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ABSTRACT

Mantle source heterogeneity and magmatic processes have been widely studied beneath most
parts of the Southwest Indian Ridge (SWIR). But less is known from the newly recovered mid-
ocean ridge basalts from the Dragon Bone Amagmatic Segment (53°E, SWIR) and the adjacent
magmatically robust Dragon Flag Segment. Fresh basalt glasses from the Dragon Bone Segment
are clearly more enriched in isotopic composition than the adjacent Dragon Flag basalts, but the
trace element ratios of the Dragon Flag basalts are more extreme compared with average mid-
ocean ridge basalts (MORB) than the Dragon Bone basalts. Their geochemical differences can be
explained only by source differences rather than by variations in degree of melting of a roughly
similar source. The Dragon Flag basalts are influenced by an arc-like mantle component as evi-
denced by enrichment in fluid-mobile over fluid-immobile elements. However, the sub-ridge man-
tle at the Dragon Flag Segment is depleted in melt component compared with a normal MORB
source owing to previous melting in the subare. This fluid-metasomatized, subarc depleted mantle
is entrained beneath the Dragon Flag Segment. In comparison, for the Dragon Bone axial basalts,
their Pb isotopic compositions and their slight enrichment in Ba, Nb, Ta, K, La, Sr and Zr and deple-
tion in Pb and Ti concentrations show resemblance to the Ejeda-Bekily dikes of Madagascar. Also,
Dragon Bone Sr and Nd isotopic compaositions together with the Ce/Pb, La/Nb and La/Th ratios can
be modeled by mixing the most isotopically depleted Dragon Flag basalts with a compaosition with-
in the range of the Ejeda-Bekily dikes. It is therefore proposed that the Dragon Bone axial basalts,
similar to the Ejeda—Bekily dikes, are sourced from subcontinental Iithospheric Archean mantle be-
neath Gondwana, pulled from beneath the Madagascar Plateau. The recycling of the residual sub-
arc mantle and the subcontinental lithospheric mantle could be related to either the breakup of
Gondwana or the formation and accretion of Neoproterozoic island arc terranes during the collapse
of the Mozambique Ocean, and is now present beneath the ridge.
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INTRODUCTION

Understanding variations in mantle sources and mag-
matic processes through geochemistry of mid-ocean
ridge basalts is critical to determining the dynamics and
compositional evolution of the upper mantle le.g.
Langmuir et al., 1992; to & Mahoney, 2005; Sun, 2016).
The Southwest Indian Ridge, spreading at 14-16 mma™’
(DeMets et al., 2010), as an iconic ultraslow ridge (Dick
et al, 2003) with variable melt production and discon-
tinuous crustal thickness can thus act as a unique win-
dow to investigate upper mantle heterogeneity (e.g.
Mauret et al, 2011). With its extreme obliguity to the
spreading direction, mantle upwelling is slowed to the
point where melting is highly attenuated owing to con-
ductive heat loss and the formation of a thicker litho-
spheric lid (e.g. Reid & Jackson, 1981; Bown & White,
1994). As a result, overall, magma production is highly
sensitive to mantle source composition, and the crust is
thin, highly variable in thickness, and often missing
(Zhou & Dick, 2013). Magmatic and amagmatic modes
of spreading alternate ubiquitously along the ridge le.g.
Dick et al., 2003; Cannat et al., 2006, 2008, Sauter &t al.,
2013), probably reflecting large along-axis variations in
ridge geometry and mantle source. The ridge axis be-
tween 48 and 53°E provides a conspicuous example of
the variability encountered along the SWIR, reflecting
extreme variations in crustal thickness that reflect large
changes in the tectonic setting and composition of the
mantle source over a few hundred kilometers (Zhao et
al., 2013; Zhou & Dick, 2013; Li et al.,, 2015; Gao et al.,
2016; Yang et al,, 2017).

The 48-53°E section of the Southwest Indian Ridge
consists of two strongly contrasting ridge segments:
the magmatically robust 350km long eastem section
(48725-62°18'E) of the 600km long Dragon Flag
Supersegment (46°12-52°18E) and the 80km Dragon
Bone Amagmatic Segment (52°22'-53°21'E). These are
separated by the 110 km offset Gallieni Fracture Zone at
52°20'E, one of the deepest and largest transforms on
the SWIR (Sauter et al, 2001, 2009). The Dragon Flag
Supersegment is named here for the well-known
Dragon Flag hydrothermal area, which lies at 49°39'E
(Tao et al., 2012; Zhao et al., 2013). Sampling along the
eastern Dragon Flag Supersegment has recovered nu-
merous depleted mid-ocean ridge basalt (D-MORB)
glasses (Gale et al, 2013) along its central portion.
Seismic studies show crust between 3 and 10 km thick
(Sauter et al., 2001; Zhao et al., 2013; Li et al., 2015; Niu
et al, 2015), possibly some of the thickest crust any-
where along the SWIR. The adjacent Dragon Bone
Segment, east of the Gallieni Fracture Zone, in turn
reflects the lack of significant crust and hydrothermal
area compared with its sister segment to the west. Only
scattered basalt and vast areas of mantle are exposed
on the seafloor immediately east of the Gallieni
Fracture Zone. In contrast to the Dragon Flag Segment
D-MORB, high-sodium enriched MORB (E-MORB)
glasses were sampled along the Dragon Bone Segment

axis, with transitional MORB found only in the rift
mountains 70km to the south. These basalts located on
the two adjacent segments but with remarkably differ-
ent geochemical characteristics are therefore of inher-
ent interest.

Although numerous geophysical and geological
studies of the two segments adjacent to Gallieni
Transform have been conducted (Sauter et al, 2001;
Zhao et al., 2013; Zhou & Dick, 2013; Chen et al., 2015; Li
et al, 2015, 2017; Niu et al,, 2015; Gao et al, 2016; Yang
et al, 2017; Wang et al., 2019), few studies have consid-
ered the differences in geochemistry between the two
segments, and none have investigated the Dragon
Bone basalts.

Several possible origing for MORB from the central
SWIR have been proposed previously. For example, E-
MORE between 36 and 39°E were suggested to be influ-
enced by Marion and Prince Edward Island lavas
(Janney et al., 2005). For basalts from 39 to 41°E, an in-
volvement of subcontinental lithospheric mantle
(SCLM) was invoked for their source (Mahoney et al,
1992; Janney et al, 2005), whereas Meyzen et al. (2005)
argued for the presence of lower continental crust in
their source mantle. For the isotopically enriched nor-
mal (N)}-MORB at 50-5°E, Yang et al. (2017) argued for
the influence of the Crozet hotspot, which is 900 km
away from the SWIR.

We here report new major and trace element and Sr-
Nd-Pb isotopic data for the high-sodium E-MORB from
the Dragon Bone axis as well as the depleted MORB
from the Dragon Flag Segment. Using these data we re-
evaluate the source origins for the Dragon Flag basalts
and determine whether the geochemical differences be-
tween the Dragon Bone and Dragon Flag Segment
basalts are related to source heterogeneity or post-
melting differences insampling similar sources.

GEOLOGICAL SETTING AND SAMPLE
LOCATIONS

The study area is located between the Indomed (46°E)
and Gazelle (54°06°E) fracture zones, and is separated
by the Gallieni Fracture Zone (52°20°E) into two mor-
phologically distinct regions. The eastern portion of the
Dragon Flag Supersegment trends 747 oblique to the
spreading direction, and consists of six en echelon
short magmatic segments separated by non-transform
discontinuities. The eastern 80km Dragon Bone
Segment extends from the Gallieni to the 80 km offset
Gazelle Fracture Zone (Fig. 1a). Multi-beam bathymetry
from the RV Dayang Yihao cruises shows that the east-
ern Dragon Flag rift valley is ~1000m shallower on
average than the Dragon Bone rift valley (3090m vs
4000 m depth).

Following the segmentation assigned by Cannat
et al (1999) our basalts come from Dragon Flag seg-
ments 30, 29, 28, and 27, and Dragon Bone segment 24
(Fig. 1b). The shallowest segment (27) shoals to
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Fig. 1. (a) Bathymetric map of the central Southwest Indian Ridge, with large fracture zones (FZ) and highlands labeled Marion
Island, Del Cano Rise and Crozet. The red rectangle is shown enlarged in (b). (b} Dragon Flag Segment and the Dragon Bone
Amagmatic Segment with sample locations. Fine dotted lines outline the anomalous elevated terrain flanking the Dragon Flag
Supersegment (Sauter ef al., 2001, 2009). Dashed line marks the Gallieni Fracture Zone. Bold black lines show discrete segments

offset by non<transform discontinuities.

<1500 m and is ~60 km long with high along-axis relief
and a large mantle Bouguer anomaly (MBA) low
(Sauter et al.,, 2001; Li &t al, 2015). Its crustal thickness
has been seismically measured, reaching 10-2 km near
its midpoint, before tapering down at the segment ends
(Li et al, 2015; Niu &t al, 2015).

Segment 28 is an ~30 km long narrow segment with
an ~5km wide neovoleanic ridge at its center. A deep
basin with the Dragon Flag Oceanic Core Complex and
associated hydrothermal area marks the axial discon-
tinuity between segments 28 and 27. Shoaling to only
3000 m, with much smaller along-axis relief, and
smaller MBA low, segment 28 is magmatically less ro-
bust with a crustal thickness of only 5-6km (Sauter
et al., 2004, 2009; Zhao et al, 2013). The overall crustal
thickness beneath the segment center is greater than
that beneath the southern ridge flank (~30-4.0km)
(Sauter et al., 2009; Zhao et al., 2013), probably reflect-
ing asymmetrc spreading accompanying core complex
formation.

Segments 29 and 30 are similar to segment 28.
Segment 29 is the smallest, and is bounded by deeper
and larger non-transform discontinuities, indicating
weak present-day magmatism. Segment 30 is shallower
than segment 29 and is ~40km long, indicating more
robust magmatism.

Segment 24 to the east of the Gallieni Fracture
Zone is much deeper than any of the segments to the
west. It has an unusual mormphology, being bowed to
the north, with 2400m along-axis relief shoaling to
3900m at its midpoint. The deep bathymetry and
large exposure of peridotites indicate cold mantle and
weak magmatism (Zhou & Dick, 2013). Coordinates
and tectonic setting of each sampling location are
reported in Table 1.

PETROGRAPHY

Maost of the basalts analyzed are from quenched pillow
basalt glass rinds, whose thickness ranges from very
thin (<5mm thick; e.9. Supplementary Fig. S1a, b, h
and i; supplementary data are available for download-
ing at httpyfwww petrology.oxfordjournals.org) to rela-
tively thick (>2ecm thick; e.g. Supplementary Fig. S1b
and ¢). Several samples are in the form of small glass
marbles (e.g. Supplementary Fig. 51d and e; diameter
~2em) and one fist-sized of chunk of glass with a
hydrated fracture network (Supplementary Fig. S51g).
The basalts vary considerably in phenocryst content,
ranging from pure glass (e.g. Supplementary Fig. S1b
and d) to microphenocryst rich. Generally, the micro-
phenocryst population increases from the glassy rim
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Table 1: Coordinates and tectonic settings of each sampling station

Longitude (*E) Latitude (*S) Depth (mbsl) MNo. of samples Tectonic setting

Station

Dragon Flag Segment

Segment 20

34--TVET 48.8418 37.9991 2301
34TV E2 48.8942 37.9967 3006
Segment 29

34TV E24 49.2662 37.9376 1630
30-V-D8 49.5406 37.8740 2813
304V-09 49.4875 37.7535 3043
Segment 2B

21-V-D13 49.6507 377825 2748
21-V-TVGE1 49.6480 37.7828 2784
30-1-TVE10 49.6385 37.7819 2936
30-V-D7 49.64 48 37790 2798
30-v-D10 49.6553 37.7860 2576
304V-TVG2 49.6503 37.7832 2805
30-IV-TVG4 49.6882 37.7385 2945
34-1-TV G4 49.7027 37.7687 3090
34-1-TVE13 49.6901 37.7819 2243
34-1I-TVE14 49.6613 37.7643 3153
34-IV-TVGA 49.6689 37.7834 2806
34-IV-TVGE 49.6529 37.7696 2974
30-1-TVGE3 49.7819 378643 1540
30-Iv-D12 49.7125 37.8512 1742
Segment 27

30-1V-D13 50-4808 376585 1802
34-I-TVE 50-4961 37.6624 1840
344I-TVGES 50-4661 37.6564 1702
Segment 24-Dragon Bone axis

30-V-D2 52.8752 36.1063 3577
Dragon Bone rift mountain

21-V-D2 527672 36.-8034 1789

neo-volcanic zone
neo-volcanic zone

SN

southern axial valley wall
southern basin wall
northern basin wall

EE Xy

base of southern wall of axial valley
base of southern wall of axial valley
base of southern wall of axial valley
base of southern wall of axial valley
base of southern wall of axial valley
base of southern wall of axial valley
base of southern wall of axial valley
southern wall of axial valley
southern wall of axial valley

base of southern wall of axial valley
southern wall of axial valley

base of southern wall of axial valley
southern ridge flank, 10 km off-axis
southern ridge flank, 12 km off-axis

Bl b b P B R RS =S B = D D e

axial center
axial center
axial center

] b b =

axial center

1 southern rift mountain, 70 km off-axis

Sample numbers in the text are in the form ‘Cruise #-Leg #Type-Station #-Sample #. Sampling type is either a dredge (D) or a TV

grab (TVG).

towards the more crystalline interior of the pillow.
Slightly eryptocrystalline areas have olivine microphe-
nocrysts, phenocrysts, and crystallites surrounded by
dark rims (e.g. Supplementary Fig. S1e and f). Several
samples are relatively rich in small plagioclase micro-
phenocrysts, which tend to increase in abundance to-
wards the interior of the original pillow basalt (e.g.
Supplementary Fig. 51a). Euhedral to subhedral primi-
tive olivine phenocrysts (Fogpz-01.6) Were found in two
samples (e.g. Supplementary Fig. S1c and e). Basalt
glass DY21-V-D2 from the rift mountains of the Dragon
Bone Segment is the only one of our basalts containing
coarse plagioclase phenocrysts (Supplementary Fig.
S1h), alhough plagioclase phenocrysts (Ang,) also
occur in the DY30-IV-D2 basalts from the segment
center.

ANALYTICAL METHODS

Thirty-six glass samples from seven dredges and 15 TV-
grabs from the west segments 27-30 and four glass
samples from two dredges from the east Dragon Bone
Segment were analyzed. Samples were polished to
100 pm thick thin sections, and were studied with an op-
tical microscope. Major element contents (Table 2)
were determined in situ by JEOL JAX-8100 electron
microprobe at Analytical Laboratory of Beijing
Research Institute of Uranium Geology (Reed, 2005)

using 2 pm beam diameter at 20 kV acceleration voltage
and 1x10°A. For standardization SPI international
standards was used and relative emmors for TiO; and
Ma,0 are less than 5%, for 5i0,, Al,O5 Fel, MgO and
Cal less than 2%, and for MnO, P,0g and K;0 less than
10%.

Trace elements were determined for 18 basalts by
laser ablation inductively coupled plasma mass spec-
trometry (LA-ICP-MS). Glass fragments were crushed
and pure fresh glasses were hand-picked under a bin-
ocular microscope and mounted using epoxy in holes
in an Al-disk. Sample surfaces were highly polished,
and samples were analyzed using an Electro Scientific
Instruments (ESI) New Wave UP193 FX excimer
(193 nm) LA system coupled to a Thermo Element XR
ICP-MS system housed at the Geochemistry Program of
the National High Magnetic Field Laboratory, Florida
State University. Laser energy flux of 6-8Jem™ was
used. Analysis was carried out on 100 pm spots at 50 Hz
repetition rate and 20s dwell time, with USGS basalt
standards: BCR-2g, BHVO-2g, and BIR-1g, and NIST
SEM 610 (Jochum et al, 2011; Yang et al, 2015).
Sample reproducibility is generally better than 2 %. Five
spots were analyzed for each sample and the averages
are reported in Table 3.

Seventeen basalts were also analyzed for S—Nd-Pb
isotopes on 90-110mg of handpicked glass. Leaching,
dissolution, column chemistry and measurements were
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Table 2: Major ele ment com positions of Dragon Flag and Dragon Bone basalts (witSo)

Sample Si0, Tid, Al Oy FeO" MnO MgO Cal Ma, 0 K20 PoOg Total
Dragon Flag type 1 basalts

Segment 2B

304V-TVGD4-2 49.54 0-66 15.60 795 0-16 9.49 13.65 1.85 001 001 99.20
Segment 27

3441-TVGE01-1 49.47 144 14.83 1042 0-20 712 11.55 2.76 0-08 013 98.04
34-1-TVGD1-2 49.25 1.47 14.51 10-26 0-19 715 11.50 2.92 0-06 0-15 97.52
34-11I-TV G051 49.79 0-88 1692 891 0-15 B-B6 1133 2.87 0-05 0.06 99.87
34-11-TV GO5-2 47.81 0-80 17.68 8.82 0-15 B8.B4 11.60 2.54 0-03 0-05 98.38
304V-D13-1 4810 0.78 17.58 B8.48 0-15 B-B6 1153 2.72 0-05 0.02 9842
Dragon Flag type 2 basalts

Segment 20

34-1-TVE01-3 49.68 161 14.93 1087 0-20 8.08 1076 2.52 0-08 017 99.02
34-1-TVE01-4 48.98 1.50 14.85 1033 0-24 817 1072 2.56 0-06 016 97.59
34-1-TVE01-4 (d) 49.16 161 14-89 10-46 020 818 10.76 2.65 0.07 012 9814
34-1-TVE02-4 49.72 1.34 14.84 10-29 0-19 7-35 11.47 2.56 0-05 013 97.97
34TV E02-6 50.09 1.37 14.92 1039 0-18 7-39 1167 2.47 0-05 013 98.69
Segment 29

34-11-TVG24-3 48.98 1.58 14.86 1075 021 770 1070 27 0-05 015 97.75
Segment 2B

30-1V-D09-1 49.76 1.64 14.46 1051 0-18 763 10-45 281 0-08 015 97.76
30-1V-D08-1 49.34 111 1585 9.38 0-18 8.94 1098 2.57 0-06 012 9858
30-V-D08-2 48.89 1.22 15.62 9.41 0-15 9.02 1115 2.51 0-03 0.07 9810
30-1-TVE10-1 49.21 13 15.07 9.29 0-14 B.44 1117 2.63 0-05 0-10 97.72
30-1-TVE10-2 49.93 13 15.02 9.10 0-16 8.54 1114 2.74 0-05 012 98.39
30-1V-D07-1 4873 119 1588 9.47 016 8.87 1098 2.56 0-04 011 98.09
30-V-D07-2 48.69 114 1581 9.39 0-19 9.03 1115 2.51 0-05 0-08 9814
21N-TVGEO1-4 49.25 1-40 14.84 9.68 0-19 B8.62 1082 2.48 0-06 012 97.53
30-IV-TVGO2-7 49.50 1-40 14.95 9.1 0-19 B8.43 10-86 2.65 0.09 016 9763
30-IV-TVGD2-6 49.65 1.35 14.95 9.34 0-16 B-46 1068 273 0.09 0-14 97.85
21-V-D13-4 4894 1.28 15.09 9.49 021 821 1117 2.58 0-05 0-15 97.22
344V-TVGO05-3 49.27 143 15.02 9.75 017 851 1083 2.49 0-06 0-15 97.73
34-IV-TVGO5-1 49.14 1.45 15.02 9.7 0-18 8.75 1081 2.69 0-05 011 97.95
30-IV-D10-12 50.22 157 15.06 9.7 0-18 7.07 1085 2.90 0.09 013 97.81
34TV E14-2 49.74 1.39 15.44 9.82 0-19 767 1110 2.30 0-06 011 97.90
34--TVET41 4911 141 15.27 9.72 017 7-85 11.09 2.58 0-04 011 97.42
34-IV-TVG04-2 49.17 1.56 1461 10-46 0-20 7-10 1130 273 0.07 012 97.34
34-IV-TVG04-3 49.46 1-46 14.89 1036 0.22 7.08 11.28 2.78 0-08 014 9737
34-1-TVE13-2 49.59 115 15.45 9.52 0-20 B8.24 12.41 2.04 0.02 0.09 9877
34--TVE13S 48.99 115 15.22 9.07 021 8.32 12.50 23 0.02 0-08 97.93
34--TVGE04-40 49.61 1.32 15.47 9.39 0-14 813 1129 241 0-08 0-16 98.09
34-1-TVGD4-41 49.19 1.39 15.-46 9.48 0-19 799 11-40 2.62 0-04 0.08 9794
Segment 2B

30-IV-D12-5 49.79 130 15.09 9.48 0-19 g1 10-86 2.70 0.07 0.04 97.67
304V-D12-7 49.81 1.34 14.81 9.85 0-18 819 1074 2.65 0-06 0-10 97.76
30-1-TVE03-3 49.82 1.55 14.79 10-41 0.22 7-29 1091 27 0-08 011 9819
Dragon Bone axial basalts

30-IV-D2-1 51.87 1.69 16-44 8.33 0-19 6-38 9.44 4.22 0-28 013 98.99
30-1V-D2-2 50.72 1.75 16-43 &7 0-20 593 9.56 4.46 0-28 0.27 98.37
30-IV-D2-3 5084 153 1656 8.55 0-16 6-28 9.40 4.22 0-29 0.22 9815
Dragon Bone rift mountain

21-V-D2 48.86 1.34 1638 9.10 0-18 7-86 1087 3.02 0.09 012 98.09
FParental malts

Dragon Flag type 2* 49.13 101 17.42 799 0-18 9.47 1129 2.50 0-06 0-10 100.00
Dragon Bone axis® 5069 1.06 17.95 6-30 0-14 9.13 10.08 361 0-18 013 99.99

FeO' is total Fe. (d), duplicate.

*Fe,05 content of the parental melt of the Dragon Flag type 2 basalts is 0-85wt.
"Fez0s content of parental melt of the the Dragon Bone axial basalts is 0-72 wi%.

carried out at the MNational High Magnetic Field
Laboratory, Florida State University using methods
described by Mallick et al (2014). The separates were
leached in ~&ml 2.5N HCI and ~500 pl <30% H:0. for
20-30 min at room temperature to remove any after-
ation products. The leached separates were rinsed sev-
eral times with quartz sub-boiling distilled water.
Subsequent dissolution and column chemistry was per-
formed after procedures described by Stracke et al.

(2003). Srisotope compositions were measured by ther-
mal ionization mass spectrometry (TIMS) using a
Finnigan MAT 262 RPQ system. Measured value of the
Eimer & Amend (E&A) SrCO; standard is ¥ Sr/*°Sr =
0708000 = 0-000007 (20, n=6). The ¥SrSr ratios
are corrected for mass bias using ®Sr®85r=0-1194
and reported to the E&A 5rC0; standard of
55155 r =0-708000. Blanks for Sr were <100pg. Nd
and Pb isotopes were measured using a Neptune multi-
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Table 3: Trace element compositions of basalts from the Dragon Flag and Dragon Bone segments (ppm)

Dragon Flag type 1 basalts

Dragon Flag type 2 basalts

301v- 34l11- 34l11- 300V- 304V- 30-1V- 30-V- 30-1- 30-1V- 30-1V- 30-1V-

TVG04-2 TVGO01-1 TVG05-1 D13-1 Ce9-1 D0E-1 Dog-2 ™GE10-1 D071 D07-2 ™VGO2-6
Sc 35 42 32 n 39 35 36 37 34 36 38
Rb 0-19 112 0-34 0-55 101 0-44 0-39 0-81 0-37 0-55 1.03
Sr 42.43 113 127 127 92 87 88 &89 &89 87 a8
A 1665 .77 16:27 1581 43.32 2636 2697 35.66 3054 2646 3328
Zr 18.87 7 43 41 102 56 57 79 62 56 85
Mb 0-20 1.32 0.52 0.52 1.69 0-65 0-66 1.05 0.75 0.73 1.27
Cs 0-89 021 0-08 0-18 0.02 0-06 002 0.02 001 0-24 011
Ba 21 781 2.24 213 102 341 3.48 5.35 361 3.56 704
La 0-46 2.37 130 1.34 2.99 143 1.47 212 1.66 1-46 241
Ce 1.72 g1 4.58 4.37 9 5.21 5.3 6.76 5.3 5.3 831
Pr 0-36 1-40 0.78 0.74 1.69 0.98 101 1.29 101 101 1.54
Md 2.38 787 426 410 1085 5.89 597 8.39 6-59 5.96 B8.82
Sm 1.23 3.00 1.54 1.47 411 2.43 2.47 329 2.64 2.45 339
Eu 0-54 117 0.71 0-67 1.44 0.98 101 119 1.03 1.00 1.24
Gd 1497 3.90 2.03 199 511 3.46 3.53 4.14 3.39 3.48 4.64
Tb 0-41 0.74 0-39 0-37 1.07 0-66 0-69 0-B6 0.72 0-68 0-88
Dy 2.99 5.07 2.62 2.57 742 4.72 4.9 6-06 5.2 4.82 607
Ho 0-66 111 0.57 0-55 159 1.03 1.07 1.3 112 1.05 1.32
Er 199 3.22 1.70 1.63 476 3.07 an 39 3.39 314 3.89
Tm 0-29 0-47 0-24 023 0-69 0-44 0-45 0-56 0-49 0-46 0-55
¥b 199 3.09 161 161 4.49 3.03 314 37 3.23 3.08 3.79
Lu 0-29 0-47 0-24 0-24 0.68 0-44 0-46 0-55 0-49 0-44 055
Hf 0.73 21 101 0.98 2.96 1.64 1.74 2.34 1.82 1.68 2.48
Ta 001 0-08 0-03 0-04 01 0-04 0-04 0.06 0-05 0-04 0-08
Pb 0.95 2.65 119 185 101 0.71 052 0-85 0.57 0.75 0.94
Th ppb 18 132 44 47 136 51 51 B6 58 52 116
U ppb 7 &0 15 16 44 26 22 28 22 25 42

Dragon Flag type 2 Dragon Bone axial Dragon Bone Standards
basalts basalts rift mountain
30-IV- 30-1V- 30-1V- 30-1V- 30-1V- 304V- 21-V-D2 MIST BCR- BIR- BHVO-

™Go2-7 D12-5 D12-7 D21 D2-2 D2-3 610 2g 1g 2g
Sc 38 38 38 32 32 33 37 441 33 43 33
Rb 1.03 0-84 0-83 3.07 317 319 1.01 425.7 47 0-197 9.2
Sr 96 88 B6 2m 202 197 136 515.5 342 109 396
A 325 3194 3092 3886 39.47 34.36 283 450 35 26
Zr 83 73 7 166 166 146 B6 440 184 14 170
Mb 1.25 113 114 [ 611 5.32 186 419 125 0.52 183
Cs 011 0-05 0-04 0-04 0-05 0-08 0.08 361 116 0-007 01
Ba 6-B6 783 7.75 44.8 453 43.2 111 435 683 &5 13
La 2.34 241 2.06 7.59 7-65 677 31 457 247 0-609 15.2
Ce 8.07 697 723 182 19.13 1852 9.78 448 533 189 376
Pr 1-49 1.3 1.32 2.86 2.88 2.88 1.65 430 &7 0-37 5.35
Md 8.53 7-65 7.59 15.68 1576 14.31 B8.87 43 289 2.37 245
Sm 33 3.08 2.96 4.66 4.68 4.36 3.07 451 6-59 1.09 61
Eu 1.21 117 114 1.59 1.60 1.56 118 461 1497 0-517 2.07
Gd 4.54 4.28 416 5.27 5.25 5.42 4.07 444 671 1.85 6-16
Tb 0.85 0.82 0-8 0.99 0.99 094 0.75 443 1.02 0-35 0.92
Dy 5.99 5.8 5.58 677 675 6-33 5.21 427 6-44 2.55 5.28
Ho 1.28 126 1.2 144 1.42 1.34 111 449 127 0-56 0.98
Er 38 374 36 4.24 4.23 3497 33 426 37 1.7 2.56
Tm 0.54 0.53 0.5 0-81 0-81 0-55 0-48 420 0-51 0.24 0-34
¥b an 3.69 351 4.01 4 3.88 3.28 445 3.39 1.64 2.0
Lu 0-54 0.53 0-51 0-81 0-6 0-56 0.48 435 0503 0-248 0-279
Hf 2.43 2.2 212 3.55 351 37 2.34 432 4.B4 0.57 4.32
Ta 0.08 0-08 0.07 0-36 0-35 0.32 013 452 0.78 0-036 115
Pb 1.07 0-85 093 1-49 1.35 157 0-85 426 11 37 1.7
Th ppb 111 106 a7 497 489 442 130 457.2 5.9 0-03 1.22
U ppb 51 35 45 130 130 137 44 461.5 1.69 0-023 0-403

collector (MC-)ICP-MS systemn (Mallick et al., 2014). The
estimated uncertainties are based on repeated meas-
urements of the standards. The measured value of the
La Jolla standard is "SNd/"**Nd = 0.511794 = 0-000004

2a, n=5). The "Nd/"*Nd ratios are corrected for
mass bias using a "**Nd/"**Nd ratio of 0.7219 and are
reported relative to La Jolla standard of 0-511850.
Blanks for Nd were ~10pg. Pb standard NBS 981
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Fig. 3. Total alkalis vs Si0; diagram (Middlemost, 1994) show-
ing comparison of the Dragon Bone and Dragon Flag basalts
with those from Central Lena Trough, Marrowgate segment
and SWIR. Symbols as in Fig. 2.

yielded average values of 2%Pb/2%Pb = 16929 = 0-001
(20, n=5), *"Pb/***Pb=15.481= 0.001 (20, n=5) and
20%pp22*Ph = 36.664 + 0.003 (20, n=B5). Pb-isotopic
compositions are corrected for mass bias using
a “TI*TI ratio of 2.3889 and are reported relative
to NBS 981 standard isotope ratios  of
2%pp%%ph = 16.9356, *UPb***Pb=154891  and
208pp2%4pp — 36.7006 from Todt et al. (1996). Blanks for
Pb were ~50 pg.

RESULTS

Major element compositions

The Dragon Bone and Dragon Flag basalts show trends
of decreasing MgO with increasing Si0z, FeO, TiO; and
MNaz0, and decreasing Al:O; and Ca0 (Fig. 2, Table 2).
Dragon Flag basalts analyzed here represent 200km
and four discrete segments of the 350 km long Dragon
Flag Supersegment. Although there are significant var-
iations in geomorphology and magmatic activity, their
major element compaositions show only a limited range.
The Dragon Bone rft mountain basalt, except for its
higher AlO; contents, is similar to the Dragon Flag
ridge basalts. The Dragon Bone axial basalts appear
more fractionated and plot separately from the Dragon
Flag samples.

Based on La/Sm and K;O/TiO; ratios Dragon Bone
axial basalts show enriched characteristics compared
with the average MORB of Gale et al (2013) whereas
the Dragon Flag basalts are on average more depleted
than average MORB. The Dragon Bone axial basalts are
at the high end of the spectrum of global MORB compo-
sitions for Al;0s, Nas0 and 5i05, and &t the low end for
low Ti0z, FeO and Ca0 (Fig. 2).

The total alkalis diagram (Fig. 3) shows that Dragon
Bone axial basalts have uniformly higher alkali contents
than the Dragon Flag basalts and the Dragon Bone rift

mountain basalt. The Dragon Bone axial basalts are
similar in Na;0O content to the high-alkali basalt suite
from the Narowgate segment (Standish et al, 2008)
and Central Lena Trough basalts (Mauret et al, 2011).
The Dragon Flag and Dragon Bone rift mountain lavas
are in the low-silica and low-alkali range for SWIR
basalts (data from http:/www.earthchem.org/petdb],
whereas the Dragon Bone axis basalts plot at the high-
silica and high-alkali end (Fig. 3).

Trace element compositions

The Dragon Bone and Dragon Flag basalts display dis-
tinguishable ranges of trace element concentrations
(Table 3) and ratios that suggest the influence of vari-
able degrees of partial melting of variably depleted and
enriched mantle sources. These trace element composi-
tions were obtained as in sity measurements on fresh
basaltic glass and thus are not affected by seawater al-
teration processes.

Dragon Flag basalts
The Dragon Flag basalts show limited variations in trace
element concentrations and range from similar to the
average D-MORB to more depleted than it (Gale et al.,
2013). Three samples (30IV-D13-1 and 3411 TVG5-1 from
segment 27 and 301V-TVG4-2 from segment 28) are the
most depleted ever found in the global MORB data at
relatively primitive MgO contents. One sample, 34l
TVG1-1 from segment 27, with lower MgO (7.2 wit3),
has higher trace elements concentrations owing to frac-
tional crystallization. We group these four samples as
the Dragon Flag type 1 basalts to distinguish them from
the main group of the Dragon Flag basalts itype 2) that
plots below the average D-MORE but above the lower
bound of global MORB (Gale et al, 2013). The Dragon
Flag basalts with (La/Sm)pn < 0-5 (normalized to primi-
tive mantle; Sun & McDonough, 1989), are at the
depleted end of the range for Southwest Indian Ridge
MORB. Primitive mantle normalized diagrams of the
Dragon Flag basalts and the average D-MORB as well
as the lower bound of global MORB are displayed in
Fig. 4a and b.

The Dragon Flag type 2 basalts plot within the range
of MORB in limited ZrHf (33-37) and Nb/Ta (15-18)
ranges, whereas the type 1 basalts spread over a much
wider range: (1) the most depleted basalt (sample 301V-
TVG4-2) plots at the lower end of the MORB compos-
itional spectrum (NbTapore = 11-5-166, ZriHfpore =
27-77-43-68; Minker et al., 2003) and one spot analysis
of this sample (Nb/Ta = 9.8 and Zr/Hf = 24) is similar to
the depleted mantle composition (Minker et al., 2003;
Weyer et al, 2003); (2) the other three samples (301V-
D13-1, 34llI-TVG1-1 and 34lI-TVG5-1 from segment 27)
have Nb/Ta and Zr/Hf ratios around 15.5 and within 37-
40 respectively, plotting within the ocean island basalt
(OIB) field (Nb/Tagg = 11.5-16-6, Zr/Higg = 27-77-43.68;
Minker et al, 2003). The Dragon Flag type 1 basalts
show negative anomalies in immobile elements Nb, Ta
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Fig. 4. Primitive mantle normalized trace element patterns. Normalization constants are from Sun & McDonough (1989). {a) Dragon
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depleted MORE mantle source DMM, (Salters & Stracke (2004) and basalts from the Ejeda-Bekily dikes (Mahoney et al., 1991,

2008).

and Zr and positive anomalies in Ba, Sr and Pb, which
are typical characteristics of fluid addition. Thus, we
also compare these data with some backarc basin
basalts (BABB) and arc basalts (Straub et al., 2009)
(Fig. 4a and b). Also, the combinations of fluid-mobile
and -immobile elements ratios of the type 1 basalts
show an enrichment of fluid-mobile elements (Fig. 5).

Dragon Bone basalis

The Dragon Bone rift mountain basalt is similar to the
average D-MORB composition. The Dragon Bone axial
basalts are similar to the average MORB compaosition
(Gale et al, 2013) with higher large ion lithosphere ele-
ments (LILE) and light rare earth element (REE) concen-
trations (Fig. 4).

The differences between Dragon Bone axial basalts
and Dragon Flag basalts are in both LILE and high field
strength elements (HFSE), with the Dragon Bone axial
basalts having higher LILE and lower HFSE than the
Dragon Flag basalts; for example, Ba and Yb of the
Dragon Bone axial basalts vary from 43.2 to 455 and
from 3-88 to 401 respectively, whereas Ba and Yb of
the Dragon Flag basalts range from 211 to 108 and
from 1.61 to 4.49 respectively. The high ZgHf (~47)
ratios of the Dragon Bone axial basalts lie outside the
field of MORB (e.g. Minker et al, 2003; Pfander et al,
2012). Thus, it is clear that the Dragon Bone axial

basalts and Dragon Flag basalts are distinct from each
other.

Sr-Nd-Pb isotopes compositions

We report new Sr—Nd-Pb isotopes data for the Dragon
Flag and Dragon Bone basalts (Table 4). The isotopic
compositions of the Dragon Flag basalts are similar to
those of other SWIR basalts (Mahoney &t al, 1992;
Chauvel & Blichert-Toft, 2001; Meyzen et al., 2005, 2007;
Yang et al, 2017). Akhough distributed along the
140 km long segment, the Dragon Flag type 2 basalts
are fairly homogeneous, with "*Nd/"*Nd ranging from
0513106 to 0-513138, ¥Sr/*Sr between 0702722 and
0703018, and values of *°Pb/**Pb of 18-143-18.292,
207pp204Ph of 15.495-15-479, and 2"®Ph/***Pb of 37.956-
38.047. In comparison, the isotopic compaositions of the
Dragon Flag type 1 basalts show a much wider range
with 2°°Pb/*®*Pb reaching 15-624 (Fig. 6).

The Dragon Bone axial basalts are isotopically more
enriched than the Dragon Flag basalts, with lower
3Nd/™*Nd (0-512997-0.513012) and higher ¥ Sr/®Sr
(0-703256-0-703392). The Dragon Bone axial basalts
have a wider range in Pb isotopic compositions, with
values of *°Pb/**Pb of 17.506-18-138, *Pb/*™Pb of
15.463-15.549, and “*Pb/™*Pb of 37.758-38.565. The
single rift mountain basalt has similar Sr-Nd-Pb iso-
topes as the Dragon Flag basalts (Fig. 6).
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DISCUSSION

The trace elements and isotopic compositions show
that the Dragon Bone basalts are clearly more enriched
in isotopic composition than the adjacent Dragon Flag
basalts (Fig. 6), but the trace element ratios of the
Dragon Flag basalts are more extreme compared with
the average MORB than the Dragon Bone basalts
(Fig. 7). These geochemical differences indicate that the
Dragon Bone and Dragon Flag basalts probably have
different sources. Below we discuss what processes
and source compositions are responsible for the
Dragon Flag and Dragon Bone basalts varations.

Major element fractionation

The major elements distinguish the Dragon Bone
basalts from the Dragon Flag basalts (both type 1 and
type 2 basalts) with lower FeO and higher AlbO; and
total alkalis at lower MgO contents (Fig. 2), forming
separate clusters. The nearly constant CaO/Al:O5 and
increasing Sc and TiO; with decreasing MgQ in the
Dragon Flag basalts indicate that the Dragon Flag
basalts lie on the L + Ol + Pl cotectic, whereas the
comparatively lower Ca0/Al;0; and Sc at more
evolved MgO contents in the Dragon Bone axial
basalts would indicate fractional crystallization of Ol +
Pl + Cpx. We modeled the liquid lines of descent
(LLDs, Supplementary Fig. 52) starting from two differ-
ent parental melts (Table 2) generated by reverse

crystallization of the most evolved basalts from each
segment till an Mg# of 72 was reached, as melt with
Mg# = 72 is thought to be in equilibrium with a perido-
titic mantle (Niu & O'Hara, 2008). The stability field of
clinopyroxene expands at the expense of olivine and
plagioclase with increasing pressures (e.g. Grove et
al.,, 1992; Lissenberg & Dick, 2008; Standish et al,
2008). The majority of Dragon Flag basalts lie above
and along the 1kbar cotectic (Supplementary Fig. 52),
and have not seen clinopyroxene crystallization, sug-
gesting that the Dragon Flag basalts fractionated at
low pressures. Increasing the crystallization pressures
from the same parental melt as the Dragon Flag
basalts cannot explain the Dragon Bone axial basalts
and these basalts must have evolved from a different
parental melt.

The modeled parental melt of Dragon Flag basalts
results in higher MgO and FeQ but lower Al,O5; and
MNa;0 contents than that of the Dragon Bone axial
basalts. Their parental melts have major element com-
positions similar to the calculated primary melts at dif-
ferent degrees of melting and pressures after Kinzler
(1997). For example, the parental melt of the Dragon
Flag basalts is similar to the primary melt from near-
fractional aggregated melt by 9% degree of melting at
1-2GPa and that of the Dragon Bone axial basalts by
about 7% degree of melting at 0-95GPa from a previ-
ously depleted primitive upper mantle composition
(Hart & Zindler, 1986).
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Trace element fractionation

Incompatible element concentrations of the Dragon
Flag basalts (type 1 and type 2) increase linearly with
MgO, consistent with magmatic differentiation (Fig. 8).
The Dragon Bone rift mountain basalt plots close to the
Dragon Flag segments on a REE vs MgQO diagram.
However, the Dragon Bone axial basalts form a cluster
with higher concentrations of incompatible trace ele-
ments at lower MgO contents. Because of the limited
numbers of Dragon Flag type 1 basalts and the Dragon
Bone rift mountain basalt, the fractional crystallization
and partial melting effects mainly concern the Dragon
Bone type 2 basalts and the Dragon Bone axial basalts.

Clinopyroxene fractionation can increase the La/Yb
and Zr/Sm ratios in the remaining melt because D, and
Dz, values are lower than those of Dy, and Ds,., respect-
ively, for clinopyroxene/melt (Green et al, 2000). The
Dragon Flag type 2 basalts are characterized by a rela-
tively steep slope of La/Yb vs La (or Yb) with La at a
lower range (1.5-2.43ppm, La=2-43 in sample 30IV-
TVG4-7) and a relatively flat slope at a higher La range
(2-43-3ppm) (Fig. 8b and c). This indicates that partial
melting and fractional crystallization are different for
the two slopes of the Dragon Flag basalts.

We modeled the partial melting and fractionation
crystallization processes to evaluate their influences on
the Dragon Flag type 2 samples. The partial melting
trends are modeled through fractional melting of two
different sources and the fractionation crystallization
processes are mainly concerned with the influence of
crystallization of clinopyroxenes (Fig. 8a—c). Two mod-
eled fractional partial melting trends are shown for
comparison, one of a depleted MORB mantle source
and the other from a residue of a metasomatized mantle
(Fig. 8a and c). It is obvious that partial melting from a
DMM source cannot explain the trend of either the
Dragon Flag or the Dragon Bone basalts (Fig. 8a and c).
A previously depleted metasomatized mantle is more
appropriate as the source for the Dragon Flag type 2
basalts with La < 2-43ppm. The basalts with La <
2-43ppm are generated by higher degrees of partial melt-
ing than basalts with La = 2-43ppm. The latter have sus-
tained lower degrees of partial melting, which was
supposed to be generated at shallower depth, and thus are
more likely to have experienced low-pressure fractional
crystallization during migrating to the seafloor, in agree-
ment with the modeled low-pressure fractional crystalliza-
tion (Fig. 8a—c).

Despite the effects of partial melting and fractional
crystallization on the Dragon Flag type 2 basalts compo-
sitions, the lavas vary in a narow range of La/Yb (0-4-
0-8) and Z'Sm ratios (23-25) over a wide MgO range
from 9-03 to 7-07 wt% (Fig. 8). This is consistent with the
earlier explanation derived from major elements that
the effect of clinopyroxene fractionation on the compo-
sitions of the Dragon Flag type 2 basalts is insignificant.
The elevated La/Yb and Zr/5m ratios of Dragon Bone
axial basalts around 6-20wt% MgO indicate that
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Fig. 6. Variations of (a) ¥'Sr™Sr vs "*Nd/™*Nd, (b) *Pb/™™Pb
vs ¥5r® Srand (c) P™Pb ve 'Pb”™Pb of the Dragon
Flag and Dragon Bone basalts, compared with the Crozet hot-
spots (Salters & White, 1998; Breton et al, 2013) as well as
basalts from the EPR, MAR and SWIR.

clinopyroxenes fractionate at higher pressures in the
Dragon Bone axial lavas prior to eruption.

Despite the fractionation of clinopyroxene, the La/Yb
and Zr/Sm ratios were increased only in a very limited
range at <50% clinopyroxene fractionation as shown in
Fig. 8d and e. Thus, to explain the large difference of trace
element ratios between the Dragon Bone and Dragon Flag
basalts requires consideration of additional processes such
as partial melting, source heterogeneities or mixing and as-
similation. Modeled variations of trace element ratios by
varying the degree of partial melting from a single mantle
source cannot explain both the Dragon Bone axial basalts
and the Dragon Flag basalts. Source composition varia-
tions are a more likely explanation.
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Major elements insights into source variations

The varations in the NagyFeg, system are mainly
affected by the differences in melting processes (Klein
& Langmuir, 1987) or by mantle composition variations
(Dick & Zhou, 2015). The Dragon Flag (type 1 and type
2) basalts plot at the low-sodium, high-iron end of the
global MORB array (Fig. 9) indicating that they repre-
sent either melts from a high degree of mantle melting
(Klein & Langmuir, 1987) or melts from a more depleted
source than the MORB source mantle (Dick & Zhou,
2015). The Dragon Bone rift mountain basalt plots more
towards the middle of the global trend, indicating either
a moderately less depleted mantle source or lower
degrees of mantle melting. In either case, they lie at the
end of a systematic trend of decreasing Mag, and
increasing Fego from the Rodriguez Triple Junction to
the Marion Platform as previously noted by Dick &
Zhou (2015). Given the thin crust over the Marion Rise

and their depleted trace element patterns, the best ex-
planation forthe Dragon Flag composition is an increas-
ingly refractory mantle source (Zhou & Dick, 2013;
Dalton et al., 2014; Dick & Zhou, 2015). This explanation
is consistent with the previous conclusion that it is the
source variations, rather than partial mefting, that ac-
count for their elemental differences.

The Dragon Bone axial lavas, on the other hand, plot
at the high-Nag.q low-Fegy end, which indicates either a
low degree of melting or a fertile mantle source. Given
the highly depleted composition of the mantle perido-
tites across the Dragon Bone Segment and the adjacent
rift mountains (Zhou & Dick, 2013; Gao et al., 2016;
Wang et al, 2019), the logical explanation for these
lavas is that they represent extremely low degrees of
melting of a depleted mantle matrix containing
enriched components, and thus largely sample the
enriched rather than the depleted component.
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Trace element ratios reveal a mantle more
depleted than DMM

We have shown that trace element ratio variations of
the Dragon Flag type 2 basalts are mainly controlled by
partial mehlting and fractional crystallization processes,
and the large gap between the Dragon Flag and Dragon
Bone axial basalts is probably related to source com-
position difference. Additionally, their major and trace

element contents as well as the isotopic compositions
of the Dragon Flag type 2 and the Dragon Bone axial
basalts show correlated variations. Dragon Bone axial
basalt variation lies at the extension of the Dragon Flag
basalt variation; examples are shown in Fig. 10. In gen-
eral, trace element ratios with the more incompatible
element in the numerator correlate negatively with
M3Nd/"*Nd  and 2°°Pb2%Pb and positively with
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BTSrB8Sr (Fig. 10). As isotopic ratios are dependent only
on source variations, these phenomena imply that the
Dragon Bone axial basalts and Dragon Flag type 2
basalts share a mantle component.

The isotopically depleted Dragon Flag type 2 basalts
have trace element ratios that are extreme with La/Nb
up to 2-2 and Ce/Pb down to seven compared with the
average MORB wvalues of La/Nb (1-0) and Ce/Pb (26)
(Fig. 7). Similarly, the low values for Th/U (2.0), La/Sm
(0-6) and Sm/Yb (0-79) are much lower than the aver-
age MORB wvalues of 3.4, 1.4 and 105 respectively.
Additionally, the trace element ratios of the Dragon
Flag basalts are lower than those of the MORB source
mantle (Salters & Stracke, 2004). For example, Th/U
and La/Sm ratios of the MORB source mantle are 2.9
and 0-87, whereas the averages of the Dragon Flag
basalts are down to 2.5 and 0.-68 respectively. The
Dragon Flag basalts have experienced a high degree of
melting; however, a high degree of melting of an aver-
age MORB mantle source cannot explain their lower
than average MORB source Th/U and La/Sm ratios, but
requires a source more depleted than the average
MORB source.

A higher degree of melting for the Dragon Flag
Segment compared with its adjacent Dragon Bone
Segment has been proposed by Sauter et al. (2009), Li
et al. (2015) and Niu et al. (2015) based on bathymetry
and magnetic and gravity measurements. The Dragon
Bone Segment is magma starved and although the de-
gree of melting of the Dragon Flag is higher than that of
the Dragon Bone Segment, the crust is still thin relative
to normal ridges (Zhao et al., 2013). Thus a source more
depleted than the average MORE source beneath the
two ridge segments is likely from both geochemical and
geological perspectives.

Dragon Flag basalt source

Dragon Flag type 1 basalt source

Mainly two scenarios have been proposed in the litera-
ture for the possible sources of the Dragon Flag type 1
basalts. One is influence by the Crozet hotspot (Breton
et al, 2013; Yang et al, 2017) and the other is
subduction-modified subarc mantle (Li et al., 2017).
Below we will discuss the two possible origins for the
sources of the trace element depleted but isotopically
enriched Dragon Flag type 1 basalts.

Sauter et al. (2009) considered the off-axis shallow
ocean floor along the Dragon Flag Segment region as
relicts of a voleanic plateau caused by a sudden in-
crease of the magma supply over the past 10 Myr that is
still occurring at segment 27. This melting anomaly
may be ascribed to a regionally higher mantle tempera-
ture provided by mantle migration from the Crozet hot-
spot towards the SWIR Sauter et al. (2009). Zhao et al.
(2013) discovered that the shallow ocean floor is formed
by uplifted oceanic core complexes with relatively thin
basaltic crust indicating limited melt production.

Breton et al. (2013) proposed that the shallow mantle
beneath the Dragon Flag Segment is contaminated by
Crozet plume materals based on Sr—Nd-Pb-He isotopic
compositions of basalts from the Crozet Archipelago, al-
though they pointed that MORB from the Dragon Flag
area do not display OIB-like trace element signature, nor
do they show any direct affinity to Crozet basalts (Breton
et al, 2013). Yang et al. (2017) found isotopic evidence for
the influence of the Crozet hotspot from basalts from only
the segment 27 ridge axis. Because the isotopic composi-
tions of the Dragon Flag basalts are in the MORB field and
because the Crozet data fall at the extension of the MORB
field in Sr-Nd-Pb space (Fig. 6), it is difficult to distinguish
between variation within the MORB field and contamin-
ation with the Crozet plume. Given that the Crozet hotspot
is 1000 km off-idge, and Crozet has a small plume flux, it
is unlikely that it would affect one segment only from that
distance.

The depleted trace element signature of the Dragon
Flag type 1 basalts argues against hotspot influence.
Yang et al (2017) argued that the Crozet plume material
would travel along the lithosphere-asthenosphere bound-
ary from the plume towards the ridge. During this trans-
port the plume material would undergo decompression
melting. When it arives at the MOR the plume material
melts again, thus producing MORB low in incompatible
trace elements but with enriched isotopic compositions.
However, these isotopically enriched Dragon Bone type 1
basalts are among the most depleted D-MORE; that is,
more depleted than can be generated from a N-MORB
source. It is unlikely that such depleted melts are formed
by a low degree of melting of a geochemically enriched
plume-related material.

The ¥Sr/*sr-"**Nd/"**Nd variations of the Dragon
Flag type 2 basalts trend towards the east Crozet hot-
spot. However, in the 2%°Pb/***Pb-%"S5r/®Sr space
(Fig. 6) it is clear that both west and east Crozet basalts
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cannot contribute significantly to the Dragon Bone and
Dragon Flag basalts.

Another proposed origin for the Dragon Flag type 1
basalts is from remnants of subarc mantle; the perido-
tite mantle now beneath the central SWIR mantle is pro-
posed to have undergone hydrous melting in mantle

Md/ **Md

wedge conditions in the MNeoproterozoic (Gao et al.
2016). Li et al. (2017) found that the H;O contents of
these Dragon Flag basalts are higher than those of most
N-MORB. Their high H:O contents are similar to those
of OIB and back-arc basin basalt (BABB) and the high
H,0/Ce ratios in the Dragon Flag basalts are probably
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the result of arc-related hydrous components in the
mantle source (Li et al, 2017).

The trace elements of the Dragon Flag type 1 basalts
are depleted in fluid-immobile elements Nb, Ta and Zr
and enrched in fluid-mobile elements Ba, Sr and Pb
(Fig. ba). These signatures are typical for fluid addition in
an arc mantle setting of lower Zr/Sm, ThU, CePb and
higher La/Nb ratios than the average BABB (Gale et al,
2013) (Fig. 7). For the Dragon Flag type 1 basalts Pb and
Sr are enrched over Nd and Hf, consistent with the influ-
ence of fluid addition to the source (Fig. 5), and these
basalts have high BalLa at very low Th/Yb (Fig. 11) ; all
these features are consistent with slab fluid addition.

If the Dragon Flag type 1 source originated in the
subarc then it has experienced multi-stage, at least two,
depletions, one at the subarc setting and one recently
beneath the mid-ocean ridge. A hydrous fluid-
metasomatized mantle can melt to a greater extent
under hydrous subarc conditions before its entrainment
to beneath the mid-ocean ridge, because fluid flux
would lower its solidus temperature (e.g. Davies &
Bickle, 1991; Hirose & Kawamoto, 1995; Gaetani &
Grove, 1998), thus producing a very refractory melting
residue (e.g. Parkinson & Pearce, 1998; Gao et al., 2016).
Such a refractory residue can generate more depleted
melt during the subsequent melting at the mid-ocean
ridge and produce basalts more depleted than the glo-
bal MORB. The multi-stage depletions of a fluid-
metasomatized mantle would erase the incompatible
elements to a lesser level than the real arc basalts but
still retain the typical fluid addition signatures.

Given the considerations above, we propose that the
source for the Dragon Flag type 1 basalts is more likely
to find its origin in a subduction setting rather than from
deep hots pot materials.

Composition of the fluid

Mafic crust and sediments are two major components
of a slab. We found that the fluid flux from oceanic crust
alone cannot explain the strong Pb and Sr peaks of the
Dragon Flag type 1 basalts. Fluid flux derived from sub-
ducting oceanic crust with 0.57 ppm Pb and 129 ppm Sr
will have a maximum of 0-50 ppm Pb and 52.63 ppm Sr
during subduction modification using the Pb (B8%) and
Sr (41%) mobilities after Kogiso et al (1997). After the
metasomatism and multistage depletions, such Pb and
Srlevels will result in a high Nd/Pb and Nd/Sr similar to
N-MORB. To match the enrichments of Pb and Sr
requires about S5ppm Pb and 130ppm Sr in the slab
fluid (see calculation below). Considering the elements
mobilities during subduction modification, sediment
becomes the logical component from which fluid is also
extracted, as it has high concentrations of Pb (20 ppm)
and Sr (350 ppm) (Kimura et al., 2009).

We have modeled the trace elements of the Dragon
Flag type 1 basalts (Fig. 12 and Supplementary File 51).
Calculations show that the source of the Dragon Flag type
1 basalts is consistent with an initial composition that is

similar to bulk silicate Earth (BSE) (Sun & McDonough,
1989) or DMM (Salters & Stracke, 2004) that has seen a
10-20% fluid addition from subducted basaltic oceanic
crust [average MORB data from Gale et al (2013)] and
sediment followed by 6-8% dynamic melting (Brunelli
et al., 2006) at a critical mass porosity of 2%. To generate
the Dragon Flag type 1 basalts at segment 27, ~6% frac-
tional melting is required and for the most depleted sam-
ple, 301V-TVG4-2, a higher degree of fractional melting,
~10%, is needed. Fluid composition from the mafic part
of oceanic crust was calculated using the mobility coeffi-
cients of Kogiso et al. (1997), whereas the Sr and Pb con-
centrations of the sediment-derived fluid were calculated
using the mobility coefficients from Kimura et al. (2009).
Melting parameters were taken from Salters & Longhi
(1999) and Salters et al. (2002) and melting is modeled as
melting of peridotite in the spinel stability field; that is,
garnet-absent, as the melting is modeled for a subarc
environment

Dragon Flag type 2 basalt source

Using the same trace element ratios that indicate fluid
addition of the Dragon Flag type 1 basalts, we found that
the Dragon Flag type 2 basalts show much smaller Nb
and Zr depletions than the type 1 basalts. Also they show
lower Zrf'Sm, Th/U and Ce/Pb and higher La/Nb ratios
than the average MORB and BABE values (Fig. 7), to-
gether with their relatively high Ba/La at a very low Th/Yb
(Fig. 11), indicating the addition of slab-derived fluid. It
should be noted that the absolute trace element abundan-
ces are higher in the type 2 than in type 1 basalts at the
same MgO contents (Fig. 4), so their difference is not due
to fractional crystallization process but to discrepancies in
their sources. Because the Dragon Flag type 2 basalts
source cannot be as depleted as the type 1 source, the
trace element ratios that indicate fluid addition in type 1
basalts are more prominent than in the type 2 basalts.
The most logical component we added in the type 2
source is the subducted oceanic crust. We tested whether
adding oceanic crust to the type 1 source (fluid + DMM or
fluid + BSE) could result in trace element pattems with
similar HFSE and heavy rare earth element (HREE) abun-
dances to the Dragon Flag type 2 basalts. The result
shows that by keeping the same critical porosity and the
same degrees of partial melting in the arc mantle setting,
we can model the trace elements patterns of the type 2
basalts by adding 11% of oceanic crust in the type 1
source. The calculations show that the initial subarc man-
tle requires 11% addition of recycled oceanic crust and
9% fluid addition to DMM. The fluid composition is modi-
fied from the oceanic crust using mobility coefficients of
Kogiso et al. (1997). The final trace element pattem of the
modeled melt is shown in Fig. 12 and the details of the
calculations are provided in Supplementary File 51.

We realize that the two models for the Dragon Flag
basalts are highly non-unique and that there are other
scenarios that would also be consistent with the data.
However, they are the ‘simplest’ models that can
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explain the basalt compositions and there are some lim-
its to the model. Irrespective of the exact lithology from
which the fluid is derived, whether it is basaltic crust, as
modeled here, or bulk oceanic crust including sedi-
ments, the trace element characteristics (i.e. fluid-
mobile over -immaobile elements) become too high if
more than 20% of fluid is added to a BSE-like or more
depleted source. For example, by assuming that the
fluid is derived from the basaltic crust, our calculations
estimate that (1) the amount of slab fluid and (2) the tim-
ing of recycling subducted crust and (3) the timing of
the subare depletion event should respectively be in the
following ranges: (1) 1-20%, (2) 1.5-0-9Ga, which Is
long before the assembly of the Gondwana (550 Ma),
and (3) 0.7-0-2Ga, before the opening of the SWIR
(Fig. 13). A single calculation procedure (Supplemen-
tary File 52) is modified after Stracke et al (2003) and

100
r ‘sediment or
sediment melt'
& ir
=
E e
L *dab-derived fluid”
oo a
a0l odP o
ool *
1 2 4 B

Bala

Fig. 11. The relatively high Ba/La ratios of the Dragon Flag
(type 1 and type 2) basalts, and the Dragon Bone axial and rift
mountain basalts at very low Th/Yb indicating the imvolve ment
of slab-derived fluid (Elliott et al., 1997; Woodhead et al., 2001).
Symbols as in Fig. 2.

10

the whole calculation process is done using Matlab
lcode in Supplementary File S3). The amount of slab
fluid added in the subarc mantle cannot be more than
20%, otherwise the final isotopic compaosition cannot fit
all three isotopic systems (Supplementary File 52). The
results of the modeling suggest that the subsequent de-
pletion of this fluid-metasomatized subarc mantle has
to take place relatively late (500-900 Ma) after the fluid
addition to accumulate enough ingrowth of isotopic sig-
natures given that the ancient recycled oceanic crust
and sediments are low in ¥Sr®5r, "*Nd/"**Nd and
206pp204ph  relative to the modem values (eg.
Rehkdmper & Hofmann, 1997); otherwise once the sub-
arc depletion happened, the Sm/Nd, Rb/Sr and U/Pb
ratios in the residual subarc mantle would be too low to
make any significant isotopic ingrowth before the final
mid-ocean ridge depletion.

Dragon Bone axial basalt source

In Sr—Nd isotopes space the Dragon Bone axial basalts
lie at the extension of the Dragon Flag type 2 basalts
forming a trend that is rooted in the field for Indian
MORB but extends to low '"Nd/'Nd and high
Se8Sr ratios (Fig. 14).

In the *Pb*™Pb and *'Pb/™Pb vs **°Pb/™Pb
space (Fig. 14), the Dragon Bone axial basalts have
higher *”Pb/®*Pb and ?°*Pb/***Pb than Dragon Flag
basalts at given 2°*Pb/*®*Pb and overlap with the field of
the Ejeda—Bekily dike compositions. Considering the
short half-life of **U, this requires an ancient enrich-
ment in U/Pb in Dragon Bone mantle source older than
1Ga, before the SWIR existed (Patriat & Segoufin,
1988). The Ejeda—Bekily dikes are sourced in Madagas-
car SCLM in Archean-Proterozoic times (Mahoney
et al, 1991; Storey et al., 1997) and thus the ancient age
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of SCLM is suitable as a source component for the
Dragon Bone axial basalts. In addition, the Dragon Bone
axial basalts have Nb/Ta = 17 and Z/Hf = 45-47, on the
edge of the field of continental basalts of Nb/'Ta= 16-4-
18-8 and Zr/Hf= 40-6-43.7 that was sourced from SCLM
(Miinker et al., 2003) . Consistently, the relatively enrich-
ment of Ba, Nb, Ta, K, La, Sr and Zr and depletion in Pb
and Ti of the Dragon Bone axial basalts are similar to
the trace element patterns of some types of metasomat-
ized peridotite xenoliths from the SCLM; for example,
Ejeda-Bekily dikes (Fig. 4) (Mahoney et al., 1991, 2008;
Dostal et al., 1992).

Simple mixing calculations show that the trend of
the Dragon Bone axial basalts can be reproduced by
mixing of an enriched component that was sourced
from the SCLM—the average composition of the Ejeda-
Bekily dikes or the average composition of 39-41°E
SWIR basalts—with the most isotopically depleted
Dragon Flag type 2 basalt (Figs 14 and 15) in isotopic
and trace element ratios. Calculations show that their
#7srsr, "*Nd/"**Nd and **°Pb/***Pb variations can be
modeled by adding about 10-20% SCLM into the iso-
topically most depleted Dragon Fag type 2 basalt
(Fig. 14a-c). Or, as supponrned by their trace element and
isotopic ratios, the Dragon Bone axial basalts permit
~10% contribution of the SCLM as shown by
TSNd/ **Nd, 51 Sr, Ce/Pb, La/Th and La/Nb (Fig. 15).
The calculation process is documented in Supplemen-
tary File 54.

The recycling of SCLM could have occurred either
during the breakup of Gondwana or as a result of an
earlier event during formation and accretion of
MNeoproterozoic island arc terranes during the subduc-
tion of the Mozambique Ocean. The presence of ancient
SCLM merits further studies, such as measuring
1870g/1%8 s, as SCLM is thought to be characterized by
lower '(0s/'®0s than the BSE value (Shirey and
Walker, 1998; Pearson et al., 2004).

Significance of recycled lithosphere at the central
SWIR

The trace element ratios of the Dragon Flag basalts are
lower than those of DMM, suggesting a mantle more
depleted than DMM. We have proposed the subarc
mantle as the source for the Dragon Flag basalts at the
200km long Dragon Flag Segment, which is a signifi-
cant part of the central SWIR.

The Dragon Bone axial basalts almost always lie at
or near the extension of the Dragon Flag type 2 basalts
(Figs 14 and 15), leading us to conclude that the Dragon
Bone axial basalts originated from a similarly depleted
mantle. In addition to the Dragon Flag source as a com-
ponent in the source of the Dragon Bone basalts, based
on the similarity with the Ejeda-Bekily dikes a compo-
nent of delaminated lithosphere is proposed. This is
most probably Archean SCLM beneath Gondwana,
derived from beneath the Madagascar Plateau, a frag-
ment of the East African Orogenic Belt (EAOB)—a
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Fig. 13. Modeled present-d isotopic compositions (grey
dots) in {a) "Nd/**Nd vs Sr/™5r, (b) ¥ Sr/™5r vs Pb ™ Pb,
and {c) *"Pb2™Pb vs Pb/™™Pb of the final melts by two-
stage depletion of the slab=fluid metasomatized subarc mantle,
compared with the Dragon Flag type 1 and type 2 basalts. The
colored trends with arrows indicate how isotopic compositions
evolve by increasing the amount of fluid at the specific ages of
recycling of the bulk oceanic crust (1-1 and 1.5 Ga) and of the
subarc depletion (0-3, 0-4, 0.5, 06 and 0.7 Ga). These five lines
indicate that the earlier the recycling and subarc depletion
occurred, the more radiogenic their " Nd"**NMd and
2 ppMph ratios and less radiogenic their ¥Sr®%Sr ratios
would be. Details of the modeling are given in the text
Modeled results are all listed in Suppleme ntary File S2.

mixed Archaean-Proterozoic terrane—whose rifting
had historically initiated the breakup of Gondwana and
formed the central SWIR (Stern, 1994; Jacobs &
Thomas, 2004).

The Madagascar Plateau was also the locus of major
flood voleanism at 88 Ma (Torsvik et al, 1998), which
can be related to the mantle plume in the Late
Cretaceous under Marion Island. The eastern region of
the plateau appears to be underlain largely by old arc
mantle from the EAOB (Jacobs & Thomas, 2004).
Meyzen et al. (2007) considered the mantle beneath the
Marion Platform to be fed directly by a deep mantle
plume orginating beneath southern Africa associated
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with the Karoo volcanic event at 180 Ma based on the
upper mantle flow field of Behn &t al. (2004). In contrast,
the preferred model in this work suggests instead that
the mantle source beneath the Marion Platform is
delaminated Neoproterozoic lithospherdc mantle
entrained in that upper mantle flow.

CONCLUSIONS

Fresh basalt glasses recovered from the ultraslow-
spreading Dragon Flag Magmatic Segment and the
Dragon Bone Amagmatic Segment show differences
in their major element, trace element and Sr—Nd-Pb
isotope compositions. The Dragon Bone axial basalts
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vs Ce/Pb. Dots on the mixing line (black line) represent 0.5, 1,

2,10, 20, 30 and 50% of the assumed composition added to the

selected Dragon Flag type 2 basalt. Eje da-Bekily dikes compositions are from Dostal ef all (1992) and Mahoney et al. (1991), and the

39-41°E SWIR basalts are from Janney et al. (2005).

have relatively high ¥ SrSr and low "*Nd/"**Nd but
have trace element ratios that are more similar to
average MORB than the Dragon Flag basalts. Trace
element concentrations and ratios are correlated with
isotopes indicating that Dragon Bone and Dragon Flag
basalt trace element variation is caused by source var-
iations. The source for the Dragon Flag basalts is
thought to have a component of depleted subarec man-
tle as evidenced by enrichment of fluid-mobile over
fluid-immobile elements. The depletion event in the
subarc setting generated a mantle more depleted than
the common MORB source. For the Dragon Bone axial
basalts, with the consideration that (1) the ranges of
their Pb isotopic compaositions and their relative en-
richment in Ba, Nb, Ta, K, La, Sr and Zr and depletion
in Pb and Ti show resemblance to the Ejeda-Bekily
dikes and (2) their Sr and Nd isotopic compositions to-
gether with Ce/Pb, La/Nb and La/Th ratios can be
modeled by mixing between the average Ejeda-Bekily
dikes and the most isotopically depleted Dragon Flag
basalts, we propose that the Dragon Bone axial
basalts, similar to these dikes, are sourced from sub-
continental lithospheric Archean mantle, derived from
beneath the Madagascar Plateau.
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