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assimilation and multiple recharge of plume-derived melts
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1G�eosciences Environnement Toulouse, Universit�e de Toulouse, UPS OMP - CNRS - IRD, 14 Avenue E. Belin, 31400
Toulouse, France, 2Geological Department, Lomonosov Moscow State University, Vorobievu Gory, 119899 Moscow,
Russia, 3Department of Geological Sciences, Central Washington University, Ellensburg, WA 98926, USA

Abstract Chemical Geodynamics relies on a paradigm that the isotopic composition of ocean island
basalt (OIB) represents equilibrium with its primary mantle sources. However, the discovery of huge isotopic
heterogeneity within olivine-hosted melt inclusions in primitive basalts from Kerguelen, Iceland, Hawaii and
South Pacific Polynesia islands implies open-system behavior of OIBs, where during magma residence and
transport, basaltic melts are contaminated by surrounding lithosphere. To constrain the processes of crustal
assimilation by OIBs, we employed the Magma Chamber Simulator (MCS), an energy-constrained thermody-
namic model of recharge, assimilation and fractional crystallization. For a case study of the 21–19 Ma basal-
tic series, the most primitive series ever found among the Kerguelen OIBs, we performed sixty-seven
simulations in the pressure range from 0.2 to 1.0 GPa using compositions of olivine-hosted melt inclusions
as parental magmas, and metagabbro xenoliths from the Kerguelen Archipelago as wallrock. MCS modeling
requires that the assimilant is anatectic crustal melts (P2O5� 0.4 wt.% contents) derived from the Kerguelen
oceanic metagabbro wallrock. To best fit the phenocryst assemblage observed in the investigated basaltic
series, recharge of relatively large masses of hydrous primitive basaltic melts (H2O 5 2–3 wt%; MgO 5 7–10
wt.%) into a middle crustal chamber at 0.2 to 0.3 GPa is required. Our results thus highlight the important
impact that crustal gabbro assimilation and mantle recharge can have on the geochemistry of mantle-
derived olivine-phyric OIBs. The importance of crustal assimilation affecting primitive plume-derived basaltic
melts underscores that isotopic and chemical equilibrium between ocean island basalts and associated
deep plume mantle source(s) may be the exception rather than the rule.

1. Introduction

The first a priori thesis of Chemical Geodynamics is isotopic equilibrium of oceanic basalts (mid-ocean
ridge basalt and ocean island basalt, MORB and OIB, respectively) with their corresponding mantle sources
[Allegre, 1982]. Isotopic signatures of oceanic magmas are ascribed to heterogeneity of mantle sources
(major mantle ‘‘end-members’’: enriched mantle (EM), high-m (HIMU), and depleted mantle (DMM)) [Zindler
and Hart, 1986]. An impact from either crustal or mantle lithospheric assimilation is typically assumed to be
negligible based on an old paradigm about the absence of any significant chemical and isotopic exchange
between the primary oceanic melts and either crust or lithospheric mantle. The role of assimilation may be
studied by multiple approaches, including using olivine- and chromite-hosted melt inclusions that are inter-
preted to represent a parental magma and therefore are witnesses to early-stage processes happening in
lithospheric magma chamber(s) [Sobolev et al., 2011; Borisova et al., 2012, 2014; Genske et al., 2014]. Pb iso-
tope compositions of olivine-hosted basaltic melts from a range of OIBs are impressively heterogeneous,
and span between HIMU, DMM and EM components (Figure 1). The world-scale isotopic variations in the
olivine-hosted melt inclusions from several investigated OIB samples imply that the existing isotopic sys-
tematics [e.g., Zindler and Hart, 1986] traditionally based on the bulk basalt compositions should be revised.
In fact, a growing number of studies provides evidence for assimilation of lithosphere (mantle or crustal)
by oceanic basalts, including mid-ocean ridge (MORB) and ocean island basalts (OIB) [e.g., Hilton et al., 1995;
Borisova et al., 2001, 2002, 2012, 2014; Kamenetsky et al., 2001; Kamenetsky and Gurenko, 2007; Bindeman et al.,
2006, 2008; Genske et al., 2014; Olierook et al., 2017]. Assimilation of lithosphere by oceanic magmas was sug-
gested to happen through (a) assimilation of wallrock-derived partial melts [Borisova et al., 2002; Gurenko and
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Sobolev, 2006; Kvassnes and Grove,
2008], (b) dissolution of crustal min-
erals into OIB melts [Edwards and
Russell, 1998; Borisova et al., 2014],
as well as (c) multistage interaction
between oceanic basalt with hydrous
lithospheric mantle at the oceanic
Moho levels [Borisova et al., 2012].
Troctolite assimilation by MORB
leads the liquid line of descent to
the plagioclase–olivine saturation
boundary, producing primitive troc-
tolites [Kvassnes and Grove, 2008].
Moreover, a growing number of
studies provides strong evidence for
anomalously ancient (from 660 Ma
to 3.0 Ga) lithosphere beneath oce-
anic islands [e.g., Borisova et al.,
2001; Yano et al., 2011; Torsvik et al.,
2013, 2015; Ashwal et al., 2017], sug-
gesting the composition of these
OIB (especially those located in the
Dupal isotopic anomaly [e.g., Hart,
1984] regions) to be affected by the
lithosphere. It was recently sug-
gested that the EM-type OIBs related
to activity of the Kerguelen plume
can be explained by production of
olivine-saturated melts with high
K2O/P2O5 and Al2O3/TiO2 through
selective dissolution of plagioclase

from wallrock metagabbro during the assimilation process [Borisova et al., 2002, 2014]. However, the impact
of crustal assimilation on primitive ocean island basalt chemistry is still uncertain.

The case study presented here uses a 21–19 Ma Kerguelen plume-derived basaltic series possessing EM iso-
topic compositions; significantly, it is the most primitive (MgO 5 7–10 wt.% in the homogenized basaltic
melts) series ever found among the Kerguelen plume-derived OIB [e.g., Borisova et al., 2002]. The fact that
the 21–19 Ma primitive OIB series has lowest 206Pb/204Pb ratios, Th, Nb and Ta depletion and Pb enrichment
in the primitive mantle-normalized pattern, resembling those of Cretaceous Kerguelen Plateau basalts has
been considered as evidence for the lithospheric [Borisova et al., 2002], in particular, crustal [Borisova et al.,
2014] assimilation. Moreover, high K2O/P2O5 �4.7 and Al2O3/TiO2 �4.3 found the olivine phenocryst-hosted
melt inclusions were interpreted as crustal assimilant melts generated upon interaction between wallrock
gabbro crust and the parental basaltic magma. We address the question of crustal assimilation through
thermodynamic modeling of the primitive olivine basalt series related to the Kerguelen plume. Physical and
chemical data on fluid, solid and melt inclusions [e.g., Borisova et al., 2002, 2014] and metagabbro xenoliths
[e.g., Gr�egoire et al., 1994, 1998] coupled with energy-constrained open-system thermodynamic modeling
using the Magma Chamber Simulator [Bohrson et al., 2014] make it now possible to constrain a mechanism
of crustal assimilation by OIB.

2. Geological Background and Thermodynamic Approach

2.1. Kerguelen Plume Activity and Primitive Basalt Chemistry
Magmatism of the Kerguelen plume [Frey et al., 2015; Sushchevskaya et al., 2015; Olierook et al., 2017] is rep-
resented by construction of the Cretaceous Kerguelen Plateau (118–85 Ma) and the subsequent formation
of the Kerguelen Archipelago and Heard Island (39–0.1 Ma) as well as a seamount (21–19 Ma) located

Figure 1. 208Pb/206Pb versus 207Pb/206Pb diagram illustrating previously investigated
OIB olivine-hosted melt inclusions in comparison to EM-1, EM-2, DMM and HIMU man-
tle end-members. The mantle end-member compositions correspond to those of Zin-
dler and Hart [1986]. The OIB melt inclusion data (Polynesia, Hawaii, Iceland, South
Pacific and Kerguelen islands) with corresponding error bars are from Saal et al. [1998,
2005], Yurimoto et al. [2004], Kobayashi et al. [2004], Maclennan [2008], and Borisova
et al. [2014]. The investigated 21–19 Ma Kerguelen plume-derived basalts (red points)
have EM signatures. The effect of sample surface contamination discovered by Paul
et al. [2011] has been taken into account during the Pb isotope analyses by LA-MC-
ICP-MS [Borisova et al., 2014]. The Kerguelen melts approaching DMM end-member
are likely affected by depleted lithosphere due to localization of the corresponding
hot spot near spreading centers [e.g., Gr�egoire et al., 1997].
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between the Kerguelen Archipelago and Heard Island (Figure 2). The Kerguelen Archipelago was built by
interaction between the South East Indian Ridge (SEIR) and the Kerguelen plume beginning 39 Ma ago
[Gautier et al., 1990; Gr�egoire et al., 1997; Weis et al., 2002] that produced a large volume of tholeiitic and
transitional magma. The subsequent migration of the SEIR northward away from the plume resulted in
Archipelago magmas becoming more alkaline [e.g., Gautier et al., 1990; Frey et al., 2000; Nicolaysen et al.,
2000]. The 29–24 Ma flood tholeiitic basalts and metagabbros of the Kerguelen Archipelago are considered
to be derived from the plume mantle [e.g., Frey et al., 2002a,b; Weis et al., 2002]. In addition, Sr–Nd–Pb iso-
tope compositions of the 25–22 Ma Archipelago transitional and alkaline basalts are also attributed to the
associated Kerguelen plume [Weis and Frey, 2002]. However, some Kerguelen mafic volcanic products, such
as the 21–19 Ma olivine-rich basaltic series, sampled during the ‘‘Marion Dufresne’’ MD 109 cruise (MD109;
Figure 2), have Pb isotope signatures distinct from the 25 to 22 Ma Kerguelen plume mantle-derived basalts
[Frey et al., 2002b; Weis et al., 2002], a feature that was attributed to lithospheric assimilation [Borisova et al.,
2002, 2014]. Dredge 6 (D6, collected >1 ton of very fresh samples, mainly pillow basalts with abundant oliv-
ine phenocrysts) was on a flank of the 21–19 Ma seamount between the Northern and Central Kerguelen
Plateau (NKR and CKP, Figure 2). Borisova et al. [2014] demonstrated that the major element and Pb isotope
chemistry of the parental basalt magma revealed by olivine phenocryst-hosted basaltic melt inclusions and
the host olivine (21 Ma sample number MD109-D6–87) is related to crustal assimilation through binary mix-
ing of Plume and Assimilant melts characterized by contrasting TiO2 and P2O5 contents, and corresponding
contrasting K2O/P2O5 and Al2O3/TiO2 ratios (Table 1, Figures 3 and 4).

P2O5-rich Plume melts with P2O5 contents of 0.5–3.8 wt.% (Table 1 and Figure 3) are hosted in olivine
(Fo83–86) and represent the major type of the melt inclusions. The melt inclusions have low K2O/P2O5 (� 4)
and Al2O3/TiO2 (�4.2) ratios at high TiO2 (�3.0 wt.%) and MgO contents (7–10 wt.%) (Figures 3 and 4).
The Plume melt inclusions show variable Pb isotope ratios (207Pb/206Pb 5 0.838–0.877) and (208Pb/206Pb 5

2.075–2.154), which overlap those of the host D6 and contemporaneous Kerguelen plume-derived basalts
[Borisova et al., 2014]. Pb isotope compositions interpreted as Plume melts demonstrate significant disper-
sion around the 25–22 Kerguelen plume composition (Figure 4). The second important type of melt inclu-
sion represents the Assimilant melts hosted by olivine Fo82–83 (Table 1). High K2O/P2O5 (�4.7) and Al2O3/
TiO2 (�4.3) ratios in the melt inclusions representing Assimilant in Figure 4 are due to low P2O5 (�0.4 wt.%)

Figure 2. (a) Inset map of the Indian Ocean structures related to the Kerguelen plume activity and, (b) schematic geologic structure of the
MD 109 lithosphere. The map illustrates the Kerguelen Plateau (Northern, NKP; Central, CKP and Southern, SKP), Kerguelen Islands (or Ker-
guelen Archipelago), Heard and McDonald islands and the MD 109 seamount (21–19 Ma basalt series) sampled by research vessel ‘‘Marion
Dufresne’’ team by dredging. Seismic P-wave velocities (Vp, km s21) in the ‘‘Layer 2,’’ ‘‘Layer 3,’’ ‘‘Transitional zone’’ and ‘‘Mantle’’ correspond
to those investigated by Gr�egoire et al. [1998, 2001]. The ‘‘Volcano-plutonic complexes (magma chambers),’’ ‘‘IIa- and IIc-type rocks,’’ ‘‘IIa
and IIb-type rocks’’ and ‘‘Harzburgitic upper mantle’’ correspond to the schematic locations of the magma chambers, IIa- and IIc-type, IIb-
type xenolith rocks and harzburgitic mantle, respectively, in the MD 109 Kerguelen lithosphere [Gr�egoire et al., 1998, 2001].
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and TiO2 (�2.9 wt.%) at MgO contents of 7–8 wt.% (Figure 3). This type displays higher K2O/P2O5 and
Al2O3/TiO2 ratios relative to those of the host basalt (Table 1 and Figure 4). Because of low P2O5 and TiO2

contents and corresponding high K2O/P2O5 and Al2O3/TiO2 ratios, the Assimilant melts are unlike Kerguelen
plume-derived melts or melts derived from deep mantle [McDonough and Sun, 1995]. The P2O5-poor com-
positions require melt derivation from a wallrock gabbro [Borisova et al., 2014]. The Assimilant inclusions
with these major element characteristics display Pb isotopic ratios of 207Pb/206Pb (0.853–0.867) and
208Pb/206Pb (2.110–2.139), which are overlapping those of the host basalt and the associated basalts related
to the Kerguelen plume [Weis et al., 2002; Borisova et al., 2002].

H2O and CO2 contents were not analyzed in the homogenized inclusions because of regular volatile loss
during the homogenization experiment [e.g., Danyushevsky et al., 2002], although preliminary data on sum-
mary H2O and CO2 contents in glassy (i.e., naturally quenched) melt inclusions have been obtained by elec-
tron microprobe [Borisova et al., 2002]. These data suggest total volatile (H2O 1 CO2) contents in the
basaltic melt reaching a of maximum 2.6 wt.%, although higher volatile, in particular water, contents may
be expected in the primitive plume-derived magmas [e.g., Xia et al., 2016]. Because the investigated basaltic
melts are primitive (not far from equilibrium with mantle), but resided in the crust at 6–9 km, Borisova et al.
[2014] developed a geochemical model, according to which the basaltic melts accumulating in the parental
magmatic chamber (a) were initially derived from heterogeneous Kerguelen plume. (b) The parental magma
was strongly contaminated (through the wallrock partial melting or dissolution of wallrock plagioclase, gen-
erating the Assimilant melts) during the magma residence in the thick plagioclase-rich crust, and the pro-
duced melts (c) were progressively mixed during magma residence and transport to the surface. The crustal
assimilation in the parental magma chamber proposed by Borisova et al. [2014] thus happens through
binary mixing of Plume and Assimilant melts. To provide constraints on the process of assimilation, a

Table 1. Major, Trace Element and Pb Isotope Compositions of the 21–19 Ma Kerguelen MD 109 Host Basalt Series, Olivine-Hosted Melt
Inclusions, Hypothesized Crustal Assimilant, and 25–22 Ma Kerguelen Plume

Plumea Assimilanta
Model Crustal

Assimilanta
Host Basalt

Series
Kerguelen

Plumeb

Fo (mol%)c: 79; 82–86 82–83 78–85
Pressure (GPa)d: �0.1–0.3 � 0.2
Temperature (8C): 1195–1233 1190–1233
SiO2

h e (wt.%): 49.0 6 2.6 49.5 6 1.1 50–52 46.52
TiO2

h: 3.5 6 0.4 2.8 6 0.1 3.3–3.4 2.12
Al2O3

h: 12.9 6 1.1 13.4 6 0.6 15–17 8.56
FeO h: 9.7 6 1.1 10.1 6 1.0 11–12 11.87
MgO h: 7.6 6 2.1 7.2 6 0.1 6–7 20.16
CaO h: 11.1 6 1.1 10.9 6 1.3 6.4–8.4 7.39
Na2O h: 2.4 6 0.2 2.4 6 0.1 3.0–3.6 1.49
K2O h: 1.8 6 0.5 2.2 6 0.4 2.5–3.3 1.45
P2O5

h: 1.0 6 0.9 0.35 6 0.12 0.2–0.4 0.36
K2O/P2O5

e 2.7 6 1.2 7.2 6 4.4 4.4–13.9 3.9–4.0 0.8–4.6
Al2O3/TiO2

e: 3.7 6 0.5 4.8 6 0.4 4.4–5.1 4.0–4.1 4.3–4.5
(La/Sm)n

f 2.2–4.5 1.4–3.0 4.75
207Pb/206Pb averagee 0.855 6 0.017 0.859 6 0.006 0.87–0.88 0.8691–0.8694 0.837–0.846
208Pb/206Pb averagee 2.126 6 0.027 2.120 6 0.016 2.14–2.18 2.1408–2.1415 2.112–2.118

a‘‘Plume,’’ ‘‘Assimilant,’’ correspond to average major, trace element and Pb isotope compositions (6 2r S.D. representing melt hetero-
geneity) of the 21 Ma olivine-hosted homogenized melt inclusions. Theoretical assimilant end-member called ‘‘Model Crustal Assimilant’’
is hypothesized in the work of Borisova et al. [2014], which suggests that the fraction of Model Crustal Assimilant is higher than 0.5,
meaning that at least 50% of the mass of the contaminated parental magma is attributed to a crustal source. All compositions are from
Borisova et al. [2014].

bKerguelen Plume composition corresponds to that of the 25–22 Ma Kerguelen plume-derived OIBs according to data of Frey et al.
[2002b], Weis and Frey [2002] and Borisova et al. [2014] and references therein.

cFo is the forsteritic content of the host olivine for melt inclusions.
dPressure corresponds to pressure estimated based on CO2 density in the olivine-hosted fluid inclusions. Temperature ranges corre-

spond to those obtained experimentally from the olivine-hosted inclusion homogenization [Borisova et al., 2002, 2014].
e‘‘h’’ superscript means that average major element composition of the melt inclusions corresponds to the composition of the

homogenized melt inclusions of the ‘‘Plume,’’ ‘‘Assimilant’’ melt components defined in Borisova et al. [2014]. FeO content in the host
basalts is recalculated from Borisova et al. [2002]. ‘‘average’’ superscript means average Pb isotope composition of the ‘‘Plume,’’ ‘‘Assimi-
lant’’ melts [Borisova et al., 2014].

fTrace element ratios are normalized to the composition of primitive mantle of Sun and McDonough [1989]. The trace element data
on the ‘‘Plume’’ melt inclusions are adapted from Borisova et al. [2002].
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Figure 3. Major element contents and homogenization temperature measured for the olivine-hosted melt inclusions of the 21–19 Ma Kerguelen basaltic series versus corresponding for-
sterite (Fo, mol.%) content in the host olivine (or theoretically equilibrium olivine for the groundmass glass). The compositions of the basaltic melt inclusions are compared to those of
the host basalts and the basaltic groundmass (matrix) glasses (grey field). ‘‘21 Ma Plume melts,’’ ‘‘21 Ma Assimilant melts’’ and ‘‘21 Ma other melts’’ correspond to Plume, Assimilant melts
and all other types of basaltic melts (e.g., matrix glasses and melt inclusions), respectively, according to Borisova et al. [2002, 2014]. The dashed arrows indicate the effect of crustal assim-
ilation on the composition of the 21–19 Ma Kerguelen OIB basaltic series. The Magma Chamber Simulator (MCS) wallrock (WR) and the parental magma (Magma) liquids of one of the
best fit 28w model are also demonstrated.
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Figure 4. (continued)
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theoretical assimilant end-member called Model Crustal Assimilant was estimated through binary mixing
modeling. However, the previous models were not thermodynamically constrained.

2.2. Kerguelen Oceanic Crust and Upper Mantle
Overlapping ages of igneous rocks and similar geological history of the MD109 seamount (21–19 Ma) and
the Kerguelen Archipelago (39–7 Ma Kerguelen Islands constructed on the North to Central Kerguelen Pla-
teau) suggest similar geologic structure of the oceanic crust and upper mantle (Figure 2). 25–7 Ma alkaline
lavas from the Kerguelen Archipelago (Kerguelen Islands) contain abundant ultramafic and mafic xenoliths
including typical mantle xenoliths (type I) and magmatic products (type II) [Gr�egoire et al., 1994, 1998, 2001;
Mattielli, 1996; Mattielli et al. 1999] with numerous gabbros and metagabbros indicating that melt/gabbro
reaction processes likely occur. Type II xenoliths have been subdivided by Gr�egoire et al. [1994, 1998] into
three mineralogical subtypes. Subtype IIa always contains clinopyroxene (Cpx), orthopyroxene (Opx) and
spinel (Sp) and shows a regular modal evolution from ultramafic to mafic rocks such as metagabbros with
or without garnet and sapphirine (Table 2). Subtype IIb is clinopyroxenites (Cpx 1 ilmenite (Ilm) 1 Sp) with
or without garnet (Gr) and Sp 1 Ilm 6 Gr metagabbros. The third subtype (IIc) is represented by
Cpx 1 Ilm 1 Gr-bearing metagabbros. The oceanic crust of the Kerguelen Archipelago is not a typical oce-
anic crust. Indeed, it is very thick (15–20 km) and does not display a typical Moho discontinuity but a pro-
gressive one related to magmatic underplating process [Recq et al., 1990]. The Kerguelen oceanic crust was
built through the interaction of the Southeast Indian Ridge (SEIR), the Kerguelen mantle plume and the Cre-
taceous plateau lithosphere [e.g., Borisova et al., 2002] a process that happened about 40 million years ago
and characterized by an early intense tholeiitic-transitional magmatic activity [Gautier et al., 1990]. In such a
scheme, the Kerguelen type IIa and IIb xenoliths correspond to those after Gr�egoire et al. [1994, 1998, 2001]
to, respectively, tholeiitic-transitional cumulates and frozen melts more or less metamorphosed (granulite
facies) and emplaced within the crust, the crust-mantle boundary and the upper mantle. After this construc-
tion stage, the evolution of the Kerguelen Islands continued in an intraplate setting and was characterized
by an alkaline magmatism. The type IIb xenoliths are cumulates more or less metamorphosed related to
this magmatic activity and emplaced within the Kerguelen crust, crust-mantle boundary and upper mantle.
Formation of subtype IIa (cumulates) and IIc xenoliths (frozen melts) was related to crystallization of early
tholeiitic-transitional magmatic intrusions, whereas subtype IIb are alkaline cumulates, some of which
formed within the upper mantle (garnet-bearing rocks) [Gr�egoire et al., 1998]. The 25–7 Ma alkaline IIb-type
cumulates are the most likely to represent the wallrock for the 21 Ma Kerguelen plume-derived basaltic
melts because the early cumulates of alkaline magma were likely created as feeding channels for the repeti-
tive pulses of the magma from the upper mantle through the crust. In this work, we use thermodynamic
modeling to examine the efficacy of all II-type (IIa, IIb, IIc) metagabbro xenoliths as partially melted wallrock
to explain the chemistry of basaltic melt inclusions and the mineralogy of the host phenocryst minerals
found in the 21 Ma Kerguelen plume-derived basalt dredged on a flank of the seamount between the
Northern and Central Kerguelen Plateau (NKP and CKP) (Figure 2).

2.3. Energy-Constrained Thermodynamic Modeling: The Magma Chamber Simulator
To understand how crustal assimilation and magma recharge can affect the parental basaltic magma, we
performed numerical simulations of energy-constrained recharge, assimilation and fractional crystallization
(RAFC) using the Magma Chamber Simulator (MCS), which models the elemental, isotopic, phase equilibria,
mass and thermal evolution of a magma body undergoing recharge, assimilation, and fractional crystalliza-
tion. As an estimate of the initial magma chamber liquid, we have used the average composition of Plume
melt inclusions (Table 1) [Borisova et al., 2014]. Wallrock is represented by six metagabbro xenolith

Figure 4. (a-d). 207Pb/206Pb, 208Pb/206Pb, Al2O3/TiO2 and K2O/P2O5 measured in olivine phenocryst-hosted melt inclusions of the 21–19 Ma
Kerguelen basaltic series versus corresponding forsterite (Fo, mol.%) content in the host olivine (or theoretically equilibrium olivine for the
groundmass glass). The isotopic (with corresponding error bars) and major element compositions of the basaltic melt inclusions are com-
pared to those of the host basalts and the 25–22 Ma Kerguelen plume-derived basalts (grey field). ‘‘21 Ma Plume melts,’’ ‘‘21 Ma Assimilant
melts’’ and ‘‘21 Ma other basaltic melts’’ correspond to Plume, Assimilant melts and all other types of basaltic melts (e.g., groundmass melts
and other melt inclusions), respectively, according to Borisova et al. [2002, 2014]. The dashed arrows to higher values of 208Pb/206Pb and
207Pb/206Pb, Al2O3/TiO2 and K2O/P2O5 indicate the effect of crustal assimilation on the composition of the 21–19 Ma Kerguelen OIB basaltic
series. The Magma Chamber Simulator (MCS) wallrock (WR) and the parental magma (Magma) liquids of one of the best fit 28w model are
demonstrated. The Pb isotope composition of the Magma liquids with corresponding olivine composition (Fo, mol.%) are those attributed
to the Kerguelen Plume composition (Table 1).
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compositions (IIa-, IIb-, IIc-types), although we focused mostly on the IIb-type metagabbros because they
are the most representative of crustal wallrock created by repetitive pulses of the alkaline OIB magma
through the lithosphere to the surface [Gr�egoire et al., 1994, 1998, 2001]. For the modeling, the following ini-
tial conditions have been assumed: Fe2O3/FeO ratio 5 0.24 [Borisova et al., 2002], and water content in the
initial Plume melt varies from 2 to 3 wt. % in accordance with moderate contents reported by experimental
work on basaltic melt inclusions and mafic cumulates [Borisova et al., 2002; Freise et al., 2009; Scoates et al.,
2008]. Pressure was set from 0.2 to 0.3 GPa in accordance with the density of olivine-hosted fluid inclusions
[Borisova et al., 2002, 2014]. One model (15p) was performed at 1.0 GPa because IIb-type metagabbro xeno-
liths are interpreted to represent mafic magma cumulates that were equilibrated in the deep lithosphere
through formation of dominantly high-pressure metamorphic assemblages and textures (Figure 2) [Gr�egoire
et al., 1994, 1998, 2001]. In all of the MCS simulations, a percolation threshold (f WR

l;crit) required for transfer of
wallrock liquid in the magma body was set to 0.08 (8%); see Bohrson et al. [2014] for further discussion of
this threshold and its limits. Zero to four recharge/magma mixing events were modeled using the Plume
melt composition as the recharge end-member. Sixty-seven successful simulations (see supporting informa-
tion Table S1 and Data Set S1) were performed, with results evaluated based on their ability to reproduce
the olivine-dominated host basalt mineralogy and the major element compositions of Plume and Assimilant
melts [Borisova et al., 2014]. In the following text the ‘‘melts’’ correspond to the natural system investigated
by using melt inclusions and the ‘‘liquids’’ are those modeled by the Magma Chamber Simulator code.

3. Magma Chamber Simulator Results and Discussion: Effective Crustal Gabbro
Assimilation Accompanied by High Mass Rates of Recharge

3.1. Magma Chamber Simulator Results Pertaining to Basalt Mineralogy
The goal of the MCS modeling was to reproduce the major element composition of assimilant (which is
based on the average composition of the olivine-hosted Assimilant melt inclusions), as well as the olivine-
dominated mineralogy observed in the basaltic series. The 21 Ma Kerguelen basalt consists of �97 vol.%

Table 2. Initial Conditions for the Best-Fit Magma Chamber Simulator Models

Model Model 15 Model 18 Model 22 Model 23w Model 24w Model 28w Model 34w

Pressure (GPa) 0.2 0.2 0.2 0.2 0.2 0.3 0.2
Initial melt (liquidus T8C) Plumea (1168) Plume (1168) Plume (1168) Plume (1168) Plume (1168) Plume (1175) Plume (1168)
Initial H2O, wt.% 2.0 2.0 2.0 3.0 3.0 3.0 3.0
WR usedb GM 139 MG 134 MG 134 MG 134 MG 134 MG 134 GM 139
Xenolith typeb IIb IIb IIb IIb IIb IIb IIb
Xenolith mineralogyb clinopyroxenite metagabbro metagabbro metagabbro metagabbro metagabbro clinopyroxenite

(Cpx, Ilm, Sp, (Plag, Cpx, (Plag, Cpx, (Plag, Cpx, (Plag, Cpx, Ilm, (Plag, Cpx, Ilm, (Cpx, Ilm, Sp,
Gr) Ilm, Sp) Ilm, Sp) Ilm, Sp) Sp) Sp) Gr)

Recharge events 1 1 4 3 4 4 4
Magma:recharge mass ratioc 1:1 1:1 1:1 1:1 1:1 1:1 1:1
Recharge magma Plumea Plume Plume Plume Plume Plume Plume
Magma T at recharge, 8C 1130 1130 1137–1140 1138–1140 1137–1140 1152–1155 1137–1140

Model: Model 15p Model 15w Model 52w Model 51w Model 45w Model 48w Model 38w
Pressure (GPa) 1.0 0.2 0.2 0.2 0.2 0.2 0.2
Initial melt (liquidus T 8C) Plume (1250) Plume (1168) Plume (1168) Plume (1168) Plume (1168) Plume (1168) Plume (1168)
Initial H2O, wt.% 3.0 3.0 3.0 3.0 3.0 3.0 3.0
WR useda GM 139 GM 139 MG 14 DR 6.5 ARC 343 ARC 343 GM 419
Xenolith typea IIb IIb IIb IIa IIa IIa IIc
Xenolith mineralogya metagabbro metagabbro clinopyroxenite pyroxene metagabbro metagabbro metagabbro

(Plag, Cpx, (Plag, Cpx, (Cpx) metagabbro (Plag, Cpx, Gr, (Plag, Cpx, Gr, (Plag, Cpx, Ilm,
Ilm, Sp) Ilm, Sp) (Cpx, Plag) Sa) Sa) Gr)

Recharge events 1 4 4 4 4 4 4
Magma:recharge mass ratioc 1:1 1:1 1:1 1:1 1:1 1:0.75 1:1
Recharge magma Plume Plume Plume Plume Plume Plume Plume
Magma T at recharge, 8C 1175 1127–1130 1127–1130 1127–1130 1132–1135 1132–1135 1137–1140

aPlume is average composition of Plume melt (Table 1) used for the MCS modeling as initial melt/magma and as recharge melt/magma.
bWR used–wallrock sample numbers correspond to those of the Kerguelen Archipelago mafic (II-type) xenoliths. Xenolith type and mineralogy data are from Gr�egoire et al. [1994,

1998]. Cpx–clinopyroxene, Plag–plagioclase, Gr–garnet, Sp–spinel, Sa–sapphirine, Ilm–ilmenite.
cMagma mass refers to initial mass of magma. For example, a mass ratio of 1:1 indicates that the initial magma body mass and the mass of recharge magma were the same. A

mass ratio of 1, for 4 events, yields a total mass of recharge magma added of 4 times that of the initial magma body mass.
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olivine (Fo82–86 mol%) and of 3 vol.% clinopyroxene phenocrysts [Borisova et al., 2002, 2014; Weis
et al., 2002], and therefore clinopyroxene (cpx) to olivine ratio (cpx/olivine ratio) is close to zero. Melt inclu-
sions interpreted as assimilant have SiO2 contents of 49.5 6 1.1 wt. % and relatively high K2O/P2O5

(7.2 6 4.4, Table 1). Selected input and output for the sixty seven MCS models are summarized in Tables 2
and 3 and additional information is provided in the supporting information Table S1 and Data Set S1. These
models illustrate the sensitivity of recharge assimilation fractional crystallization (RAFC) of different wallrock

Table 3. Extended Results of Best-Fit Magma Chamber Simulator Modelsa

Model Model 15 Model 18 Model 22 Model 23w Model 24w Model 28w Model 34w

T solidus WR, 8C 775 900 900 900 900 855 775
Mass of Ol

accumulated in
magma (Fo,
mol.%)

7 7 16
(81–83)

15
(81–84)

15
(82–84)

14
(82–84)

21
(81–84)

Mass of Cpx accu-
mulated
in magma

35 18 0 0 0 0 0

Cumulative liq.WR
added to magma

16 1 6 4 4 6 18

SiO2 liq.WR, wt.% 56–69 53–56 49–56 51–56 50–56 48–54 53–69
TiO2 liq.WR 0.4–2.2 0.6–3.1 0.6–5.1 0.6–4.1 0.6–4.4 0.5–4.4 0.4–2.8
Al2O3 liq.WR 15–18 18–21 17–21 17–21 17–21 18–21 15–18
K2O liq.WR 0.8–3.6 1.3–3.3 0.7–3.3 1.0–3.3 0.9–3.3 0.8–3.3 0.6–3.6
P2O5 liq.WR 0.05–0.4 0.2–0.8 0.1–0.8 0.9–4.8 0.1–0.8 0.6–0.1 0.04–0.4
SiO2 liq.M, wt.% 48–52 48–49 48–49 48 48 48 48–49
TiO2 liq.M 2.6–3.6 3.5–3.7 3.5–3.6 3.4–3.5 3.4–3.5 3.4–3.5 3.4–3.5
Al2O3 liq.M 12–16 13–14 12.8–13.2 12.6–13.1 12.6–13.0 12.6–13.0 12.6–13.3
K2O liq.M 1.8–2.3 1.8–2.0 1.8 1.8 1.8 1.8 1.8
Magma phases

(cumulative
mass)

Cpx (35), Ol (7),
Ilm (7), Sp (4.2)

Ol (7), Cpx (18) Ol (16) Ol (15) Ol (15) Ol (14) Ol (21)

WR phases
(cumulative mass
for major phases)

Resulting WR

Cpx (35), Flds (18),
Opx (17), Ilm (7)

gabbro

Cpx (41), Flds (26),
Ol (6), Opx(6), Opx
(14), Ilm (3) gabbro

Apt, Bi, Cpx (39),
Flds (25), Ol (7), Opx
(11), Ilm (2.9), Sp, W

gabbro

Apt, Bi, Cpx (40),
Flds (26), Ol (6), Opx

(12), Ilm (3), Sp, W
gabbro

Apt, Bi, Cpx (40),
Flds (25), Ol (6), Opx

(12), Ilm(3), Sp, W
gabbro

Apt, Bi, Cpx (43),
Flds (21), Hb, Ol(2.4),
Opx(17), Ilm(1.2), Sp,

W gabbro

Amph, Apt, Bi,
Cpx(34), Flds(17),

Opx(16), Qtz, Ilm(7),
W gabbro

T magma final, 8C 1081 1111 1140 1121 1130 1141 1110

Model: Model 15p Model 15w Model 52w Model 51w Model 45w Model 48w Model 38w
T solidus WR, 8C 1065 775 925 940 930 930 770
Mass of Ol

accumulated in
magma (Fo,
mol.%)

0
-

22
(81–84)

20
(81–84)

20
(81–84)

20
(81–84)

18 22
(81–84)

Mass of Cpx
accumulated in
magma

58 0 0 0 0 7 2

Cumulative liq.WR
added to magma

1.8 18 31 22 16 16 19

SiO2 liq.WR, wt.% 48–63 48–69 45–57 48–52 51–52 51–52 50–62
TiO2 liq.WR 3.8–7.0 0.4–3.4 0.6–1.7 0.1–0.3 0.1–0.6 0.1–0.6 0.4–3.0
Al2O3 liq.WR 14.9–17.0 12.6–18.2 12.6–23 22–24 22–24 22–23 17–19
K2O liq.WR 2.9–3.2 0.6–3.6 0.05–2.5 0.1–1.9 1.7–3.3 1.5–3.2 0.2–2.0
P2O5 liq.WR 0.3–1.2 0.04–1.0 0.01–0.8 0.01–0.8 0.04–0.3 0.03–0.3 0.1–1.0
SiO2 liq.M, wt.% 48–50 48–49 48 48 48 48–49 48–49
TiO2 liq.M 2.7–3.9 12.6–13.0 3.4–3.5 3.4–3.5 3.4–3.5 3.4–3.5 3.4–3.5
Al2O3 liq.M 12.6–16.9 3.4–3.5 12.6–13.7 12.6–13.6 12.6–13.4 12.6–13.8 12.6–13.4
K2O liq.M 1.8–2.8 1.8 1.8 1.8 1.8 1.8–1.9 1.8
Magma phases

(cumulative
mass)

Apt (1.7), Cpx (58),
Opx (6), Ilm (4)

Ol (22) Ol (20) Ol (20), Cpx, Sp Ol (20) Ol (18), Cpx (7), Sp Ol (22), Cpx (2)

WR phases
(cumulative mass
for major phases)

Resulting WR

Cpx (39), Flds (26),
Gr, Opx (18), Qtz,
Ilm, Wtl granulite

Amph, Apt, Bi, Cpx
(34), Flds (16), Qtz,
Opx (16), Ilm (7), W

gabbro

Cpx (50), Flds (38),
Ol (12) gabbro

Apt, Bi, Cpx, Flds
(39), Hb, Ol (14),
Opx, Sp (0.19), W

gabbro

Apt, Bi, Cpx (29),
Flds (44), Hb, Ol (32),
Opx, Sp, W gabbro

Apt, Bi, Cpx (29),
Flds (44), Hb, Ol (31),
Opx, Sp, W gabbro

Amph, Apt, Bi, Cpx
(40), Flds (24), Ol

(0.4), Opx (7), Qtz,
Sp, W gabbro

T magma final, 8C 1143 1109 1112 1113 1116 1105 1107

aAmph–amphibole, Apt–apatite, Bi–biotite, Cpx–clinopyroxene, Flds–feldspatoids, Ilm–ilmenite, Gr–garnet, Hb–hornblende, liq.M–magma melt, liq.WR–anatectic melt, Ol–olivine,
Opx–orthopyroxene, Qtz–quartz, Sp–spinel, Wtl–whitlockite, W–water, WR–wallrock.
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compositions, the impact of recharge, including variable number of recharge events (and this variable total
mass of recharge magma added to the magma system), and varying pressure and water content. We also
identify the fourteen best-fit simulations. Table 2 summarizes selected initial conditions for these models,
and Table 3 provides results for each best-fit model, including the chemistry of wallrock liquid, a stable wall-
rock assemblage, and relevant masses.

Assimilation of IIb-type gabbro (GM 92–412, Models 1–5) [Gr�egoire et al., 2001] without any recharge produ-
ces wallrock liquids that trigger intensive clinopyroxene crystallization (from �16 to 31 wt.%, where % is cal-
culated on the basis of the initial starting mass of the magma) in the parental magma chamber at 0.2 GPa
(Models 1–5; Tables 2 and 3; supporting information Table S1). Changing the initial temperature of wallrock
does not improve model outcomes. Increasing water contents from 2 to 3 wt.% at 0.2 GPa (Model 6)
decreases clinopyroxene and increases olivine abundance, yielding lower cpx/olivine ratios (compare Model
5 with 2 wt. % H2O, cpx/olivine54.3 and Model 6 with 3 wt. % H2O, cpx/olivine52.5), but the ratios are still
much higher than observed in the Kerguelen samples. Models 7–9, which utilize a different wallrock compo-
sition (IIa/c GM 92–394), are also characterized by relatively high clinopyroxene abundances (�18 to 24 wt.
%). A first order conclusion from models 1–9, which have cpx/olivine of 0.9 to 8.6, is that assimilation and
fractional crystallization (AFC) models yield magmas in which clinopyroxene dominates over olivine, which
is inconsistent with the observed mineral relationships of the 21 Ma host olivine-cumulative basalts.

Models 10 through 14 include one recharge event with different recharge masses (from a ratio of 1:1 initial
magma body mass to recharge mass to a ratio of 1:0.5) and utilize IIa/IIc (GM 92–394) as the wallrock. The
pressure is 0.2 GPa. These RAFC models yield cpx/olivine ratios from 1.3 to 3.6, compared to 4.5 obtained
without recharge events at the same physico-chemical conditions (i.e., Model 8). Application of different
wallrock metagabbro (IIb-type GM 139 and MG 134) [Gr�egoire et al., 1998] in Models 15 through 18 produ-
ces different cpx/olivine ratios from 4.7 to 2.5, respectively, that are still elevated compared to the observed
ratio. Thus, like the AFC only models, crystallization of the olivine-saturated Plume melt accompanied by
assimilation of different metagabbros (types IIa, b, and c) with a single recharge event (RAFC) favors clino-
pyroxene crystallization in the contaminated parental magma chamber at 0.2 GPa.

What conditions do favor an olivine dominated melt? An obvious possibility that produces better agree-
ment between modeled and observed mineralogy of the olivine basalts (predominance of olivine above cli-
nopyroxene phenocrysts) is larger recharge masses, where the recharge composition is that of the olivine-
saturated Plume melt and the wallrock is Type IIb (MG 134) (Table 1 and supporting information Table S1).
For example, increasing the number of recharge events from 1 to 4 (and therefore increasing the total mag-
ma:recharge ratio to 1:4; see next paragraph for discussion) in Models 18 through 22 results in a progressive
decrease in the clinopyroxene to olivine ratio from 2.5 to 0.0. Similarly, increasing the number of recharge
events from 1 to 4 (magma:recharge ratio to 1:4) in Models 31 through 34 (wallrock is Type IIb MG 139)
decreases cpx/olivine ratio from 4.7 to 0.9. Additional groups of models (e.g., 35–38, 42–45) yield similar out-
comes. The models discussed above illustrate the importance that magma recharge has on the evolution of
Kerguelen basalt. While Tables 2 and 3 and supporting information Table S1 report multiple recharge events
(up to 4 with individual magma:recharge ratios of 1:1), the most critical outcome of this analysis is the total
(minimum) ratio of mass of magma to mass of recharge magma added to the system; best-fit results sug-
gest this ratio is 1:4. The number of recharge events is more difficult to quantify. While four recharge events
were modeled, a different number of events is equally plausible, as is continuous recharge. In each MCS
model where more than one recharge event was modeled, the amount of crystallization (and associated
cooling) that occurred between ‘‘events’’ was minimal (e.g., magma cooled at most 10s of degrees and the
percent olivine crystallized is typically <5). What this suggests is that, compared to crystallization (and asso-
ciated magma cooling), recharge was the dominant process required to generate the observed olivine-
dominated magmas and the magma:recharge mass ratios were relatively high (see supporting information
Table S1 for details regarding final magma temperature, total mass of cumulates, and total relative mass of
recharge). Although beyond the scope of this contribution, constraints on the number of recharge events
might be gleaned from zoning characteristics of minerals.

Additional models presented in Tables 2 and 3 and the supporting information Table S1 and Data Set S1 further
illustrate the impact that variable pressure, initial water content of parent and recharge magmas, and wallrock
composition have on the composition and mineralogy of the Kerguelen basaltic series. How sensitive are the
models to pressure? A model run at significantly higher pressure does not enhance olivine stability. Model 15p,
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run at 1 GPa, favors clinopyroxene and produces no olivine. Models 28, 29, and 30, run at 0.3 GPa, and involved
IIb wallrock and four recharge events (where the magma:recharge mass ratios were 1:1, 1:0.75, 1:0.5, respec-
tively); they yield cpx/olivine of 0.8, 1.5 and 2.5, respectively. At higher pressure (e.g., 0.3 GPa in the Models 28,
29, 30), the anatectic liquids can be more saturated in clinopyroxene molecule compared to those generated at
0.2 GPa (e.g., Model 24). Thus, even with four recharge events that might favor the formation of olivine over cli-
nopyroxene, the 0.3 GPa models yield cpx/olivine ratios that are higher than comparable 0.2 GPa simulations.

It is well known that increased water content in basaltic melts is favorable for expansion of the olivine crys-
tallization field compared to the clinopyroxene one [Nicholls and Ringwood, 1973]. Thus, the effect of higher
H2O (3 wt.% as compared to 2.0 wt.%) in the Plume melt (both parent magma and recharge magmas) was
examined and is reported in all ‘‘w’’-marked MCS models (e.g., 15w, 23w, 24w, 28w, 34w, 38w, 48w, 51w and
52w). This higher H2O concentration is in accordance with representative H2O contents in the Kerguelen
plume magmas investigated experimentally [e.g., Freise et al., 2009] and based on glassy melt inclusions
[Borisova et al., 2002]. These models have variable numbers of recharge events (typically between 3 and 4)
and have cpx/olivine ratios of 0.4 to 0 (Figure 5). Thus, in all of these simulations, olivine dominates over cli-
nopyroxene, highlighting the critical importance hydrous basalt (both as parent magma and recharge mag-
mas) played in the evolution of the Kerguelen basalts. Several models that involve three to four recharge
events (e.g., 22–30, 15w, 24w, 28w, 34w, 52w; magma:recharge mass ratios typically 1:3 to 1:4) with IIb-type
wallrocks at 0.2–0.3 GPa reproduce the host basalt mineralogy (olivine � clinopyroxene, Figure 5 and
Table 3) as well as the composition of the magma liquids (Figures 3 and 4) accompanied by olivine (Fo 81–84

mol%) similar to that of the Kerguelen Plume melt hosted by Fo (Fo82–86, Table 1). A lack of correlation
between the major element and Pb isotopic features of the investigated natural melts (Figure 6a) may be
partially explained by decoupling of elemental versus isotopic diffusional exchange happening during a
binary mixing events established experimentally [e.g., Lesher, 1994]. It is important to note that in several
models applying IIb-type metagabbro wallrock, the chemistry of the generated anatectic liquids
matches the compositional range of both the Assimilant and Model Crustal Assimilant melts (Figures 3–6;
Tables (1–3)). As noted, the wallrock melt liquid composition (e.g., low P2O5 down to 0.01 wt. %, Table 3 and
Figure 4) produced by MCS modeling shares compositional similarities with the chemistry of both the
Assimilant and Model Crustal Assimilant, both of which are mafic melts (Figures 3 and 5).

For example, Figures 3–6 demonstrate the best fit model (e.g., Model 28w), which uses IIb-type wallrock
and has 4 recharge events (with the temperature of the magma between 1152 and 11558C when recharge
occurs, magma:recharge mass ratio 1:4) of hydrous Plume melt with a liquidus temperature of 11758C. In
the model, the wallrock liquid composition approaches that of the Assimilant and Model Crustal Assimilant
(Figures 3 and 4, and 6). Figures 3 and 4 demonstrate that the modeled wallrock-derived liquids are also
chemically similar to some of the glassy basaltic background (basaltic matrix) melts in theoretical equilib-
rium with Fo78–75 [Borisova et al., 2014]. It is therefore likely that the Assimilant melts which have been
found entrapped in the Fo82–83 olivine may be formed by binary mixing between the wallrock-derived
liquids and the Plume melts mostly entrapped in olivine of Fo82–86. Moreover, a modest discrepancy (of 20
to 608C) between the temperature range estimated by MCS for the liquids and that obtained by the melt
inclusion homogenization for Plume and Assimilant melts (Table 1 and Figure 3) is likely related to volatile
(e.g., H2O) loss during the experimental heating of natural melt inclusions, resulting in an overestimation of
the homogenization temperature compared to the real melt entrapment temperature. We also note that
the initial temperatures of the wallrock are typically within 258C degrees of the wallrock solidus (Table 3
and supporting information Table S1). Such initial wallrock temperatures are required in order to reproduce
the observed combination of whole rock and olivine characteristics. This modeling outcome suggests that
the wallrock was thermally primed by magmatism that preceded those recorded in the studied samples.
Thus, best fit model 28w represented on Figures (3 and 4), and 6, involves hydrous Plume melt and IIb-type
K-rich metagabbro (MG 134) wallrock melting at 0.3 GPa (Figure 4). Some discrepancy with respect to K2O
contents and K2O/P2O5 ratios between the wallrock liquids relatively poor in K2O and the Assimilant melts
enriched in K2O may be explained by more alkali-depleted character of the investigated crustal xenolith
(IIb-type, MG 134) compared to an initial K-enriched chemistry before the crustal melting events. For exam-
ple, the chemistry of other metagabbro (IIa-type, ARC 343, Model 48w, Figure 6b) may reflect such an initial
K-Al-rich composition. We suggest that multiple episodes of partial melting and mixing event(s) in the mafic
crust result in disappearance of mineral phases richest in alkalis, which produces more alkali-depleted
crustal xenoliths such as MG 134.
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4. Implication for Crustal Assimilation by Primitive OIB

The discovery of huge Pb isotope heterogeneity within olivine-hosted melt inclusions in basalts from Ker-
guelen, Iceland, Hawaii and the South Pacific Polynesia islands (Figure 1) implies not only mantle heteroge-
neities but also open-system behavior of OIBs, where during magma residence and transport, basaltic melts
are contaminated by surrounding lithosphere. The Magma Chamber Simulator modeling developed in this
work for the Kerguelen basaltic series illustrates how assimilation of metagabbro can affect typical primitive
plume-derived melts. Our thermodynamic modeling using Magma Chamber Simulator predicts crustal
metagabbro wallrock assimilation at 0.2–0.3 GPa, corresponding to a middle crustal parental basaltic
magma chamber located at depths of 6–9 km at levels (Figure 3). Assimilation of crustal metagabbros by
primitive OIB melts should be facilitated by the thermal influence of the mantle plume-derived magmas
raising the temperature of the wallrocks, which eventually reach their solidi (770–9408C). Because the rate

Figure 5. (a) The wallrock (WR) temperature versus SiO2 wt.% content in the WR liquid for the best fit MCS models. (b) The wallrock (WR)
solidus temperature versus Mass of cumulative olivine (Ol) in grams for the magma modeled by the Magma Chamber Simulator code for
the best fit MCS models. (c) WR solidus temperature versus Mass of cumulative clinopyroxene (Cpx) in grams for the magma modeled by
the Magma Chamber Simulator code for the best fit MCS models. In the performed MCS models, different wallrock compositions have
been applied. Models with the mass of the cumulative clinopyroxene lower than 6 wt% are selected as the best fit (supporting information
Table S1; Data Set S1).
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of heat diffusion in crustal rocks is considered to be high [e.g., Chapman and Furlong, 1992], the metagab-
broic wallrock material is likely to reach its solidus temperature relatively rapidly upon the magma-wallrock
interaction, especially in the case of relatively large input of recharge magma. The OIB magma–oceanic

Figure 6. (a-b). (a) K2O/P2O5 versus 208Pb/206Pb, (b) K2O/P2O5 versus Al2O3/TiO2 measured in olivine phenocryst-hosted melt inclusions of
the 21–19 Ma Kerguelen basaltic series. The isotopic and major element compositions of the basaltic melt inclusions are compared to
those of the host basalts and the 25–22 Ma Kerguelen plume-derived basalts and P-rich lavas (grey field and open red diamond). ‘‘21 Ma
Plume melts,’’ ‘‘21 Ma Assimilant melts’’ and ‘‘21 Ma basaltic groundmass glasses’’ correspond to Plume, Assimilant melts and matrix glasses
according to Borisova et al. [2002, 2014], respectively. The mixing lines corresponds to those modeled to get the composition of the Model
Crustal Assimilant [Borisova et al., 2014]. 208Pb/206Pb ratios measured in situ by LA-MC-ICP-MS and SIMS for the inclusion and matrix are
compared to those of the bulk 21 Ma basalt, and other Kerguelen plume-derived (P-rich) lavas and the Cretaceous Kerguelen Plateau
basalts. The basaltic lava data are from Weis et al. [2002]. Cretaceous Kerguelen Plateau basalt data are from Frey et al. [2002a]. The 25–22
Ma Kerguelen plume composition corresponds to that of Weis and Frey [2002] and Frey et al. [2002b] for 208Pb/206Pb ratio and to the data
of Frey et al. [2002b] for the bulk-rock major element composition. The Magma Chamber Simulator (MCS) parental magma (Magma) liquids
of 28w model are demonstrated. The Magma Chamber Simulator (MCS) wallrock (WR) liquids of two of the best fit 28w and 48w models
are also demonstrated. The dashed arrows to higher values of Al2O3/TiO2 and K2O/P2O5 indicate the effect of crustal assimilation on the
composition of the 21–19 Ma Kerguelen OIB basaltic series.
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crust interaction is expressed by effective partial melting of the metagabbro xenoliths, starting at solidus
conditions (770 – 9408C at 0.2 – 0.3 GPa), with predominant consumption of plagioclase and clinopyroxene
from the wallrocks. The MCS modeling also predicts that assimilation of metagabbro-derived partial anatec-
tic melts are clinopyroxene-saturated at the middle crustal conditions, and thus assimilation favors clinopyr-
oxene crystallization in the parental basaltic magma chamber. Thus, the anatectic melts are saturated in
clinopyroxene in accordance with the conclusion of Gurenko and Sobolev [2006]. The partial melts, however,
can progressively become olivine-saturated upon their mixing with predominantly olivine-saturated
recharge melts. We suggest that the percolating anatectic melts progressively lose their initial major, trace
element and isotopic features, e.g., Sr enrichment [Gurenko and Sobolev, 2006] and can progressively
acquire a ‘‘ghost plagioclase signature’’ [Sobolev et al., 2000].

For the 21 Ma Kerguelen OIB case, crustal assimilation was accompanied by minor crystallization of clinopyr-
oxene and predominant growth of olivine phenocrysts with chromiferous spinel from heterogeneous melts
of OIB basaltic magma at preeruptive middle crustal conditions (e.g., 1105–11438C and 0.2–0.3 GPa). Our
data imply that similarly to the investigated case of the 21 Ma olivine-cumulative basalts from Kerguelen
hot spot, the primitive OIB magmas are olivine-phyric due to multiple recharge events of mantle plume-
derived olivine-saturated basaltic melts. Moreover, an addition of an EM-1-type assimilant from an oceanic
(subcontinental) lithosphere (e.g., middle-lower mafic crust) altered by circulating seawater-derived fluids to
the mantle-derived OIB magma could result in decrease in d18O and 206Pb/204Pb ratio in the crystallizing
minerals and the host hybrid magma [e.g., Eiler, 2001; Borisova et al., 2001; Frey et al., 2002a; Bindeman, 2008
and references therein; Gurenko et al., 2015]. The process may be established based on in-situ microanalyti-
cal study of the OIB mineral and glass phases such as the mineral-hosted glass inclusions [e.g., Borisova
et al., 2014; Gurenko et al., 2015, and references therein] rather than the bulk-rock OIB composition because
a mixed signature of the crustal and mantle events.

In summary, our model for the primitive OIB thus requires (1) presence of a middle crustal (0.2–0.3 GPa) rather
than deep lithospheric (1.0 GPa) magma chamber systems for the investigated primitive olivine-phyric OIB
basaltic series. (2) Olivine-saturated OIB melts are produced through crustal metagabbro assimilation (up to
�30 wt. %) by mixing between the wallrock-derived anatectic and parental melts in combination with multi-
ple episodes of recharge of hydrous olivine-saturated primitive basaltic melts. (3) The chemistry of the pro-
duced primitive OIBs, thus, strongly depends on whether the parental magma has resided in the gabbroic
crust, and on the efficacy of crustal assimilation. We believe that the chemistry of the OIB is also determined
by the timescale of the parental magma residence in the gabbroic crust. The combination of effective crustal
assimilation with multiple episodes of recharge of plume melts implies that the bulk-rock OIB composition
(chemistry and isotopic composition) represents some average of the mantle-derived and crustal melts.
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