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| ABSTRACT |

The composition of melt inclusions in basalts erupted at mid-ocean ridges may be modified by post-entrapment
processes, so the present composition of melt inclusions may not represent their original composition at the time of
entrapment. By combining the melt inclusion composition in samples from the South Mid-Atlantic Ridge at 19°S
analyzed in this study, and from the Petrological Database, we found that post-entrapment crystallization processes
resulted in higher Ca/Al, Mg#[100xatomic Mg*/(Mg>*+Fe?*)], MgO and FeO contents, and lower CaO and Al,O,
contents of plagioclase-hosted melt inclusions relative to those hosted in olivine. In addition, melt inclusions
hosted in plagioclase with anorthite content larger than 80mol.% had been modified more readily than others. By
discussing the relationships between Ca/Al and fractional crystallization, post-entrapment crystallization, and the
original melt composition, we propose that Ca/Al can be regarded as an indicator of the effect of post-entrapment
processes on melt inclusion composition. Specifically, i) when Ca/Al<0.78, melt inclusion compositions corrected
for fractional crystallization to Mg#=72 can represent the primary magma at mid-ocean ridges; ii) when 0.78<Ca/
Al<1.0, melt inclusions are mainly modified by post-entrapment crystallization effects, and can reveal the original
melt composition after correcting for these effects; iii) when Ca/Al>1.0, the compositions of melt inclusions do
not reflect the original melt composition nor preserve information about the mantle source. According to these
criteria, plagioclase-hosted melt inclusions with Ca/Al>1.0 in basalts from the South Mid-Atlantic Ridge at19°S
cannot represent the composition of the melt at the moment of their entrapment.

KEYWORDS | Melt inclusions. Plagioclase. Ca/Al. Post-entrapment crystallization. South Mid-Atlantic Ridge 19°S.
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INTRODUCTION

Many previous studies on melt inclusions in Anorthite
(An)-rich plagioclase in Mid-Ocean Ridge Basalt (MORB)
samples focused on the nature of primitive MORB melts,
and their interaction with residual mantle and crystal-rich
cumulates (Dungan and Rhodes, 1978; Sinton et al., 1993;
Nielsen et al., 1995; Kamenetsky et al., 1998; Shimizu,
1998; Sours-Page et al., 1999, 2002; Hansen and Gronvold,
2000; Lund, 2003; Danyushevsky et al., 2003, 2004;
Laubier et al., 2007; Font et al., 2007). The composition
of these melt inclusions has generally larger uncertainties
than that of bulk rock powder or basaltic glass, in terms
of what it truly represents (Kent, 2008). The effects of
chemical fractionation in the evolving host magma (Faure
and Schiano, 2005; Baker, 2008), of Post-Entrapment
Crystallization (PEC) (Danyushevsky et al., 2000) and of
melt inclusions’ re-equilibration with the host crystal and/
or external melt (Qin et al., 1992; Danyushevsky et al.,
2000; Gaetani and Watson, 2000; Cottrell et al., 2002;
Spandler et al., 2007; Portnyagin et al., 2008; Neave et al.,
2013, 2014) on the melt inclusions composition may imply
that the latter does not always represent the composition of
the melt at the time of its entrapment.

Plagioclase phenocrysts may contain large numbers
of melt inclusions, which may provide some important
information on magmatic processes, for the diversity
of compositions occurring in MORB magma systems.
However, there is still debate on the ability of plagioclase
to preserve the original composition of parent magmas
(Cottrell et al., 2002; Danyushevsky et al., 2002). In
addition, after being trapped, the composition of melt
inclusions may be controlled by the composition of the
host phenocryst during the PEC process (Tait, 1992).
Therefore, the direct application of our understanding
of macro-scale magmatic processes to the interpretation
of melt inclusion data may result in some erroneous
conclusions (Danyushevsky, 2002; Baker, 2008).

Post-entrapment processes in plagioclase-hosted melt
inclusions can be identified and reversed through laboratory
heating or numerical treatments which rely on too many
assumptions (Hartley and Thordarson, 2013; Hartley et
al., 2013; Neave et al., 2015). In a pioneer work by Font
et al. (2007) aimed at revealing the original composition,
the Ca/Al in all plagioclase-hosted melt inclusions was less
than 1.0. This feature suggests that only the composition
of melt inclusions with Ca/Al<1.0 has petrological
significance. This attractive peculiarity, however, has not
received much attention yet. This study aims at developing
a new method for effectively identifying the melt inclusion
composition modified by PEC or other more complex
processes, avoiding complex and empirical composition
restoring processes. We analyzed plagioclase-hosted melt
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inclusions in MORB samples from the South Mid-Atlantic
Ridge at 19°S area (SMAR19°S), and combined the results
with the composition of plagioclase- and olivine-hosted
melt inclusions taken from the Petrological Database
(PetDB, Lehnert et al., 2000) to demonstrate that Ca/Al is
an effective indicator to assess melt inclusion composition
at the time of entrapment.

SAMPLES AND METHODS

The SMAR19°S segment is located southwest of the
Saint Helena volcanic arc and offset by the Martin Vaz
transform (Fig.1), and characterized by a half-spreading
rate of about 17.9mm/year (De Mets et al., 1994). During
the China Ocean Survey (COS) Expedition n°. 22, MORB
samples were collected at various sites located from
19.34°S to 19.57°S in the South Mid-Atlantic Ridge. The
plagioclase phenocrysts in these basalts contain abundant
~20 to ~50um-sized melt inclusions round or elliptical in
shape.

Major element analyses of melt inclusions and host
plagioclase phenocrysts were obtained by Electron-Probe
Micro-Analysis (EPMA) (model: SHIMADZU EPMA-
1600, made in Japan) at the State Key Laboratory of Ore
Deposit Geochemistry of the Institute of Geochemistry,
Chinese Academy of Sciences. The analytical method for
determining the major oxide content of melt inclusions and
plagioclase phenocrysts was as follows. First, a plagioclase
phenocryst (size>0.2cm) containing a number of inclusions
was polished to expose the inclusions at an arbitrary level
(Danyushevsky et al., 2004). Second, homogeneous melt
inclusions (size>20um) were analyzed with BackScattered
Electron (BSE) images. The spatial resolution of the
basaltic glass analyses was from <10 to ~20um. Elements
typically present in low abundances (e.g., Cr, Mn, Ni, K,
P, CL, S, F) were difficult to measure precisely, being the
analytical uncertainties on the order of 10 to +~50%. In
order to obtain more accurate data, melt inclusions and
plagioclases were analysed with an accelerating voltage
of 25kV, a beam current of 10nA and a spot size of Sum
to minimize Na mobilization. Counting times were as
follows: 20s for major oxides in glass and crystals, except
for Ti that was counted for 60s, and Na that was counted for
10s. Calibration standards were as follows: jadeite for Na,
periclase for Mg, Si glass for Si, K-feldspar for K, rutile for
Ti, fayalite for Fe, corundum for Al, apatite for P, and pure
metals for Cr, Mn and Ni. Repeated analyses of internal
standards, e.g., olivine, clinopyroxene and anorthite
(GB/T 145075-94), indicate that major oxides (>1.0wt.%)
and anorthite plagioclase content [An= 100xatomic Ca/
(Ca+Na+K)] were determined with a precision of lo=
+0.5wt.% and 10= +0.5mol.%, respectively. In this study a
comparison between host plagioclase crystal’s composition
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FIGURE 1. Up: Location (red star) of the study area in the South Mid-Atlantic Ridge; Down: multi-beam image of the South Mid-Atlantic Ridge at
19°S and sampling sites (red caps).
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TABLE 1. Major element composition of plagioclase-hosted melt inclusions in SMAR19°S MORB (wt. %)

An indicator for post-entrapment process in melt inclusions

Sample MI1 MI2 MI3 Mi4 MI5 MI6 MI7 MI8 MI9 MI10 MI11 MI12
PI12 PI13 P14 PI11 P14 PI9 PI5 PI13 P14 PI10 PI7 Pl4
SiO, 51,38 50,66 50,94 50,95 47,63 50,20 50,51 49,06 50,05 51,13 48,36 48,56
TiO, 0,92 0,92 1,02 0,73 2,51 0,94 0,80 1,10 0,73 0,70 2,26 2,20
AlLO, 7.14 5,82 6,40 7,10 6,38 6,93 5,83 573 6,82 9,06 476 6,28
FeO 14,57 14,81 14,46 13,37 16,07 13,38 14,10 14,15 13,87 12,88 15,95 14,23
MgO 13,71 14,53 14,09 14,96 13,68 14,28 15,01 14,98 14,35 13,43 16,54 15,30
MnO 0,26 0,29 0,25 0,23 0,30 0,25 0,28 0,24 0,25 0,21 0,28 0,25
Ca0 10,77 10,79 10,95 11,43 10,87 11,46 11,49 12,05 11,53 11,50 11,70 11,20
Na,O 0,71 0,44 0,35 0,43 0,96 0,67 0,46 0,46 0,34 1,20 0,37 0,62
K,0 0,10 0,12 0,12 0,09 0,11 0,98 0,09 0,05 0,11 0,06 0,09 0,09
Cr,0, 0,10 0,11 0,11 0,11 0,05 0,09 0,12 0,15 0,10 0,19 0,13 0,08
NiO - 0,01 - 0,01 0,03 0,01 0,02 0,02 0,01 0,01 0,01 -
Total 99,66 98,50 98,69 99,41 98,59 99,19 98,71 97,99 98,16 100,37 100,45 98,81
Ca/Al' 1,51 1,85 1,71 1,61 1,70 1,65 1,97 2,10 1,69 1,27 2,46 1,78
Mg 0,65 0,66 0,66 0,69 0,63 0,68 0,68 0,68 0,67 0,67 0,67 0,68
Cay,/Al;, 1,25 1,53 1,42 1,44 1,35 1,44 1,71 1,83 1,46 1,11 2,09 1,56
T tiauigusy(°C)° 1330 1351 1340 1362 1329 1345 1363 1363 1346 1323 1403 1371
' CaO(Wt.%)/Al,05(Wt.%) ; 2 atomic Mg/(Mg+Fe?*) ; 3 1026en"-01894Ma0WL %I ocyNjy, 2005) ; - : Below detection limit
Sample MI13 MI14 MI15 MI16 MI17 MI18 MI19 MI20 MI21 MI22 MI23 MI24
PI13 PI7 PI15 PI8 PI5 PI13 Pl4 PI2 PI21 PI6 PI23 Pl4
Sio, 49,00 47,12 50,95 49,91 47,50 48,15 49,21 48,65 47,19 49,64 49,31 50,71
TiO, 2,33 2,35 1,04 1,17 1,84 1,79 1,64 1,75 1,97 1,55 1,69 2,05
Al,Os 5,12 4,61 10,80 9,70 5,64 6,13 6,15 6,21 5,59 7,87 5,74 6,76
FeO 15,97 14,77 12,94 14,69 15,14 14,43 15,92 14,92 15,93 15,03 16,43 14,97
MgO 13,64 17,26 11,41 11,37 15,02 15,79 14,10 15,85 15,65 11,83 12,18 13,57
MnO 0,30 0,30 0,26 0,28 0,30 0,27 0,26 0,30 0,31 0,31 0,29 0,24
Ca0 11,86 11,13 10,94 10,54 11,76 11,45 10,61 11,81 11,32 11,37 11,42 11,92
Na,O 0,61 0,55 1,28 1,19 0,37 0,36 0,46 0,54 0,54 0,50 0,69 0,43
K,0 0,15 0,10 0,10 0,14 0,05 0,08 0,12 0,05 0,06 0,13 0,13 0,08
Cr,0, 0,17 0,13 0,06 0,07 0,28 0,12 0,17 0,22 0,10 0,14 0,12 0,07
NiO - - 0,01 0,03 0,02 0,05 0,01 - 0,02 0,03 0,02 -
Total 99,15 98,32 99,79 99,09 97,92 98,62 98,65 100,30 98,68 98,40 98,02 100,80
ca/Al' 2,32 2,41 1,01 1,09 2,09 1,87 1,73 1,90 2,03 1,44 1,99 1,76
Mg 0,63 0,70 0,64 0,61 0,66 0,68 0,64 0,68 0,66 0,61 0,59 0,64
CarylAlz, 1,80 2,22 0,85 0,89 1,75 1,65 1,38 1,66 1,68 1,16 1,50 1,45
Tliuiausi(°C)° 1328 1423 1273 1273 1364 1384 1340 1385 1380 1284 1292 1327
1 CaO(Wt.%)/Al,05(Wt.%) ; 2atomic Mg/(Mg+Fe?*) ; 3 1026eA01894MaOWL%I o0y Njy, 2005) ; - : Below detection limit
TABLE 2. Major element composition of host plagioclases in SMAR19°S MORB (wt. %)
Host. PI1 PI2 PI3 Pl4 PI5 PI6 PI7 PI8 PI9 PI10 PI11 PI12 PI13 Pl14 PI15
SiO, 47,96 47,52 53,50 46,51 46,38 48,85 47,77 46,36 47,45 48,13 46,64 46,24 45,84 45,44 45,04
TiO, 0,03 0,03 - 0,03 0,02 0,04 0,07 0,02 0,02 0,03 0,04 0,04 0,04 0,04 0,04
AlL,O3 33,42 33,60 22,81 33,62 33,83 32,03 33,03 34,23 33,49 32,67 34,20 34,52 34,84 35,17 35,49
FeO 0,34 0,32 0,32 0,33 0,64 0,42 0,41 0,39 0,37 0,36 0,32 0,42 0,37 0,33 0,35
MgO 0,21 0,17 0,36 0,22 0,25 0,23 0,24 0,25 0,30 0,27 0,28 0,28 0,29 0,30 0,30
MnO 0,01 0,01 0,01 0,02 0,01 - - - 0,01 - 0,01 0,01 - 0,01
CaO 17,02 17,31 21,69 17,83 17,54 17,44 17,68 17,65 17,39 17,51 17,56 17,61 17,66 17,71 17,77
Na,O 1,97 1,65 1,65 1,72 1,60 1,86 1,27 1,95 1,74 1,90 1,81 1,85 1,69 1,73 1,77
K0 0,01 0,01 0,02 0,03 0,04 0,01 0,01 0,01 0,02 0,02 0,01 0,01 0,03 0,02 0,01
Cr05 - - 0,02 0,01 0,01 0,03 - 0,01 0,01 - - 0,01 0,01 - 0,02
NiO - 0,01 0,01 - 0,01 - 0,01 0,00 0,01 - - 0,01 0,01 - -
Total 100,96 100,63 100,39 100,31 100,34 100,92 100,49 100,87 100,80 100,90 100,86 101,00 100,79 100,74 100,80
An' 81,2 84 86,8 83,8 84,6 82,4 87,4 81,9 83,3 82,2 82,9 82,6 83,9 83,7 83,4
"100xatomic Ca/ (Ca + Na + K); -: Below detection limit
Geologica Acta, 14(1), 1-12 (2016) | 4|
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and melt inclusions’ composition has been carried out to
evaluate their potential relationships.

RESULTS

The major oxide data of representative melt inclusions
and plagioclase hosts from SMAR19°S are given in Table 1
and 2, respectively. The composition of melt inclusions are
characterized by variable MgO content (17.26—11.37wt.%)
with Mg#[ 100xatomic Mg*/(Mg*+Fe?*)] ranging from 68
to 57; Al,O, and CaO content from 4.61 to 9.7wt.%, and
from 10.54 to 12.05wt.%, respectively, with a Ca/Al ratio
of 1.0 to 2.5 (Table 1). Ca/Al and Ca/Na in plagioclase-
hosted melt inclusions are positively correlated with MgO
(Fig.2, gray arrows), showing that melt composition might
be modified by PEC. All the analytical data, including
those investigated from SMARI19°S, those taken from
the PetDB, as well as those from other literature sources
were normalized to 100wt.% before plotting. In the host
plagioclase crystals, the range of An is 87.4-81.2mol.%
with an average value of 83 (Table 2).

In addition, we selected major oxide compositions
of 162 plagioclase-hosted and 70 olivine-hosted melt
inclusions from the PetDB, based on the selection criteria of
Spreading center — Basalt — Plagioclase/Olivine — Melt
inclusion — Unheated in sequence. Data were downloaded
from PetDB on 12 June 2014. The compiled data show that
plagioclase-hosted melt inclusions have lower CaO and
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FIGURE 2. MgO versus A) Ca/Al and B) Ca/Na in the plagioclase-hosted
melt inclusions from SMAR19°S. Gray arrows broadly represent the
correlations.

Al,0O;, higher MgO and FeO, higher Ca/Al, and higher
Mg# than olivine-hosted melt inclusions (Fig.3). It can be
inferred that besides magma evolution, some modification
processes have occurred in the plagioclase-hosted melt
inclusions increasing their Ca/Al and Mg# up to 1.5 and
>75, respectively. For example during the plagioclase
PEC process, the decrease of CaO and Al,O, stimulates an
increase of MgO and FeO in the plagioclase-hosted melt
inclusions (Nielsen et al., 1995; Nielsen, 2011).

In the plagioclase-hosted melt inclusions from the
South-West Indian Ridge (SWIR, data taken from the
PetDB) and SMAR19°S, Al,O; is negatively correlated
with MgO. This correlation is different from the MORB
liquid lines of descent LLD (Fig. 4A, black solid line),
but the same as the plagioclase PEC path (Fig. 4A, gray
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FIGURE 3. Comparison of CaO, Al,O5;, MgO, FeO, Ca/Al, and Mg# between olivine (N= 70) and plagioclase-hosted (N= 162) melt inclusions. Data
were taken from the PetDB (Lehnert et al., 2000).
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path (gray arrows), a hypothetical near-primary melt composition (white stars), and MORB Liguid Lines of Descent (LLD) (black solid lines) are shown

for comparison (after Neave et al., 2015).

arrow). On the other hand, the negative correlation between
Al,O; and FeO is consistent with not only the MORB LLD
(Fig.4B, black solid line), but also the plagioclase PEC
path (Namur et al., 2011; Neave et al., 2015) (Fig. 4B,
gray arrow). This implies that the plagioclase-hosted melt
inclusions from the MORB may experience composition
modification processes (e.g., PEC). As such this provides
an opportunity to find a parameter with wide applicability
to assess the composition or modification processes of
plagioclase-hosted melt inclusions.

DISCUSSION
Fractional crystallization-Ca/Al relationships

Melting cessation beneath ocean ridges may be caused
by the increased heat of fusion of residual solid as a result
of progressive depletion (Niu and Batiza, 1991), and the
effect of pressure-induced solid—solid phase transitions on
suppressing melting (Asimow et al., 1995). In addition,
conductive cooling and spreading rate are also considered
important factors to determine the final extent of melting
(Shen and Forsyth, 1995; Niu and Batiza, 1997). However,
the partial melts enter the period of fractional crystallization
in the Cold Thermal Boundary Layer (CTBL) after melting
cessation.

MORBs are anhydrous melts derived from a mantle
source region depleted in incompatible elements and
volatile components (Niu et al., 1999, 2002). The path of
cumulates in anhydrous MORB melt fractionation follows
the order of Ol (dunite) — OIl+PI (troctolite) — Ol+PI+Cpx
(gabbro) (Yoder, 1965; Gaetani, 1993; Niu and Batiza,
1997; Niu et al., 1999, 2002, 2008) (Fig. 5). The effect
of dunite crystallization on Ca/Al ratio is insignificant.

Geologica Acta, 14(1), 1-12 (2016)
DOI: 10.1344/GeologicaActa2016.14.1.1

CaO increases with decreasing MgO during troctolite
crystallization and decreases during gabbro crystallization
(Fig. 5, green solid line). The Al,O; content decreases with
increasing extent of magma evolution during troctolite and
gabbro crystallization (Fig. 5, blue solid line). Then, the
Ca/Al of melt increases during troctolite crystallization
(a very short window in terms of temperature, only
about 40°C or less), and reaches a maximum value of
~0.85. Subsequently, the Ca/Al ratio of melt gradually
decreases during gabbro crystallization (Fig. 5, red solid
line). Therefore, the Ca/Al should not rise above 0.85 at
any point during the crystallization of anhydrous MORB

Decreasing MgO and temperature
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FIGURE 5. Liquid Lines of Descent (LLD) illustrated by Al,O5;, CaO and
Ca/Al in anhydrous mid-ocean ridge basalt melts (after Niu, 2005;
Niu and O'Hara, 2008). The gray vertical continuous line represents
the critical point of gabbro/hyperite crystallization at MgO= 8wt.%.
The gray horizontal continuous line represents the maximum value of
Ca/Al (<0.85) during fractional crystallization processes.
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melts. As all melt inclusions in SMAR19°S have Ca/Al
above 1.0, their compositions must have been modified
by post-entrapment processes. The same must be true
for many plagioclase-hosted melt inclusions from other
MORB samples.

Crystal-melt relationships

During troctolite crystallization (MgO>8wt.%) Ca/
Al of residual melt increases with the magma evolution,
meaning that high-An plagioclase phenocrysts should
entrap melt inclusions with lower Ca/Al. However, by
selecting plagioclase-hosted melt inclusions (MIs) with
MgO>8wt.% to satisfy the condition that they were
entrapped during troctolite crystallization, their Ca/Al is
positively correlated with An content (Fig. 6). In order
to explain that, let us consider that during the PEC, the
host plagioclase absorbs Al and Ca from the melt on
the melt inclusion walls. Although the quantity of CaO
and Al,O; absorbed in the post-entrapment plagioclase
crystallization is not remarkable, the Ca/Al in the melt
inclusions will change significantly because of their tiny
volume (Sobolev and Shimizu, 1993; Sobolev et al.,
2000; Danyushevsky et al., 2003, 2004). Considering
the molecular formula of anorthite (Ca[Al,Si,04])
and albite (Na[AlSi;Og4]), PEC of melt inclusions in
host high-An plagioclase crystals should show greater
depletion in Al,O; (Nielsen, 2011). In addition, because
of the different partition coefficients between CaO and
ALO; in plagioclase (K,e>KM¢) (Nielsen er al.,
1995), host high-An plagioclase phenocrysts will absorb
more Al,O; from melt inclusions which will make melt
inclusions more depleted in Al,O;, so it will potentially
lead melt inclusions to have a higher Ca/Al ratio. The
black dashed line area in Figure 6 highlights that for
SMAR19°S plagioclases with An>80, the trend line is
very steep (red dashed line with k= 0.21 and R?=0.89).
From these relationships it can be inferred that host
high-An plagioclase crystals can change the composition
of entrapped melt inclusions much easier than host
plagioclase crystals with low An content.

PEC-Ca/Al relationships

According to the sample locations, we have divided the
melt inclusions studied by Font ez al. (2007) into 4 different
groups (DR16, DR27, DR28, DR75). Their compositional
features are compared to those of SMARI19°S melt
inclusions in the binary diagrams of Figure 7. We find that:
i) for melt inclusions with Ca/Al<1.0, MgO is positively
correlated with FeO (R%>0.90) (Fig. 7A),and negatively
correlated with Al,O; (R?>>0.88) (Fig. 7B); ii) for melt
inclusions with Ca/Al>1.0, like those from SMAR19°S and
the group DR75, the positive correlation between MgO
and FeO disappears (R?=0.002) (Fig. 7A), and the negative
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FIGURE 6. Correlation between An value of host plagioclase and Ca/
Al of melt inclusions with MgO>8wt.%, entrapped during troctolite
crystallization. Continuous lines represent the calculated trends.

correlation between MgO and Al,O; becomes weaker
(R%<0.5) (Fig. 7B). The FeO content is also particularly
sensitive to PEC in plagioclase-hosted melt inclusions
(Neave et al., 2015). These relationships demonstrate that
the composition of melt inclusions with Ca/Al<1.0 was
modified by the PEC process. In contrast, for plagioclase-
hosted melt inclusions with Ca/Al>1.0, Al,O; decreases
with increasing MgO, whereas FeO remains substantially
unchanged (Fig. 7). This indicates that these melt
inclusions were not affected by PEC process, but rather by
Al O, depletion processes (e.g., a boundary layer process)
(Kent, 2008).

The melt inclusion compositional data taken from
the PetDB and tested in this study show that: for
plagioclase-hosted melt inclusions with Ca/Al<1.0, at
increasing Ca/Al, the Al,O;and Na,O content decrease is
following trend lines with slope k=-7.0 (R?>=0.27) (Fig.
8A) and k=-6.8 (R?=0.8) (Fig. 8B), respectively, while
CaO content increases following a trend line with k=9.2
(R?=0.58) (Fig. 8C). This implies that when Ca/Al<1.0,
plagioclase crystallization is the most important post-
entrapment process (Namur ef al., 2011). In contrast,
when Ca/Al>1, at increasing Ca/Al, the Al,O;, Na,O
and CaO content decreases following a trend line with
k= -10.9 (R*=0.62) (Fig. 8A), k= -1.76 (R?=0.32) (Fig.
8B), and k= -2.69 (R?=0.06) (Fig. 8C), respectively.
Particularly, melt inclusions from SMARI19°S have
high Ca/Al, in the range of 1.0 to 2.4. At increasing
Ca/Al, their Na,O and CaO content is near-constant,
following trend lines with k=-0.50 (R?=0.43) and k=0.59
(R?=0.28), respectively (Fig. 8B, C), while the Al,O;
content decreases following a trend line with k= -3.8
and a very good correlation (R?>= 0.9) (Fig. 8A). These
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FIGURE 7. Plots summarizing the relationships of MgO against A) FeO and B) Al,O; in plagioclase-hosted melt inclusions. Continuous lines represent
the calculated trend lines in different sampling sites. DR16, DR 27, DR 28, DR 75 sample data were taken from Font et al. (2007).

characteristics indicate undoubtedly that melt inclusions
with Ca/Al>1 have been modified by some Al,O,
depletion process besides PEC. Because we were only
interested in whether the melt inclusions potentially have
the ability to reveal the melt composition at the time of
entrapment, more complex modification processes have
not been investigated further.

Original melt - Ca/Al relationships

A primary MORB melt with Mg#= 72 passing
through the Moho is in equilibrium with olivine with
=Foy, (Niu and O’Hara, 2008). On this basis, more
evolved MORB rocks and melt inclusions can be
corrected for fractionation to Mg#= 72. Melts corrected
to Mg#=72 thus reflect more faithfully mantle signatures
or processes. Considering the Mg#,, correction as the
inverse process of fractionation, it is certain that Ca,,/
Al,, should be less than the measured Ca/Al [(Ca/Al)/
(Cay,/Al;,)>1.0]. Mg#,, correction is applied only to melt
inclusion compositions with Mg#<72 and MgO>7wt.%.
(Ca/Al)/(Ca,,/Al,,) is controlled by Mg# in the correction
process (Niu and O’Hara, 2008).

We corrected plagioclase-hosted melt inclusion
compositions of Font et al. (2007) to Mg#=72 for
fractionation effects. The correction shows that melt
inclusions with Ca/Al<0.78, have Mg# and (Ca/Al)/
(Cay,/Al;,) less than 0.72 and greater than 1.0 (about
1.05~1.20), respectively (Fig. 9). This demonstrates that
the composition of melt inclusions with Ca/Al<0.78 is
consistent with magma evolution characteristics, and
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can be effectively corrected for fractionation effects to
Mg#=72. On the other hand, 88% of the melt inclusions
with Ca/Al>0.78 selected from the PetDB with
Mg#>72 cannot be corrected, and have (Ca/Al)/(Ca,,/
Al;,)<1.0. Conversely, melt inclusions with Mg#<72
and (Ca/Al)/(Ca,;,/Al;,)>1.0 are similar to those tested
in this study. Calculated liquidus temperatures for melt
inclusions from SMAR19°S are in the range of 1270°C
MgO=11.37Twt.%) to 1403°C (MgO=17.26wt.%)
(Fig.10, Table 1). This suggests temperatures of 1270—
1400°C for plagioclase fractional crystallization, which
are obviously higher than the temperature (<1250°C) for
phase equilibrium in plagioclase phenocrysts-bearing
anhydrous tholeiitic basalts (Sobolev et al., 1988). The
liquidus temperature is positively correlated with Ca/Al
(R?=0.55) (Fig.10), which suggests that melt inclusions
with higher Ca/Al will have a higher MgO, and may have
been modified to a greater extent (Fig. 10). Therefore,
the compositions of melt inclusions with Ca/AI>0.78
cannot be restored to their original composition by using
the Mg#,, correction.

As shown in Figure 9, there is an abrupt increase in
Mg# and Ca/Al when An is greater than 80. Despite that
the reason for this sharp increase remains unclear, our
study potentially demonstrates that Ca/Al is a reliable
indicator of whether or not melt inclusions in MORB
samples have been modified by PEC or other post-
entrapment processes: i) melt inclusions with Ca/Al<1
have been mostly modified by PEC; ii) those with Ca/
Al<0.78 can be restored to their original composition
when corrected by Mg#=72. However, it is noteworthy
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that Ca/Al cannot precisely indicate all modification
processes experienced by the melt inclusions, because
of the differences in source regions and magmatic
evolution. When the relationships between Al,O;, MgO,
FeO, Ca0O, Na,O, Mg# and Ca/Al are simultaneously
taken into account, Ca/Al can be regarded as a reliable
indicator of whether melt inclusions reflect the original
melt composition. Application of this indicator to other
case studies would be desirable in order to better assess
its reliability.

CONCLUSIONS

i) Post-entrapment crystallization of plagioclase-hosted
melt inclusions leads to negative correlations between
FeO, MgO and Al O;. Plagioclase-hosted melt inclusions
tend to have higher Ca/Al, Mg#, MgO, FeO content, and
lower CaO and Al,O; content than melt inclusions hosted
in olivine.

ii) Ca/Al is a diagnostic indicator of whether or not
plagioclase-hosted melt inclusions can represent the
original melt composition. When Ca/Al<0.78, the melt
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inclusions corrected for fractionation effects to Mg#=72
can represent the primary melt. When 0.78<Ca/Al<1.0,
melt inclusions are mainly modified by post-entrapment
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FIGURE 9. Variations of Ca/Al, (Ca/Al)/(Ca,,/Al,,) and Mg# with
increasing An content in host plagioclases. Continuous curves
represent the general variability trends.
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plagioclase crystallization, and can reveal the original melt
composition after PEC correction. When Ca/Al>1.0, the
melt inclusion composition cannot be restored to reflect
the original melt or mantle source composition. So, in
SMAR19°S MORB, plagioclase-hosted melt inclusions
with Ca/Al>1.0 cannot represent the composition of the
melt at the moment of their entrapment.
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