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Abstract

Electron microprobe analysis was conducted on plagioclase from the plagioclase ultraphyric basalts (PUBs)
erupted on the Southwest Indian Ridge (SWIR) (51°E) to investigate the geochemical changes in order to better
understand the magmatic processes occurring under ultraslow spreading ridges and to provide insights into the
thermal  and  dynamic  regimes  of  the  magmatic  reservoirs  and  conduit  systems.  The  phenocryst  cores  are
generally calcic (An74–82) and are depleted in FeO and MgO. Whereas the phenocryst rims (An67–71) and the
plagioclase  in  the  groundmass  (An58–63)  are  more  sodic  and  have  higher  FeO  and  MgO  contents  than  the
phenocryst cores. The crystallization temperatures of the phenocryst cores and the calculation of the equilibrium
between the phenocrysts and the matrix suggest that the plagioclase cores are unlikely to have crystallized from
the host basaltic melt, but are likely to have crystallized from a more calcic melt. The enrichment in incompatible
elements (FeO and MgO),  as  well  as  the higher FeO/MgO ratios of  the outermost  phenocryst  rims and the
groundmass, are the result of plagioclase-melt disequilibrium diffusion during the short residence time in which
the plagioclase crystallized. Our results indicate that an evolved melt replenishing under the SWIR (51°E) drives
the eruption over a short period of time.
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1  Introduction
Magmatism at mid-ocean ridges is one of our planet’s most

important geological processes as it forms the oceanic crust,
which covers nearly two-thirds of the Earth’s surface. Unlike fast
spreading ridges, it is widely accepted that ultraslow–spreading
ridges have relatively low extents of melting and magmatism,
thinner crust, and experience limited crustal processes (Dick,
1989). Although ultraslow–spreading ridges are characterized by
low magma supplies, there is also evidence of substantial mag-
matic processes in magma reservoirs, rather than the stable
magma chambers present under some segments (Dick et al.,
2003; Coogan et al., 2001; Jian et al., 2017). Until now, how mag-
mas behave in the crust and how the thermal and dynamic re-
gimes of the magma reservoirs and conduit systems effect the
eruption mechanism of magmas from ultraslow mid-ocean
ridges (MORs) has received comparatively little attention. As the
product of erupted magma, mid-ocean ridge basalts (MORBs)
can provide information about the magmatism under ridges
(Yang et al., 2013). Therefore, unraveling the chemical effects of
magmatic processes reflected by the MORBs is key to determin-
ing the details of the magma plumbing system beneath ultraslow
oceanic spreading centers.

Previous studies have mainly focused on the whole–rock geo-
chemical and isotopic compositions of MORBs from ultraslow–
spreading ridges (Dick et al., 2003; Yang et al., 2013, 2017).
However, whole–rock geochemistry cannot provide information
about the magmatic processes occurring within the crust, which
we are attempting to understand, because the bulk–rock com-
positions of MORBs reflect the variable overprinting of the
low–pressure differentiation of mantle–derived primary liquids
(Stolper, 1980; Yang et al., 2013). Unlike whole–rock composi-
tions, the major and trace element contents of plagioclase
phenocrysts are easily preserved and are sensitive to the physico-
chemical conditions of the melt from which they crystallized
(Ginibre et al., 2004; Mollo et al., 2011; Mutch et al., 2019; Ben-
nett et al., 2019). Their geochemical compositions and morpho-
logy are commonly used to obtain information about the condi-
tions of the magmatic system from which they crystallized. For
example, Mutch et al. (2019) established an element diffusion
model for plagioclase to constrain the timescales of magmatic
processes. Bennett et al. (2019) demonstrated that various pla-
gioclase textures in mid–ocean ridge basalts can be used as indic-
ators of various magmatic processes. In addition, the composi-
tion of plagioclase can provide information about the conditions  
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of the magmatic system, such as the water content, temperature,
and melt composition (Hellevang and Pedersen, 2008; Lange et
al., 2013; Coote and Shane, 2016). These conditions are related to
magma mixing, fractional crystallization, and assimilation pro-
cesses. Therefore, plagioclase phenocrysts have the potential to
record a magmatic history that might be obscured at the
whole–rock geochemical scale. However, compared with contin-
ental and other oceanic settings, plagioclase phenocrysts are still
underutilized in the study of MORBs from ultraslow spreading
ridges.

In recent years, the China Ocean Mineral Resources R&D As-
sociation (COMRA) has provided support for scientific expedi-
tions to the Southwest Indian Ridge (SWIR), during which a large
number of new samples were collected (Tao et al., 2012). Among
the various types of MORBs, plagioclase ultraphyric basalts
(PUBs), defined by Cullen et al. (1989), are valuable due to their
high plagioclase contents (10%–54%). These plagioclase pheno-
crysts contain unique information about crustal processes and
the characteristics of the magmatic array present in the lower
oceanic crust (Hellevang and Pedersen, 2008; Lange et al., 2013;
Bennett et al., 2019). In this study, we examined the composi-
tions of plagioclase phenocrysts from PUBs erupted on the SWIR
(51°E), which is a typical ultraslow spreading ridge. Microanalys-
is of these phenocrysts provides an opportunity to investigate the
geochemical changes that occurred, and thus, provides insights
into the details of the magma reservoirs beneath the ultraslow
oceanic spreading centers.

2  Geologic setting
The SWIR is a typical ultraslow spreading ridge, with a

half–spreading rate of around 7–9 mm/a (Dick et al., 2003). It
separates the African Plate from the Antarctic Plate. The SWIR ex-
tends for 8 000 km from the Rodrigues Triple Junction (RTJ, 70°E)
at its eastern end to the Bouvet Triple Junction at its western end
(BTJ, 0°) (Fig. 1a). The SWIR is characterized by strong segmenta-
tion and discontinuous magmatism. Bathymetric data has re-
vealed a shallow central region between the Prince Edward
Transform Fracture Zone (35.5°E) and the Gallieni Fracture Zone
(52.3°E), with an average depth of ~3 200 m compared with the
deeper western (~4 000 m) and the eastern (~4 500 m) sections of
the ridge (Cannat et al., 2008). As a result of the Marion hotspot
to the southwest, this region has strong negative residual mantle
Bouguer gravity anomalies,  indicating relatively active
crust–mantle exchange, deep magmatism, moderate levels of
melting, and a moderate heat supply (Georgen et al., 2001; Saut-

er et al., 2009).
The study area and the sample sites are located between the

Indomed (46°E) and Gallieni fracture zones (IFZ–GFZ) on the
shallow central region of the SWIR (Fig. 1b). Previous geophysic-
al and geochemical studies have been conducted on the ridge
segment between the IFZ and GFZ. The center of this segment
has anomalously thick crust (up to 10 km) (Niu et al., 2015) com-
pared with that of the neighboring ridge sections. This thick
oceanic crust indicates a robust magma supply in this area,
which has been inferred to be associate with the Crozet hotspot
(Sauter et al., 2009; Zhang et al., 2013) or with tectonic processes
(Jian et al., 2017). Segments with robust magma supplies are also
promising areas for hydrothermal activity (Tao et al., 2012).

3  Sample descriptions and analytical methods
The PUB sample examined in this study was collected by tele-

vision–guided grabs (TVGs) during the R/V Dayang Yihao Cruise
DY115–21 to the 51°E magmatic segment in 2010. The sample
was collected at a water depth of about 1 655 m. Optical micro-
scopy analysis indicates that lavas from the SWIR are porphyritic
and contain ~15% phenocrysts. The phenocrysts are mostly eu-
hedral to subhedral plagioclase with polysynthetic twinning. The
other main phase is subhedral to anhedral olivine (<1%). The
plagioclase crystals contain abundant melt inclusions. The
groundmass is primarily composed of suhedral, lath–like plagio-
clase and subordinate, anhedral olivine (Fig. 2).

Backscattered electron (BSE) imaging of the plagioclase in
polished thin sections was used to characterize the textures of the
crystals. Mineral analysis of the plagioclase was conducted using
the JEOL JXA 8100 electron microprobe at the Key Laboratory of
Submarine Geosciences (KLSG), Ministry of Natural Resources
(MNR). The analytical conditions were as follows: a 15 kV accel-
erating voltage, a 20 nA specimen current, and a 1 μm focused
beam. The peak counting times were 90 s for Fe and Mg, and 20 s
for all of the other major elements. The detection limits for most
of the elements, except for Ti, were lower than 400×10–6, depend-
ing on the abundance of the elements. The detection limit of Ti
was 600×10–6 due to its lower content. The following natural and
synthetic standards were used for the specified elements: Olivine
(Si, Mg), Apatite (Ca, P), Hematite (Fe), Albite (Na, Al), Ortho-
clase (K), Rhodonite (Mn), Rutile (Ti), and Tugtupite (Cl). The
raw data was corrected using the ZAF correction. The chemical
formulas of the plagioclase phenocrysts were calculated from the
mineral analysis results based on 24 anions.
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Fig. 1.   Bathymetric map of the Southwest Indian Ridge (SWIR) (a) and location of the sample (b) (http://www.geomapapp.org). The
location of the sample used in this study is marked by the star. BTJ: Bouvet Triple Junction; RTJ: Rodrigues Triple Junction; PE: Prince
Edward Transform Fracture Zone; IFZ: Indomed Fracture Zone; GFZ: Gallieni Fracture Zone.
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4  Results

4.1  Texture of the plagioclases

The plagioclase phenocrysts (typically >0.5 mm) from the

SWIR are predominantly euhedral to subhedral in shape with

tabular habits. They exhibit three textural types (Figs 3a–c). Type

1 plagioclase crystals are characterized by oscillatory zoning, sur-

rounded by a thin rim (<50 μm). Type 2 plagioclase crystals are

also characterized by oscillatory zoning, but have wider rims (50–

150 μm) than Type 1 plagioclase (<50 μm). Type 3 plagioclase
crystals contain numerous circular melt inclusions and do not
exhibit oscillatory zoning. The plagioclase in the groundmass
varies in size. The relatively large microphenocrysts typically
have sizes of 0.01–0.50 mm and are primarily unzoned, whereas
the relatively small groundmass microlites are <0.01 mm
(Fig. 3d).

4.2  Chemical composition
A total of 25 microprobe analyses were performed on the

studied sample. Representative chemical data for the plagio-
clases are presented in Table 1. These phenocrysts have An con-
tents of 58 to 82. No distinct compositional differences exist
among the three types of plagioclase phenocrysts. All of the
phenocrysts have calcic cores (An74–82) and sodic rim growth
(~An67–71). The variation from the core to the rim is 10–20 mol%
An. The plagioclase crystals found within the microphenocrysts
and microlites are sodic (An58–63), similar to the rims of the
phenocrysts. On the ternary classification diagram, the plagio-
clase in the studied sample display a continuous range from
bytownite to labradorite, with An decreasing from 82 to 58. The
cores of the plagioclase phenocrysts are bytownite, while the rims
range from bytownite to labradorite. All of the plagioclase crys-
tals in the groundmass are labradorite with lower An contents
(Fig. 4).

In terms of the major elements, the FeO and MgO concentra-
tions of the plagioclase do not vary significantly. The FeO and
MgO concentrations are 0.29%–1.41% (wt) and 0.15%–0.37% (wt),
respectively. The FeO and MgO concentrations of the plagioclase
cores are relatively depleted compared with those of the plagio-
clase rims and groundmass.

5  Discussion

5.1  Crystallization temperature
Plagioclase compositions are a useful indicator of crystalliza-

tion temperature (Kudo and Weill, 1970; Mollo et al., 2011). In
this study, the plagioclase–melt geothermometry method pro-
posed by Kudo and Weill (1970) was used to estimate the crystal-
lization temperature of the plagioclase. Before applying the geo-
thermometry method, the pressures must be determined. Ac-
cording to Chen et al. (2002), the pressures of the plagioclase
rims and cores are approximately 0.5×108 and 1.0×108 Pa, re-
spectively. Similarly, the plagioclase in the groundmass is estim-
ated to have crystallized at shallower depths, within the upper
crust or on the seabed. The pressure of the groundmass is also
assumed to be 0.5×108 Pa according to Chen et al. (2002). Based
on the assumptions stated above, Eqs (1) and (2) were used to
calculate the crystallization temperatures of the plagioclase crys-
tals:

lnλ
σ

+.× φ
T

= .×−T−.,
(
PH2O = .×  Pa

)
,
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lnλ
σ

+.× φ
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)
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λ σ

φ
where =(XNaXSi/XCaXAl) is for the groundmass, =(XAbγAb/
XAnγAn) is for the plagioclase, and =(XCa+XAl–XSi–XNa) is for the
groundmass. X represents the mole fraction of the component.
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Fig.  2.     Photographs  and  representative  photomicrographs
(cross–polarized) of the PUB from the SWIR. a. Hand specimens
of the sample; b. enhedral to subhedral plagioclase phenocrysts
with melt inclusions; and c suhedral. lath–like plagioclase and
subordinate,  anhedral  olive.  Pl:  plagioclase,  Ol:  olivine,  MI:
melt–melt inclusion.
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Although the groundmass is microcrystalline and lacks glass,
Lange et al. (2013) demonstrated that PUB hosted glasses have
the same range of compositions as aphyric lavas from the same
segment. Therefore, in the calculation process, we use the aver-
age whole–rock compositions of the aphyric basalts from the
same segment, which were reported by Yang et al. (2014), as an
approximate proxy for the groundmass.

According to the plagioclase geothermometer described
above, the crystallization temperatures of the phenocryst cores
and rims are (1 273±18)°C and (1 099±10)°C, respectively. From
the core to the rim of the phenocryst, the crystallization temper-
ature decreases by about 200°C. The crystallization temperatures
of the microphenocrysts and microlites in the groundmass range
from 1 063°C to 1 087°C (average = 1 072°C), which is similar to
the crystallization temperature of the phenocryst rims (Table 1).

In previous studies, the crystallization temperatures of
high–An (An≥70%) plagioclase phenocrysts, which were estim-
ated from the entrapment temperature of melt inclusions in
samples from ultraslow spreading ridges, were found to range
from 1 230°C to 1 260°C (Nielsen et al., 1995; Drignon et al., 2019).
Whereas the minimum estimation of the crystallization temper-
ature of low An (An<70%) plagioclase is 1 100°C (Yang et al.,
2019). The crystallization temperatures in our study are consist-
ent with these results, which suggests that our calculated results
are reasonable and the plagioclases thermometer by Kudo and
Weill (1970) can be used to calculate the crystallization temperat-
ures of plagioclase phenocrysts from MORBs beneath ultraslow
ridges.

5.2  Plagioclase–melt equilibrium

5.2.1  Major elements
In plagioclase, the diffusion rates of major elements, such as

the NaSi–CaAl exchange, are extremely slow (Grove et al., 1984).
The geochemical zoning of the crystals likely reflects the mag-

matic conditions, and thus, it can be used to investigate the likeli-
hood of plagioclase–melt equilibrium. Previous experiments
have demonstrated that the partition coefficient of Ca/Na
(KCa/Na) between plagioclase and melt mainly positively depends
on the water content of the magma (Sisson and Grove, 1993;
Martel et al., 2006). For basaltic magmas from mid-ocean ridges,
when the magmatic water content is 3%, KCa/Na is typically ~1 for
mid to upper lithospheric pressures (<10×108 Pa) (Sisson and
Grove, 1993). The magmatic water contents of the SWIR lavas are
close to the global average value for the upper mantle (0.3%–
0.4%) (Robinson et al., 2001), which indicates that their KCa/Na

value is less than 1.
In addition to the KCa/Na value, a representative melt compos-

ition is required to assess the equilibrium composition of the pla-
gioclase phenocrysts. The groundmass of these rocks is micro-
crystalline and lacks glass, so it represents the final melt. Thus, as
was discussed above, the average whole–rock composition of the
aphyric basalts from the same segment is representative of the
groundmass composition. The reported composition of the
basalts and glass from this ridge segment do not vary signific-
antly, with molar Ca/Na values ranging from 2.11 to 2.68 (Yang et
al., 2014; Bézos and Humler, 2005). The molar Ca/Na values of
the plagioclase phenocrysts in equilibrium with the melt are con-
sistently≤2.68 (Fig. 5). The molar Ca/Na values of the plagio-
clase rims and groundmass range from 1.42 to 2.47, which is in
equilibrium with the melt (Fig. 5). However, the compositions of
the plagioclase cores (Ca/Na = 3 to 4) are higher than the upper
limit of the equilibrium melt (Ca/Na = 2.68) (Fig. 5). In addition,
the crystallization temperatures of the plagioclase cores (average
of 1 273°C) are close to the experimental melting point of basaltic
magma (~1 300°C) and the estimated upper mantle potential
temperature of the SWIR lavas (~1 280°C) (Kamenetsky et al.,
2000; Robinson et al., 2001). Therefore, the plagioclase cores are
unlikely to have formed in the host magma. Instead, they are
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Fig. 3.   Back-scattered-electron (BSE) images of the different types of plagioclase in the PUB. a. Type 1 plagioclase phenocryst; b. Type
2 plagioclase phenocryst; c. Type 3 plagioclase phenocryst; and d. plagioclase microphenocrysts. MI: melt inclusion.
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most likely xenocrysts, which crystallized from a more calcic
melt.

It is worth noting that compared with the plagioclase rims,
the plagioclase phenocrysts in the groundmass have lower Ca/Na
ratios (<2). Their more sodic compositions are most likely due to

decreasing magmatic water contents caused by the fact that the
KCa/Na between the plagioclase and the melt decreases as of the
water content of the magma increases (Martel and Schmidt,

Table 1.   Representative microprobe data for the plagioclase from the SWIR of this study

Element

Phenocrystal Groundmass1)

Type I Type II Type III
Pl-m Pl-g

Core Rim Core Rim Core Rim

SiO2 48.25 51.42 50.73 52.24 48.80 51.74 53.70 54.69

TiO2 0.06 0.10 0.05 0.00 0.00 0.11 0.08 0.17

Al2O3 31.49 30.03 30.28 29.61 31.70 29.81 28.41 26.72

FeO 0.29 0.40 0.50 0.54 0.38 0.62 0.58 1.41

MnO 0.04 0.00 0.04 0.00 0.00 0.00 0.00 0.00

MgO 0.15 0.19 0.24 0.18 0.20 0.20 0.18 0.37

CaO 16.80 14.52 14.94 14.01 16.29 14.13 12.77 11.92

Na2O 1.99 3.25 2.92 3.42 2.21 3.22 4.15 4.64

K2O 0.01 0.02 0.01 0.03 0.01 0.02 0.04 0.06

P2O5 0.01 0.03 0.00 0.02 0.01 0.00 0.01 0.05

Total 99.08 99.95 99.71 100.04 99.59 99.86 99.92 100.02

Calculated atoms based on 24 oxygens

Si 6.704 7.031 6.962 7.127 6.736 7.072 7.311 7.457

Ti 0.006 0.010 0.005 0.000 0.000 0.011 0.008 0.017

Al 5.157 4.840 4.899 4.761 5.157 4.803 4.559 4.294

Fe 0.034 0.046 0.057 0.062 0.043 0.071 0.066 0.161

Mn 0.005 0.000 0.004 0.000 0.000 0.000 0.000 0.000

Mg 0.031 0.039 0.049 0.036 0.041 0.041 0.037 0.074

Ca 2.501 2.127 2.198 2.047 2.409 2.070 1.863 1.742

Na 0.536 0.862 0.776 0.905 0.591 0.852 1.096 1.225

K 0.002 0.003 0.002 0.005 0.001 0.003 0.007 0.011

P 0.002 0.003 0.000 0.002 0.001 0.000 0.001 0.005

Total 14.977 14.961 14.953 14.945 14.980 14.924 14.947 14.987

An 0.82 0.71 0.74 0.69 0.80 0.71 0.63 0.58

Ab 0.18 0.29 0.26 0.31 0.20 0.29 0.37 0.41

Or 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01

FeO/MgO 1.91 2.12 2.08 3.04 1.90 3.06 3.16 3.87

Ca/Na 4.67 2.47 2.83 2.26 4.07 2.43 1.70 1.42

T/°C2) 1 296 1 108 1 237 1 098 1 280 1 129 1 063 1 042

         Note: 1) Pl-m and Pl-g represent plagioclase microphenocrysts and microlites in groundmass, respectively; 2) crystallization temperature is
calculated according to Kudo and Weill (1983).
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Fig. 4.   Or–Ab–An classification diagram of plagioclase.
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Fig. 5.   Ca/Na molecular ratio of the plagioclase compared with
that  of  the  melt.  The  melt  represents  the  range  of  glass  and
whole-rock compositions, the data are obtained from Yang et al.
(2014) and Bézos and Humler (2005). The K  values and water
contents are from Martel et al. (2006). Equilibrium between the
plagioclase and melts is possible in the shaded area.
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2003). Water is lost during the late-stage of magma ascent
through the conduit due to ascent–driven decompression of the
water-saturated magma. Thus, the compositional variations can
be explained by the variations in the magmatic water content.

5.2.2  Mg and Fe contents of the plagioclase
The MgO zoning patterns of the plagioclase phenocrysts have

the potential to record the magmatic composition because the
Mg contents of the plagioclase phenocrysts reflect the composi-
tion of the host melt (Ginibre et al., 2002). Although it is difficult
to accurately estimate the Mg partition coefficient (KMg) between
plagioclase and melt, empirical studies have suggested an Arrhe-
nius-like relationship of decreasing KMg with increasing XAn

(Bindeman et al., 1998). To investigate the equilibrium relation-
ship between the SWIR plagioclase and the host magma, we es-
timated the KMg based on this empirical relationship, which is of-
ten used to determine whether plagioclase phenocrysts are in
equilibrium with the melt in magmatic systems (Bindeman et al.,
1998; Coote and Shane, 2016). The majority of the plagioclase
phenocrysts analyzed in this study are more enriched in MgO
than the modeled melt compositions for a crystallization temper-
ature of ~1 099°C, which is based on the plagioclase geothermo-
meter described above (Fig. 6a). This implies that the plagioclase
in the PUBs analyzed in this study could not have crystallized
from the basaltic host melt (MgO of 6.38%–8.87% (wt), average of
7.77% (wt)) and would require a more mafic melt (MgO of up to
14% (wt)). This agrees with the major element modeling (Ca/Na)
of the plagioclase cores, but does not agree with the equilibrium
between the rims and the melt suggested by the Ca/Na ratios
(Fig. 5).

The rimward increase in Mg and decrease in An appear to be
similar to the trends described in previous diffusion studies
(Costa et al., 2003; Moore et al., 2014). When minerals crystallize
due to large degrees of undercooling and the diffusion in the melt
cannot keep pace with the crystal formation, it is possible for
late–stage rapid disequilibrium crystallization to produce a
boundary layer melt enriched in incompatible (Fe, Mg) elements
(Ginibre et al., 2002; Coote et al., 2018). This could explain the el-
evated MgO contents of the plagioclase rims and the ground-
mass plagioclase relative to the equilibrium values (Fig. 6a). The
internal disequilibrium in the MgO contents can be explained by

the mixing of primitive (MgO=14% (wt)) and more evolved mag-
mas (MgO=7.77%(wt)).

Additionally, in plagioclase, the post–crystallization diffusion
of Fe is slower than that of Mg (Costa et al., 2003). Thus, the
highest FeO/MgO ratios occur in the outermost parts of the rims
and in the groundmass plagioclase (Fig. 6b) due to the fact that
FeO diffuses into the plagioclase more slowly than MgO, and
thus, more FeO accumulates in the boundary layer during a short
residence time. However, it is worth noting that since the FeO
content of the plagioclase depends on both the melt composi-
tion and the oxygen fugacity, it is difficult to assess the plagio-
clase–melt equilibrium using only the FeO content (Coote et al.,
2018). Therefore, disequilibrium diffusion within a short time
period can result in elevated Mg contents compared with the
equilibrium values and the highest FeO/MgO ratios occurring in
the plagioclase rims (Coote and Shane, 2016; Moore et al., 2014).
Whereas the discrepancies in the plagioclase–melt equilibrium
inferred from the major elements (Ca/Na) and the Mg contents
are likely an artifact of disequilibrium diffusion (Coote and
Shane, 2016).

5.3  Implications for the SWIR magma system
In the SWIR, the crystallization temperature and composition

of the plagioclase cores are distinctly different from those of the
rims (Table 1), which indicates that the plagioclase cores and
rims have different thermal histories.

The plagioclase cores are usually uniform and exhibit oscillat-
ory zoning. The oscillatory zoning results in small-scale composi-
tional variations, which suggests a regime of near–constant in-
tensive parameters (pressure, temperature) (Landi et al., 2004;
Shcherbakov et al., 2011). These characteristics suggest the cores
crystallized from a stable environment and do not have complex
crystallization histories. Besides, the presence of cores in plagio-
clase that are too primitive to be in equilibrium with the host
magma indicates that they crystallized from a more primitive re-
gion in the plumbing system and were picked up by a more
evolved melt later. Thus, we propose that the plagioclase cores
grew in a stable mush zone where the temperature was high and
constant, and were later entrained into a more evolved melt.

The thin plagioclase rims (normally < 150 μm) have lower
crystallization temperatures and lower An values than the cores,
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Fig. 6.   Compositional plots of An versus MgO (a) and FeO/MgO (b) for the plagioclase. The curves represent plagioclase equilibrium
compositions based on the KMg  values from Bindeman et al. (1998) and a temperature of 1 099℃  obtained from the plagioclase
geothermometer. The average crystallization temperature of the phenocryst rims is 1 099°C. The following melt parameters were used:
(1) MgO=14%, the upper limit of the MgO content of the matrix melt according to a simulation based on the model of Bindeman et al.
(1998); (2) MgO=7.77%, the average whole-rock composition of the aphyric basalts in the same segment from the literature, which is
representative of the matrix.
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and their major elements (Ca/Na) are in equilibrium with the
host magma. These characteristics demonstrate that they crystal-
lized from the host melt, which is more evolved than the magma
from which the cores crystalized. Similarly, the plagioclase mi-
crophenocrysts and microlites are also in equilibrium (Ca/Na)
values with the host magma, which suggests that they crystal-
lized from the host magma as well. Compared with fast to inter-
mediate spreading ridges, there are generally no stable magma
chambers and the volume of melt may be low under ultraslow
mid–ocean ridges (Dick et al., 2003). Thus, the transport of
magma into cooler regions of the reservoir would be expected to
result in abrupt, strong undercooling of the magma. Due to these
large degrees of rapid cooling, the plagioclase phenocrysts in
SWIR PUBs generally have thin rims. The plagioclase rims of the
phenocrysts exhibit major element (Fe, Mg) enrichment because
these elements cannot reach equilibrium when diffusing from
the host magma into the plagioclase phenocrysts. The MgO con-
tents of the outermost rims of the plagioclase can be used to cal-
culate the maximum time between the incorporation of the pla-
gioclase into the host melt and quenching on the seafloor (Costa
et al., 2003; Moore et al., 2014). We used Eq. (8) in Costa et al.
(2003) to determine the Mg diffusion coefficient of the plagio-
clase. The maximum residence time of the plagioclases in the
host melt was nearly 5–8 d. The close temporal relationship
between the evolved magma replenishment and the eruption
suggests that replenishment plays an important role in driving
the eruption, which has also been suggested for other MORB
eruptions on slow and intermediate ridges (Costa et al., 2010).
Overall, our favored model is that replenishment by an evolved
melt under the SWIR ridges (51°E) drives the eruption over a
short period of time.

6  Conclusions
(1) The plagioclase cores with high An values have higher

crystallization temperatures (1 273±18)°C than the rims
(1 099±10)°C. The range of crystallization temperatures for the
microphenocrysts and microlites in the groundmass is similar to
that of the phenocryst rims.

(2) The compositions of the plagioclase cores from the SWIR
indicate that they did not form in the host magma, but xeno-
crysts are crystallized from a more mafic melt composition.
Whereas the plagioclase rims and the microphenocrysts and mi-
crolites in the groundmass are in equilibrium with the host
basaltic melts.

(3) The disequilibrium MgO contents and the higher
FeO/MgO ratios of the rims of the plagioclase phenocrysts reflect
shorter magmatic residence time periods than would be result-
ing from equilibrium diffusion.

(4) An evolved melt replenished the magma under the SWIR
ridges (51°E), driving the eruption over a short period of time.
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