xuping, Dong Yanhui, Zhu Jihao. 2021. Source and magmatic evolution of ocean island basalts from
the Pohnpei Island, Northwest Pacific Ocean: Insights from olivine geochemistry. Acta Oceanologica Sinica, 40(12): 27-38, doi:

10.1007/s13131-021-1901-4

1 Introduction

It is widely believed that ocean island basalts (OIBs) are pro-
duced in deep-seated mantle plumes (Morgan, 1971). Mantle
plumes are chemically and/or lithologically heterogeneous
(Stracke, 2012; Huang and Zheng, 2017), and are interpreted to
be triggered by mixing of recycled oceanic crust into the deep
mantle (Hofmann and White, 1982; Rehkdmper and Hofmann,
1997; Sobolev et al., 2007; Stracke, 2012). Entrained oceanic crust
can react with mantle peridotite to form pyroxenite (Yaxley and
Green, 1998; Wang et al., 2012; Herzberg et al., 2014; Heinonen
and Fusswinkel, 2017), which melts preferentially relative to
peridotite at the same pressure-temperature (P-T) conditions
(Yaxley, 2000). Information concerning these processes can be
preserved both in whole-rock samples of OIBs and the minerals
they contain. In comparison with whole-rock compositions,
which may be altered by processes such as fractional crystalliza-

tion and magma mixing during ascent and storage (Shorttle,
2015; Lissenberg and MacLeod, 2016; O’'Neill and Jenner, 2016;
Paquet et al., 2016), minerals can more faithfully record chemic-
al variations in the primary magmas as they are less easily reset
during the processes that homogenize magmatic liquids (Putirka,
2008).

Olivine is the earliest crystallizing mineral at low pressures in
almost all mantle-derived magmas and the most abundant min-
eral in the upper mantle (De Hoog et al., 2010; Ammannati et al.,
2016; Zamboni et al., 2017; Shaikh et al., 2019). Comparisons
between melt inclusions and host olivine grains that crystallized
from primary melts have demonstrated they have similar pat-
terns of incompatible trace element variability (Matzen et al.,
2017a). As a consequence, olivine phenocrysts have been widely
used to constrain the mantle source and magmatic evolution of
basalts (Sobolev et al., 2005, 2007; De Hoog et al., 2010; Foley et
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al.,, 2013; De Maisonneuve et al., 2016; Herzberg et al., 2016; Col-
linet et al., 2017; Howarth and Harris, 2017; Li et al., 2020).

The Pohnpei Island in Micronesia is a volcanic island that is
associated with the Caroline mantle plume (Dixon et al., 1984;
Keating et al., 1984; Spengler et al., 1994; Courtillot et al., 2003;
Jackson et al., 2017; Zhang et al., 2020a). Compared with typical
mid-ocean ridge basalts (MORBs), elevated *He/*He isotope ra-
tios (7.6-12.8) in basalts from the Caroline Islands indicated a re-
cycled oceanic crustal component within the Caroline mantle
plume (Jackson et al., 2017). Zhang et al. (2020a) suggested that,
based on the high Ni and low Ca and Mn contents of olivines, the
Pohnpei lavas originated from a pyroxenite mantle source.
However, many studies have found that partial melting (Niu et
al., 2011; Putirka et al., 2018) and shallow crustal processing such
as magma recharge and mixing (Gleeson and Gibson, 2019) can
significantly impact the chemical compositions of olivines crys-
tallized from peridotite-derived melts, such that they exhibit geo-
chemical characteristics similar to olivines derived from pyrox-
enitic mantle (Sobolev et al., 2005, 2007; Niu et al., 2011; Matzen
etal., 2017a, b; Putirka et al., 2018; Gleeson and Gibson, 2019). In
this paper, we report high-precision major- and trace-element
data from olivines in OIB-type basalts from the Pohnpei Island to
constrain the mantle source of the basalts and their subsequent
magmatic evolution. Using a comprehensive study of the chem-
ical compositions of olivines and whole-rock samples, we find
that widely-used multi-element indicators (Fe/Mn, Zn/Fe,
Mn/Zn and Ni/(Mg/Fe)) for olivines yield contradictory results
for the mantle lithology of the Pohnpei OIBs. Our results suggest
that olivine geochemistry should be used with caution when
attempting to discriminate the lithology of the mantle source of
OIBs.

2 Geological background and previous study
The Pohnpei Island is the largest of three volcanic islands
(Chuuk, Pohnpei and Kosrae) within the Caroline Islands (Fig.
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1a), and are the products of hotspot-derived mantle magmatism
(Mattey, 1982; Dixon et al., 1984; Keating et al., 1984; Jackson et
al., 2017; Zhang et al., 2020a, b; Zong et al., 2020). The age and
volume of magmatism decrease from the Chuuk Island to the
Pohnpei Island to the Kosrae Island (Spengler et al., 1994), and
there are no active hotspot volcanoes to the east of Kosrae
(Zhang et al., 2020b). These observations indicate a gradual de-
cline in magma production along the Caroline chain, and that
activity related to the Caroline mantle plume has already ceased
(Mattey, 1982; Zhang et al., 2020a, b).

The volcanic rocks erupted on the Pohnpei Island are al-
kaline and can be subdivided into shield-building lavas and post-
shield deposits (Spengler, 1990). Spengler et al. (1994) further
subdivided volcanism into three separate stages of activity,
namely the main shield-building stage, the Awak volcanic series,
and the Kupwuriso volcanic series. The isotopic compositions of
the Pohnpei lavas indicate a hotspot origin, but Pb isotopes show
that the three series did not originate from isotopically-homo-
geneous sources (Spengler et al., 1994). The five K-Ar ages
between 0.9 Ma and 8.7 Ma reported by Dixon et al. (1984) over-
lap with those of Chuuk (14-4.3 Ma), but are inconsistent with a
simple hotspot model. Rehman et al. (2013) suggested that the
Caroline seamounts were formed by fracture-induced volcanism
due to subduction-related tectonic activity. The SiO,-undersatur-
ated and SiO,-saturated series were identified on the Pohnpei Is-
land, they were argued to have originated from a composition-
ally homogenous mantle source, but formed under different tem-
peratures and pressures (Zong et al., 2020). Compared with the
Louisville seamount chains, the Pohnpei Island was formed by
lower-degree mantle melting at greater depth, possibly because
of the thicker lithosphere beneath the Pohnpei Island (Zong et al.,
2020). Zhang et al. (2020a) proposed a two-stage model for the
evolution of carbonated melts from the Pohnpei Island. The
primary magmas of high-MgO (Stage 1) lavas are carbonated
silicate melts that were de-carbonated and transformed into typ-
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Fig. 1. Location and altitude map of the Pohnpei Island in the Pacific Ocean from Zong et al. (2020) (a) and map of the Pohnpei Island

showing sample locations (b).
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ical alkali OIBs in the deep lithospheric mantle. The high-MgO
primary melts evolved towards low-MgO (Stage 2) melts, and un-
derwent a closed-system evolution within the lithospheric
plumbing system (Zhang et al., 2020a).

3 Samples and analytical methods

Olivines in nine thin sections from four basaltic samples
(DS1, DS2, S7 and S8) were analyzed in situ to measure their ma-
jor- and trace-element compositions. Samples DS1 and DS2,
which were newly collected (Fig. 1b), have large phenocrysts
(most are larger than 1 mm in diameter; Figs 2a and b). The
phenocryst assemblages are composed mainly of euhedral and
subhedral olivine (Figs 2c and d) and clinopyroxene. Olivines in
Sample DS1 show compositional zonation, with large, homogen-
eous, unzoned cores and very thin rims apparent in backs-
cattered electron images (Fig. 2¢). The cores of zoned olivines are
irregular to rounded in shape. The compositional zonation of

olivines in Sample DS2 is less apparent than in DS1 (Fig. 2f). Oliv-
ines in Samples S7 and S8 show no compositional zoning (Zong
et al., 2020), similar to those in Sample DS2. Whole-rock and oliv-
ine compositions of Samples S7 and S8 have been reported (Zong
etal., 2020).

Both cores and rims of olivines in Sample DS1 were analyzed,
whereas only olivine cores were measured in basalt Samples
DS2, S7, and S8. The major-element compositions of olivines in
Samples DS1 and DS2 were acquired using a JEOL JXA-8100 elec-
tron probe microanalyser (EPMA) at the Key Laboratory of Sub-
marine Geosciences, Second Institute of Oceanography, State
Oceanic Administration, Hangzhou, China. The instrument set-
tings and analytical procedures follow Zong et al. (2020). Major
and trace element analyses using laser-ablation inductively
coupled plasma mass spectrometry (LA-ICP-MS) were per-
formed in the Laboratory of Ocean Lithosphere and Mantle Dy-
namics (LOLMD) at the Institute of Oceanology, Chinese

Fig. 2. Hand specimens (a, b), photomicrographs showing the textural characteristics of olivine (c, d), and back-scattered electron
(BSE) (e, f) images of basalts from sample locations DS1 and DS2 on the Pohnpei Island.
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Academy of Sciences, Beijing, China. A 193 nm ultra-short pulse
excimer laser ablation system coupled with an Agilent 7900a ICP-
MS instrument was used to acquire ion-signal intensities. Each
spot analysis was conducted using a 40 pm spot and 3.62 J/cm?
energy density with a repetition rate of 6 Hz. Acquisition times for
each analysis were 25 s for background (gas blank) and 50 s for
the unknown. USGS glasses (BCR-2G, BHVO-2G and BIR-1G)
were used as external standards. Every eight unknown analyses
were followed by analyses of standards GSE-1G and NIST SRM
610. The raw data were processed using the software ICPMS-
DataCal (Liu et al., 2008), with 28Si as the internal standard for
data calibration. Repeated data from standards GSE-1G, BCR-2G,
BHVO-2G, and BIR-1G glasses are listed in Supplementary Table S1.
The results obtained by LA-ICP-MS are consistent with EPMA
results in terms of trace elements within the same olivine grain
(Fig. Al in Appendix). Whole-rock major- and trace-element
analysis of Samples DS1 and DS2 followed the procedures of
Zong et al. (2020).

4 Results

4.1 Whole-rock major and trace elements
The whole-rock major- and trace-element data from basalt
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samples DS1 and DS2 are listed in Supplementary Table S1.
These samples have strikingly similar major oxide compositions
but more variable trace element contents; Sample DS2 has high-
er trace element concentrations overall than Sample DS1 (Fig. 3;
Fig. A2 in Appendix). The DS1 and DS2 basalts have higher MgO,
FeOT, MnO, and CaO contents than Samples S7 and S8, the latter
of which have very similar major oxide and trace element con-
tents (Fig. 3; Fig. A2 in Appendix). The chemical compositions of
Samples DS1 and DS2 overlap with previously published data for
the Pohnpei basalts (Mattey, 1982; Dixon et al., 1984; Jackson et
al., 2017; Zhang et al., 2020a; Zong et al., 2020), and are similar to
Stage 2 basalts reported by Zhang et al. (2020a) (Fig. 3; Fig. A2 in
Appendix).

4.2 In situ olivine major and trace elements

The EMPA and LA-ICP-MS major- and trace-element data
from olivines are listed in Supplementary Table S1. All olivines
have CaO contents of higher than 0.10 wt.% (0.17-0.46 wt.%), in-
dicating a magmatic origin (Thompson and Gibson, 2000; Ren et
al., 2004). The Ca, Ni, and Mn contents and Fe/Mn ratios are sim-
ilar to those in Pohnpei olivines reported by Zong et al. (2020)
and Zhang et al. (2020a) at given Fo values (Fo = 100 x molar MgO/
(MgO + FeQM)) (Fig. 4).

Olivines in the studied samples exhibit large systematic inter-
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Fig. 3. CaO (a), Ni (b), MnO (c), and FeOT (d) contents plotted against MgO contents of basalts from the Pohnpei Island. Literature
data are from Mattey (1982), Dixon et al. (1984), and Jackson et al. (2017), and Stage 1 and Stage 2 basalts are from Zhang et al. (2020a).
a. The broken black line representing the boundary separating peridotite- and pyroxenite-derived primary magmas is from Herzberg
and Asimow (2008). The green line represents the liquid line of descent formed by crystallization of olivine, then olivine (Ol) +
clinopyroxene (Cpx) + plagioclase (Plg), following Herzberg and Asimow (2008). b. The black line represents the calculated Ni
contents for partial melts of fertile peridotite formed by accumulated fractional melting. The insets in b and c followed Herzberg
(2011). c. The MnO contents of experimental melts from peridotite KR-4003 (Walter, 1998) are shown in the inset, and the numbers 2

to 7 are pressures (108 Pa).
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Fig. 4. Variations of Ca (a), Ni (b), Mn (c) contents and Fe/Mn ratios (d) against Fo values of olivines in the Pohnpei basalts. The data
of Pohnpei olivines analyzed by Zong et al. (2020) and reported by Zhang et al. (2020a) for Stage 1 and Stage 2 basalts are also shown.
Olivine data for MORB and Hawaiian and Icelandic basalts are from Sobolev et al. (2007). Black fields represent the calculated Ca, Ni,
Mn, and Fe/Mn ratios in olivines crystallizing from primary melts derived from a fertile peridotite source, and contain 1 964 x10-6 Ni,
3.45 wt.% CaO0, and 0.13 wt.% MnO (Herzberg, 2011), the pink field represents the 16 uncertainty for Ni (Herzberg et al., 2013). Light
blue fields represent calculated olivine compositions from olivine-fractionated derivative liquids with 8-20 wt.% MgO. The assumed
primary magma was that produced in experiment 40.06 by Walter (1998) on fertile peridotite KR-4003. Numbered black lines are for
olivines modeled from olivine-fractionated derivative liquids with 20-38 wt.% MgO.

and intra-crystalline geochemical variations (Fig. 4; Fig. A3 in Ap-
pendix). Olivines in Sample DS1 show compositional zonation, in
which cores have higher Fo (77-85) and Ni (550x10-6-2 392x10-5)
and lower Mn (1 433x10-6-2 393 x10-¢) contents, and rims have
lower Fo (71-78) and Ni (526x10-6-1 537 x10-6) and higher Mn
(2 681x10-6-3 957 x10-6) contents. Calcium contents are nearly
constant in cores, but increase gradually with decreasing Fo val-
ues in rims. Olivines in Sample DS2 have relatively low Fo
(76-78), Ni (401x10-6-1 014 x10-6), and Mn (2 215x10-6-3 129x
10-%) contents. Olivines in Samples S7 and S8 have similar con-
centrations of Fo (66-75), Ni (711x10-6-1 268 x10-6), and Mn (2 744x
10-6-3 813 x10-%), and concentrations of Ca that increase with de-
creasing Fo values.

The Fe/Mn ratios in the Pohnpei olivines are highly variable.
In Sample DS1, olivine cores are characterized by the highest
Fe/Mn ratios (66-82), whereas rims have the lowest ratios
(51-62). Overall, Fe/Mn ratios in olivines from the studied
samples, along with those reported by Zong et al. (2020) and
Zhang et al. (2020a), are positively correlated against Fo values.
The Ca/Fe ratios in olivines form a crescent-shaped trend against
Fo values, whereas Ni/(Mg/Fe), Mn/Zn and Zn/Fe ratios show
no systematic variation with Fo values (Fig. A4 in Appendix). The
Ni/(Mg/Fe) ratios in the Pohnpei olivines display wide variabil-
ity, even at high Fo values, and encompass the range of composi-

tions shown by olivines in Hawaiian basalts and MORB.
5 Discussion

5.1 Comparison of observed compositions with liquid lines of
descent (LLDs)

The chemical compositions of olivine with Fo greater than 90
can be used to infer the mantle source from which the basalts in
which they occur were derived (Sobolev et al., 2007; Herzberg et
al., 2014). However, it becomes a challenge when the olivine
phenocrysts have Fo values of lower than 90, as fractional crystal-
lization plays a significant role on olivine compositions
(Herzberg et al., 2014, 2016). The studied olivines have Fo ran-
ging from 66 to 85 (Fig. 3), and the presence of olivine and
clinopyroxene phenocrysts in Samples DS1 and DS2 (Figs 2a and b)
indicate that the primary magmas experienced fractional crystal-
lization involving these two minerals. Crystallization of
clinopyroxene will lead the derivative magma to be enriched in
Ni and depleted in Ca and Mn, which will be reflected in the
compositions of olivine crystallized from such magmas
(Herzberg et al., 2013; Vidito et al., 2013), the olivines may be
confused with those derived from pyroxenite sources (Herzberg
et al., 2014). Consequently, the effects of fractional crystallization
on the compositions of olivines must be evaluated to reveal the
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mantle source of the Pohnpei Island OIBs.

Petrological modeling can help to elucidate the effects of frac-
tional crystallization on magma compositions, but requires a
primary magma composition as a starting point. To determine
the primary magma composition as accurately as possible, the
most common method is to correct the primitive melts or glasses
assuming they have undergone fractionation only by crystalliza-
tion of olivine (Herzberg et al., 2014). Zong et al. (2020) have cal-
culated primary melt compositions using the method of Lee et al.
(2009), and broadly reproduced the measured chemical compos-
ition of natural samples along liquid lines of descent (LLDs).
However, the calculated primary melts consider only major ele-
ments rather than Ni, which is an important indicator in distin-
guishing peridotite versus pyroxenite mantle sources. In addi-
tion, Samples DS1 and DS2 contain abundant clinopyroxene
phenocrysts, which complicates calculations estimating primary
magma compositions. Therefore, we interpret our whole-rock
and olivine data by comparing them with existing LLDs that as-
sume a peridotite-source primary magma as the starting com-
positions.

Our whole-rock and olivine data plotted against modeled
LLDs derived from a fertile peridotite and olivines crystallized
therefrom (Herzberg, 2011) are shown in Figs 3 and 4. The fertile
peridotite-derived primary magma is that produced in experi-
ment 40.06 on Sample KR-4003 in the study of Walter (1998). The
Ca0, MnO, and Ni contents in Sample KR-4003 are 3.45 wt.%,
0.13 wt.%, and 1 964x10-5, respectively. The whole-rock CaO,
MnO, and Ni contents of the studied rocks are in good agree-
ment with the modelled LLDs of primary magmas crystallizing
olivine and then olivine + clinopyroxene + plagioclase (Figs 3a-c).
This suggests that they share a common magmatic source.
However, the chemical compositions of all of the Pohnpei oliv-
ines cannot be reproduced using the modeled olivine composi-
tion (Fig. 4). Most of the studied natural olivines have lower Ca
contents than those from the primary (black field) and derivative
(light blue field and black lines) magmas at a given Fo value. The
low Ca contents in the Pohnpei olivines suggest advanced crys-
tallization of considerable quantities of clinopyroxene, which will
drive down the Ca contents of melts and olivines crystallized
therefrom (Herzberg, 2011). The Ni and Mn contents of DS1 and
DS2 olivine cores can be reproduced by the calculated olivines
crystallized from derivative melts (8-20 wt.% MgO and 24-30
wt.% MgO; light blue fields and black lines). Rims of olivines in
Sample DS1 have higher Ni and Mn contents than calculated
LLDs olivines. Samples S7 and S8 contain olivines with higher Ni
contents than calculated olivines, whereas their Mn contents
match well will olivines modeled to have crystallized from deriv-
ative melts with 8-20 wt.% MgO.

5.2 Mantle source lithology: peridotite or pyroxenite?

The origin of the chemical and lithological heterogeneity (i.e.,
peridotite or pyroxenite) of the mantle source is one of the most
important issues in understanding the petrogenesis of hotspot-
related OIB (Sobolev et al., 2007; Herzberg et al., 2014; Elkins et
al., 2019). The partial melts produced from pyroxenitic and
peridotitic-mantle under similar P-T conditions have different
major- and trace-element compositions, as do the olivines pro-
duced as these melts crystallize (Sobolev et al., 2005, 2007).

Only primitive melts inferred to have crystallized only olivine
are generally selected to identify the mantle source of basalts (Le
Roux et al., 2010; Yang and Zhou, 2013). Petrological modeling
shows that the Pohnpei samples with >10 wt.% MgO might have
mostly crystallized olivine (Fig. 3a). The CaO contents of the

basalts with high MgO contents (>10 wt.%) fall within the
peridotite melt field (Fig. 3a). The modeled LLDs also suggest
that the studied Pohnpei basalts were derived from peridotite
mantle (Figs 3a-c). In addition, whole-rock FeO/MnO ratios
(Herzberg, 2011) and Zn/Fe ratios (Le Roux et al., 2010), along
with FC3MS values (FeO"/CaO - (3 x Mg0O/Si0,); all in wt.%;
Yang and Zhou, 2013), have been considered potential indicat-
ors for discriminating pyroxenite and peridotite mantle sources.
The pyroxenite-derived melts were suggested to have high
FeO/MnO ratios (>60; Herzberg, 2011), and 10 000xZn/Fe ratios
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Fig. 5. FeO/MnO ratios (a), Zn/Fe ratios (b), and FC3MS
(FeOT/CaO - (3 x MgO/Si0,)) (c) ratios in olivines from the
Pohnpei basalts. Literature data are from Mattey (1982), Dixon et
al. (1984), and Jackson et al. (2017), and Stage 1 and Stage 2
basalts are from Zhang et al. (2020a). Inferred primary magmas
for whole-rocks with >10 wt.% MgO were calculated using the
model of Lee et al. (2009). The typical field for peridotite-derived
melts compositions follows Herzberg (2011) in the diagram of
FeO/MnO vs MgO, and Le Roux et al. (2010) in the diagram of
Zn/Fe vs MgO. The boundary between peridotite-and pyroxen-
ite-derived melts is based on the upper limit values of peridotite
melts from Yang and Zhou (2013).
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(>14; Le Roux et al., 2010) and FC3MS values (>0.65; Yang and
Zhou, 2013), whereas peridotite-derived melts have low
FeO/MnO ratios (50-60) and 10 000xZn/Fe ratios (8.5-12.5) and
FC3MS values (<0.65). The studied high-MgO basalts have
FeO/MnO ratios of 60-80, and inferred primary magmas (Zong et
al., 2020) with much higher FeO/MnO ratios (70 to 100; Fig. 5a).
Samples DS1 and DS2 have lower Zn/Fe ratios (10.8 and 11.6,
respectively), and most of the Pohnpei basalts have 10 000xZn/Fe
ratios ranging from 10 to 14 (Fig. 5b). Both indicators suggest that
the Pohnpei samples were derived from a pyroxenite-dominated
mantle source. However, FC3MS values range from 0.10 to ~0.65
for the high-MgO basalts and their inferred primitive magmas,
which plot in the field of peridotite-derived melt. This finding is
inconsistent with the FeO/MnO and Zn/Fe ratios in these
samples.

The high-precision major- and trace-element compositions
of olivine with high Fo have been widely used to identify the
mantle sources of basalts (Sobolev et al., 2005, 2007). As olivines
in Samples S7 and S8 and the rims of olivines in Sample DS1 have
Fo values that are too low, we focus on olivines cores in Samples
DS1 and DS2. Petrological modeling shows that with the excep-
tion of CaO, the chemical compositions of most olivines in
Sample DS2 match well with the calculated LLDs of re-fertilized
peridotite-derived magmas, but not with the olivines in Sample
DS1 that have higher Fe/Mn ratios (Fig. 4). We compare the com-
position of olivine cores in Samples DS1 and DS2 with those from
Mangaia Island in the Cook Islands (Fig. 4), which have similar
Fo values to our data and are suggested to have originated from
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re-fertilized peridotite mantle (Herzberg et al., 2014). Olivines in
Sample DS2 have similar Ni and Mn contents and Fe/Mn ratios
to the Mangaia olivines. Thus, the former may be derived from
re-fertilized peridotite mantle. In contrast, olivine cores in
Sample DS1 have higher Fe/Mn values than the Mangaia oliv-
ines, but ratios that are similar to olivines from Hawaiian OIBs
that have been interpreted as having originated from a pyroxen-
ite mantle source (Herzberg, 2006; Sobolev et al., 2007). We use
additional indicators, such as Ni/(Mg/Fe), Mn/Zn, and Zn/Fe ra-
tios (Sobolev et al., 2007; Le Roux et al., 2010; Howarth and Har-
ris, 2017), to identify the mantle source of the DS1 olivine cores.
In order to draw a reliable conclusion, we chose olivine cores
with high Fo (>80). As shown in Fig. 6, cores with high Fo have
slightly higher Ni/(Mg/Fe) ratios than those from experimental
peridotite-derived melts, and Mn/Zn ratios that fall in the field of
pyroxenite-derived melts. However, these olivine cores have low
Zn/Fe ratios, consistent with a peridotite mantle source.

The aforementioned geochemical indicators (Ni, Mn, Fe/Mn,
Ni/(Mg/Fe), FC3MS, Mn/Zn, and Zn/Fe) may be used to discrim-
inate the mantle source lithologies of basalts (Sobolev et al., 2007;
Le Roux et al., 2010; Howarth and Harris, 2017), although there
are some clear complications with respect to the Pohnpei
samples. Studies have found that the Fe/Mn and Zn/Fe ratios in
peridotite vary considerably (Le Roux et al., 2010). Partial melt-
ing of high Fe/Mn peridotite samples, such as KLB-1 (Hirose and
Kushiro, 1993) and PHN1611 (Kushiro, 1996), should lead to high
Fe/Mn ratios in the primary melt and olivines that crystallize
therefrom. In addition, high P-T melting will decrease the parti-
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Fig. 6. 100 (Mn/Fe) vs Ni/(Mg/Fe) ratios/103 (a), 10* (Zn/Fe) ratios (b), Mn/Zn ratios (c), and Ca/Al ratios (d) in olivines from the
Pohnpei basalts. Data for the Pohnpei olivines analyzed by Zong et al. (2020) and the Stage 1 and Stage 2 olivines reported by Zhang et
al. (2020a) are also shown. Olivine data from MORB, the WPM-THIN and WPM-THICK basalts, and the fields for olivine crystallized
from pyroxenite- and peridotite-derived melts are from Sobolev et al. (2007).
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tion coefficient for Ni, but increase the partition coefficient for
Mn and Mn/Fe ratio between olivine and liquid (Li and Ripley,
2010; Niu et al., 2011; Matzen et al., 2013, 2017b), thereby in-
creasing Ni concentrations and decreasing Mn contents and
Mn/Fe and Mn/Zn ratios in melt and olivine crystallized there-
from (Putirka et al., 2018). Recent studies have shown that the
Pohnpei lavas were produced at high mantle pressures (average
(3.8 £0.7) GPa) and temperatures (average (1 557 + 43)°C) (Zong
et al., 2020), which may account for the apparent “pyroxenite sig-
nal” preserved in the cores of olivine grains in Sample DS1.

5.3 Implications for the magmatic evolution

In Sample DS1, almost all olivines show clear normal zona-
tion with more primitive (higher Fo) cores that are surrounded
by more evolved rims. The abrupt change in chemical composi-
tions between cores and rims indicates that magma recharge and
mixing occurred (De Maisonneuve et al., 2016; Gleeson and Gib-
son, 2019). Cores and rims of olivines in Sample DS1 did not form
by fractional crystallization of a primary magma, and the com-
positions of the cores are not in equilibrium with their host
whole-rock, suggesting the cores may be antecrysts that crystal-
lized from an earlier batch of magma that then underwent
magma recharge and mixing, and were entrained in the magma
in which they are now hosted (Larrea et al., 2013). The normal
compositional zonation implies that the cores originated through
magma recharge that interacted with cooler crystals prior to
eruption (De Maisonneuve et al., 2016). This magma mixing
event is supported by the presence of clinopyroxenes that also
preserve chemical zonation (Figs 2k and 1 in Zong et al. (2020)).

Olivine cores in Sample DS1 have constant Fe/Mn ratios, and
their Mn and Ni contents correlate strongly with Fo values (Figs 4b-d),
suggesting fractional crystallization of a cogenetic primary
magma. The constant Ca contents at variable Fo values indicate
that the primary magma might have undergone co-crystalliza-
tion of olivine and clinopyroxene (Herzberg et al., 2014; Gleeson
and Gibson, 2019), consistent with the petrographic observa-
tions that indicate these basalts contain a large quantity of oliv-
ine and clinopyroxene. Olivine rims in Sample DS1 have differ-
ent Ca, Ni, and Mn contents and Fe/Mn ratios than cores, indic-
ating that the replenished magma was not cognate with the host
magma of the cores. The increase in Ca contents with decreasing
Fo indicates that the mixed magma might have undergone an
evolution dominated by olivine crystallization. Olivine Ca/Al ra-
tios can be used to estimate the crystallization temperature of
olivine, with high Ca/Al ratios reflecting lower temperature (De
Hoog et al., 2010; Coogan et al., 2014; Gémez-Ulla et al., 2017). As
shown in Fig. 6, olivine cores from Sample DS1 have lower Ca/Al
ratios than rims, indicating that the cores were formed at higher
temperature (or greater depth). Accordingly, we suggest that the
magma that crystallized the olivine cores formed under high
pressures and temperatures in a deep magma chamber. This
magma migrated upward into a shallower magma chamber and
mixed with a preexisting melt, then continued to crystallize to
form the olivine rims.

Olivine grains in Sample DS2 have higher Mn/Fe ratios but
similar Ca/Al ratios relative to cores (Fig. 6), implying that their
host magmas might not have been cognate, but crystallized un-
der similar P-T conditions. Olivines in Samples S7 and S8 have
similar chemical compositions to olivine rims in Sample DS], in-
dicating that their host magmas might have been cogenetic.

6 Conclusions
We undertook an integrated study combining whole-rock and

in-situ olivine compositions in basaltic lavas from the Pohnpei Is-
land. We draw the following conclusions regarding the source
and evolution of the magmas:

(1) The olivine phenocrysts show large systematic inter- and
intra-crystalline compositional variations, suggesting a strong in-
fluence from fractional crystallization. Olivine cores in Samples
DS1 and DS2 formed at greater depth than olivines in Samples S7
and S8. Olivines in Sample DS1 preserve compositional zonation,
indicating that their host magmas experienced magma recharge
and mixing. The host magmas of olivine cores in Sample DS1
might have undergone co-crystallization of olivine and
clinopyroxene in a deep magma chamber, then carried olivines
cores upward into a shallower magma chamber where they re-
charged and mixed with a preexisting melt, leading to the forma-
tion of olivine rims with lower Fo.

(2) Forward petrological modeling and multi-element indic-
ators yield contradictory results as discriminators of the mantle
source (i.e., pyroxenite mantle vs peridotite mantle). For ex-
ample, Fe/Mn and Ni/(Mg/Fe) ratios in DS1 olivine cores are
consistent with a pyroxenite mantle source, whereas Zn/Fe ra-
tios (<12) suggest a peridotite mantle source. These conflicting
results may indicate that partial melting and the subsequent
evolution of the magma affected the olivine compositions. We
suggest that the identification of the mantle source of basalts by
means of olivine geochemistry should be treated with caution.
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Fig. A1. Comparison of MnO (a), FeO (b), Ni (c) contents and Fe/Mn ratios (d) in the analyzed olivines obtained by LA-ICP-MS and

EPMA, respectively.
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Fig. A2. Primitive mantle (PM; McDonough and Sun, 1995)-normalized trace element patterns of Pohnpei lavas. OIBs (ocean island
basalts) trace element data are from Sun and McDonough (1989).
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Fig. A3. Representative photomicrographs and analytical points with chemical compositions for representative olivine crystal in DSI1.
The yellow points were the analytical spots by electron probe microanalyser (EPMA).
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Fig. A4. The representative trace elements ratios against Fo values of the olivines from Pohnpei basalts. The data of Pohnpei olivines
analyzed by Zong et al. (2020) and Pohnpei Stage 1 and Stage 2 basalts reported by Zhang et al. (2020a) are also plotted. The data of
olivines in MORBs, Hawaii and Iceland basalts are from Sobolev et al. (2007).
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