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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 s~ ') in the “Layer 2," “Layer 3,” “Transitional zone” and “Mantle” correspond
to those investigated by Grégoire et al. [1998, 2001]. The “Volcano-plutonic complexes (magma chambers),” “lla- and lic-type rocks,” “lla
and llb-type rocks” and “Harzburgitic upper mantle” correspond to the schematic locations of the magma chambers, Ila- and lic-type, llb-
type xenolith rocks and harzburgitic mantle, respectively, in the MD 109 Kerguelen lithosphere [Grégoire et al., 1998, 2001].

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; Grégoire 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 TiO, and P,0Os contents, and corresponding
contrasting K,O/P,0s and Al,O3/TiO, ratios (Table 1, Figures 3 and 4).

P,Os-rich Plume melts with P,Os contents of 0.5-3.8 wt.% (Table 1 and Figure 3) are hosted in olivine
(Fogs_gs) and represent the major type of the melt inclusions. The melt inclusions have low K,0/P,05 (< 4)
and Al,Os/TiO, (<4.2) ratios at high TiO, (>3.0 wt.%) and MgO contents (7-10 wt.%) (Figures 3 and 4).
The Plume melt inclusions show variable Pb isotope ratios (**’Pb/?°°Pb = 0.838-0.877) and (*°®Pb/?°°Pb =
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 Fog,_g3 (Table 1). High K,O/P,05 (>4.7) and Al,05/
TiO, (>4.3) ratios in the melt inclusions representing Assimilant in Figure 4 are due to low P,Os (<0.4 wt.%)
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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

Model Crustal Host Basalt Kerguelen
Plume® Assimilant® Assimilant® Series Plume®
Fo (mol%)©: 79; 82-86 82-83 78-85
Pressure (GPa)%: <0.1-0.3 ~02
Temperature (°C): 1195-1233 1190-1233
Si0, " (Wt.%): 49.0+26 495+ 1.1 50-52 46.52
Tio, 35+04 28+ 0.1 33-34 2.12
ALO; " 129+ 1.1 134 +06 15-17 8.56
FeO M 9.7+ 1.1 101+ 1.0 11-12 11.87
MgO " 76+2.1 72+0.1 6-7 20.16
cao™ 111 +1. 109+ 1.3 6.4-84 7.39
Na,O ": 24+02 24+0.1 3.0-3.6 1.49
K,0 ™ 1.8+05 22+04 25-33 1.45
P,05 " 1.0+ 0.9 0.35+0.12 0.2-0.4 0.36
K,0/P,05° 27+12 72+ 44 44-139 3.9-4.0 0.8-4.6
ALOS/TiO,* 37+05 48+ 04 4.4-5.1 4.0-4.1 43-45
(La/Sm), 22-45 14-3.0 475
207pb/2%%ph average® 0.855 +0.017 0.859 * 0.006 0.87-0.88 0.8691-0.8694 0.837-0.846
208pp/205ph average® 2.126 +0.027 2.120 +0.016 2.14-2.18 2.1408-2.1415 2.112-2.118

#Plume,” “Assimilant,” correspond to average major, trace element and Pb isotope compositions (+ 2a 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].

PKerguelen 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.

Fo is the forsteritic content of the host olivine for melt inclusions.

dPressure corresponds to pressure estimated based on CO, 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].

€“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].

Mrace 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].

and TiO, (<2.9 wt%) at MgO contents of 7-8 wt.% (Figure 3). This type displays higher K,0/P,0s and
Al,O3/TiO, ratios relative to those of the host basalt (Table 1 and Figure 4). Because of low P,O5 and TiO,
contents and corresponding high K,0/P,05 and Al,05/TiO, ratios, the Assimilant melts are unlike Kerguelen
plume-derived melts or melts derived from deep mantle [McDonough and Sun, 1995]. The P,Os-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 2°’Pb/?°°Pb (0.853-0.867) and
208p}/296p)y (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].

H,O and CO, 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 H,O and CO, 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 (H,O + CO,) 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

BORISOVA ET AL.

ORIGIN OF PRIMITIVE OCEAN ISLAND BASALTS 2704



@AG U Geochemistry, Geophysics, Geosystems

10.1002/2017GC006986
d0 |¥ T T T T 1 T T T T T T T T T T T T T T T
sl R MCS liquids Si0, wt% - MgO wt%
WR Magma i
52] ‘/01’ ® e © ol MCS liquids c%e
&a o\ 8¢ e WR Magma o
50— o ~ R O. - - N [ ] Q) o
48— [ ] M. [ ] T oe ® [ )
46| ® - 21 Ma Plume melts ° e i -7
@ - 21 Ma Assimilant melts 5 P
44| O - 21 Ma other melts | %
+ - MCS liquids [this work] L]
2 1 L L | L L 3 1 1 L [ 1 I I | I I
5 T T T T I T T T T I T T T T T T I T T T T I T T
TiO, wt% Na,O wt%
MCS liquids 5
4 KVVR Magma ee@ ® MCS liquids
WR Magma
8 ° — \o o L < g
<« =~
3+ © ° Og‘o.
[ J [ ]
[ — o
[ © 3 % e~ — 8 e 90 O
oo =~ ' [ ]
2 1 1 1 1 I 1 1 1 1 I 1 1 2 1 1 1 1 I 1 1 1 .I I 1 1
22 T T T T 4 T T T T T T T T T T
MCS llqulds AL O, wt% K,O wt%
20 23 ¥
\ WR Magma L ° o)
18 gt -
16— i Se~ 9 o %
R ) - + = ®
14— . ~< \% o \ o
12 . 1= NE MCS liquids
10— WR Magma
8 1 1 1 1 I 1 1 1 1 I 1 1 0 1 1 1 1 I 1 1 1 I 1 1
16 T T T T I T T T T I T T 4 T T T T I T T T T T
o,
ul MCS liquids o CaOwt% P,0s wt%
\la"ma 3
12—
8 o. ° MCS liquids
[ ]
/ WR Magma ¢ o
6 1~ N _ ?J"W
s B~ 7 © ot
2 | | | | | | 0 \ 1 1 | 1 1 .P 1 | 1 1
14 T T T T T T T T T T T 1300 T T T T T — T T T T
FeO wt% T°C
12+ o b
§ 1200 - B
S - 9. [ ]
10— r MCS liquids
TMCS liquids /' * 50 ® 1100 WR Magma
8 Magma M - 21 Ma Plume melt T(°C)
M - 21 Ma Assimilant melt T(°C)
+ - MCS liquids [this work]
6 1 1 1 1 I 1 1 1 1 I 1 1 1000 1 I 1 1
75 80 85 75 80 85
Fo mol% Fo mol%

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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