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Alkalic to tholeiitic magmatism near a mid-ocean ridge: petrogenesis of the KR1
Seamount Trail adjacent to the Australian-Antarctic Ridge
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ABSTRACT

Coexisting alkalic and tholeiitic basalt lavas has been identified in a seamount chain located near
the Australian—Antarctic spreading ridge. The KR1 Seamount Trail (KR1 ST) is a series of volcanic
seamounts extending to the southeast in the spreading direction of the Australian—Antarctic Ridge
(AAR). We herein report Sr, Nd and Pb isotopic compositions and (U-Th)/He and K-Ar geochronol-
ogy for dredge samples from the KR1 ST in order to evaluate mantle processes and the role of basalt; tholeiite: PREMA
enriched components for alkalic to tholeiitic magma generation in this region. The KR1 ST is a (FOZO0); recycled oceanic
medium-sized seamount chain that extends for ~60 km, has a maximum height of ~1600 m above crust

the seafloor, and consists of alkaline basalts and tholeiites with formation ages of ~0.4 Ma to

<1.3 Ma. The isotopic characteristics of the alkaline basalts (2°°Pb/?**Pb = 19.52-19.91;

87Sr/%%Sr = 0.7030-0.7033; "**Nd/'**Nd = 0.5128-0.5130) from the KR1 ST reflect a dominant

‘PREMA (or FOZO)" mantle component represented by radiogenic Pb and mildly enriched Sr and

Nd isotopic compositions. On the other hand, the weak PREMA (FOZO)-affinity

(*°°Pb/***Pb 18.89-18.93; ¥sSr/%Ssr = 0.7028-07029; '*Nd/'"*Nd = ~0.5130;

3He/*He = 7.64 + 0.13 (R/Ra)) coupled with their enriched mid-ocean ridge basalt (E-MORB)

characteristics of tholeiites from the KR1 ST largely overlap with the KRT MORB composition. The

potential source materials for the alkaline basalts are considered to be ancient, recycled oceanic

crust (i.e. eclogite) as well as sub-KR1 depleted MORB mantle (DMM). Whereas the main source

materials for the KR1 ST tholeiites are presumed to be the DMM-dominant lithology with minor

recycled material. We interpret the KR1 ST as a submarine hotspot chain that was formed by

asthenospheric upwelling and spreading processes that delivered fertile blobs of recycled oceanic

crust to the sub-KR1 region. The fundamental reason for sub-KR1 upper mantle enrichment might

be attributed to a mantle plume event that possibly occurred prior to the formation of the KR1 ST.
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1. Introduction whether it is the result of deep mantle upwelling (i.e. a
mantle plume) to form an ocean island (Niu et al. 2002;
Beutel and Anderson 2007; Humphreys and Niu, 2009;
Hoernle et al., 2011b; Brandl et al., 2012; Chadwick et al.,
2014; Long et al., 2019). In addition, as mantle plumes
have also been reported to be co-located with MORs,
and as MOR rift systems can be primarily formed by a
mantle plume, compositions of alkaline volcanic rocks
found in the ocean environments can be important keys
for interpreting the formation processes of MORs as well
as seamounts and ocean islands. Oceanic tholeiites are
the predominant rocks that form the seafloor and are
mainly produced at MORs. However, as these tholeiites
are also reported in ocean islands related to mantle
plumes (e.g. Hoernle and Schmincke 1993; Albaréde et
al. 1997; Geldmacher et al, 2001, 2006; Clague and
Sherrod 2014; Poland 2015), the coexistence of alkaline

In ocean environments, alkaline basalts are mostly found
in ocean islands (Bonneville et al., 2006; Fitton 2007; Niu,
2007; Humphreys and Niu, 2009; White 2010; Garcia
2015), although some alkaline volcanic rocks are
reported in island arcs (Kennedy et al, 1990; Edwards
et al., 1994; Sun and Stern, 2001). Alkaline basalts have
also been reported in seamounts near mid-ocean ridges
(MORs) (Niu and Batiza 1997; Niu et al. 2002; Beutel and
Anderson 2007; Staudigel and Clague 2010) or intraplate
seamounts for which the initial locations are not clear
(Vlastelic et al., 1998; Janney et al., 2000; Bonneville et al.,
2002; Geldmarcher et al., 2005; Hoernle et al., 2011a).
Accordingly, a number of studies have discussed
whether the alkaline magmatism identified in these sea-
mounts is related to the development of MOR, or
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basalts and tholeiites near MORs rises the question of
whether these rocks are solely related to the MOR or
they were produced as a result of deep mantle upwel-
ling unrelated to the MOR.

The Australian—-Antarctic Ridge (AAR) corresponds to
the eastern end of the Southeast Indian Ridge (SEIR;
Figure 1(a)). Park et al. (2019) referred to the MOR from
east of the Australian-Antarctic Discordance (AAD) to the
Macquarie Triple Junction as the AAR, which is adopted in
the present study. The AAD has been proposed to be a
boundary that defines the components of the Indian and
Pacific upper mantle domains (e.g. Christie et al. 1998;
Kempton et al. 2002; Hanan et al. 2004). Park et al. (2019)
collectively named the upper mantle domains including
the AAR, which is located east of the AAD, and the far
western portion of the Pacific-Antarctic Ridge (PAR) as
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the Zealandia—-Antarctic domain. The Zealandia—Antarctic
mantle domain shows distinct Pb and Hf isotope differ-
ences between the Indian and Pacific mantle domains,
and Park et al. (2019) proposed the cause to be a large-
scale deep mantle upwelling associated with the
Gondwana break-up.

The present study discusses the geochemical nature
of the KR1 Seamount Trail (KR1 ST) that is located in the
central region of the KR1 ridge segment at the eastern
end of the AAR. The KR1 ST is a volcanic seamount chain
adjacent to the MOR, the KR1 spreading ridge, which
extends parallel to the southeast direction of the KR1
spreading (Yi et al. 2019; Figure 1(b)). This study explains
the formation of the KR1 ST in conjunction with the
development of the KR1 spreading ridge and discusses
the formation process of the KR1 ST. Since the KR1 ST
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Figure 1. (a) The Southern Ocean comprising the Australian—Antarctic Ridge (AAR) and the KR1 segment. Previous researches in and
around the AAR: 1, Yi et al. (2019); 2, Choi et al. (2017); 3, Lanyon et al. (1993); 4, Park et al. (2019); 5, Hanan et al. (2004); 6, Kempton et
al. (2002). The satellite image is obtained from Google Earth. Bathymetric information is from Christie et al. (1999), Cande and Stock
(2004) and Choi et al. (2017). (b) Bathymetric map of the KR1 study area including sample locations (modified from Yi et al. 2019; Park
et al. 2019) and ocean floor magnetic anomaly ages (after Choi et al. 2017). Samples with radiogenic Pb isotopic signature (2°°Pb/?**Pb
>19.5, alkaline basalts; this study) are shown as red diamonds, and samples with less radiogenic Pb isotopic signature (***Pb/***Pb
<19.2, tholeiites and MORBs) are shown as white diamonds (this study) and circles (Park et al. 2019). Stubby arrows on the map
indicate seamounts with the height of over 1,000 m. On-axis position lines (A—A’) are presented as a topographic profile in Figure 6a.
The Balleny province comprises the Balleny Islands, the Balleny Seamounts and the Anare Seamounts (see bathymetric details:
Johnson et al. 1982). (c) Enlarged bathymetric map showing the KR1 Seamount Trail (KR1 ST; modified from Yi et al. 2019) and dredge
sampling locations with concordant/quasi-concordand (U-Th)/He and K-Ar ages of basalt samples. (d) Longitudinal profile (a-a’) and
cross section profiles (b-b’, c-c’ and d-d’) of the KR1 ST. Abbreviations: SEIR, Southeast Indian Ridge; AAD, Australian—Antarctic
Discordance; PAR, Pacific-Antarctic Ridge; Jct., Junction.



shows morphologies related to hotspot chain and con-
sists of alkaline basalts and tholeiites, this seamount trail
might be interpreted as the magmatic result of a mantle
plume at first glance. Indeed, the Sr-Nd-Pb isotopic
compositions of the KR1 ST basalts presented in this
study indicate that these magmas include an enriched
mantle component. However, the reported seismic
tomography models do not show a deep mantle large
buoyancy flux (i.e. mantle plume) beneath the KR1
region (Courtillot et al. 2003; Montelli et al. 2006;
Ritsema et al., 2011). Therefore, we will discuss the geo-
chemical properties of the KR1 ST volcanic rocks based
on the reported seismic tomography data, as well as the
role of deep mantle upwelling, such as mantle plume, in
producing mantle heterogeneity beneath the KR1
region.

2. Geological setting and topography of the
KR1 ST

The KR1 study area is the spreading segment at the
southeast end of the AAR. The KR1 ridge segment con-
nects the PAR and the Hjort Trench at the Macquarie
Triple Junction (Figure 1(a)). In the KR1 segment, there
are a number of medium-size seamounts of >1000 m in
height, and the KR1 ST as well as a group of seamounts
(Southwestern seamount province) with a height of >
1500 m is developed around the spreading axis. The KR1
spreading ridge (MOR) develops axial plateaus in two
zones, and the KR1 ST and Southwestern seamount
province develop off-axis in these areas (Figure 1(b)).
Bathymetric maps generated through using a multi-
beam echo sounder (Kongsberg EM122) and dredged
rock samples were obtained in 2013 through the regular
Korea Polar Research Institute (KOPRI) cruise using the R/
VIB Araon.

The KR1 ST is a submarine volcanic mountain range
developed within the KR1 ridge segment, which begins
at a location slightly off-axis of the spreading centre and
extends in the south-eastward spreading direction. In
the longitudinal section of the KR1 ST, the height
increases gradually from the spreading centre towards
the 1080 summit (1080 mbsl: ~1,500 m above the sur-
rounding seafloor). The height gradually decreases after
passing two peaks of the 1080 and DG04 summits, and
the KR1 ST dissipates 60 km away from the spreading
centre (Figure 1(c, d)). Samples were dredged at three
locations (DGO05, DG04 and DGO03) southeast of the 1080
summit. Yi et al. (2019) reported that these areas mainly
comprised alkaline basalts and tholeiites, although ice-
rafted clasts from Antarctica were recovered with ocea-
nic basalts in the DGO5 area (bathymetric depression).
Both alkaline basalts and tholeiites were sampled in the
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DGO03 and DGO5 areas, whereas only alkaline basalts
were found in DG04 area (a second peak of the KR1
ST). The magnetic anomaly age of the seafloor just
south of the KR1 ST has been estimated to be 1.86 Ma
(Choi et al. 2017); hence, the formation age of the KR1 ST
is younger than this (Figure 1(b, c)). The KR1 ST develops
parallel to the southeast spreading direction of the KR1
ridge segment with a maximum height of >1500 m and
~60 km length. No submarine volcanic ranges similar to
the KR1 ST develops in the northwest direction of the
KR1 spreading centre; however, the Southwestern sea-
mount province, which consists of ~1500 m height sea-
mounts and is located to the west of the KR1 ST,
develops in the northwest off-axis of the KR1 spreading
centre. The Balleny province (Balleny hotspot) is located
~450 km away in a south-eastern direction (i.e. the KR1
spreading direction) to Antarctica parallel with the KR1
ST-Southwestern seamount province (Figure 1;
Johnson et al., 1982).

3. Analytical methods

Sr, Nd and Pb isotope analyses were conducted at the
KOPRI following the analytical procedures presented in
Lee et al. (2015) and Kim et al. (2019). Selected fresh
glassy basalt chips, 1-2 mm in diameter, were leached
in 2 N HCl at 70°C for 10 minutes in an ultrasonic bath
and washed in Milli-Q® water to remove possible remain-
ing contaminants. The leached materials were ground
using an agate mortar. Approximately 30 mg of each
powdered sample were dissolved in HF and HCIO, at
120°C for ~3 days. Pb was separated using an anion
exchange column (0.5 mL column volume, AG1-X8,
100-200 mesh resin) with a HBr medium and was then
collected with 6 N HCl. Pb column chemistry was
repeated twice to obtain further purified Pb fractions.
After Pb separation, Sr and Nd were purified using 4 mL
of AG50 W-X8 (100-200 mesh, Biorad) and 0.7 mL of
AG50 W-X8 (200-400 mesh, Biorad) resin, respectively.
Nd was separated from the bulk rare earth element (REE)
fraction using 0.22 M alpha hydroxyisobuteric acid (a-
HIBA) (Shibata and Yoshikawa 2004).

Sr, Nd and Pb isotopic compositions were measured
with a thermal ionization mass spectrometer (TIMS;
TRITON, Thermo Scientific) equipped with seven faraday
cups at KOPRI. Normalization values of #Sr/%Sr = 0.1194
and "°Nd/"Nd = 0.7219 were applied to correct for Sr
and Nd isotope fractionation. Replicate measurements of
the NBS 987 and JNdi-1 standards yielded
8Sr/%sr = 0710264 + 0000002 (N = 15, 20) and
"3Nd/"*Nd = 0.512113 £ 0.000002 (N = 15, 20). Pb isotopic
ratios were determined by a Pb double-spike technique
using the Southampton-Brest-Lead 207-204 (SBL74)
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solution. Replicate analyses of the NBS 981 standard
yielded means of “®Pb/*Pb = 16940 =+ 0.002,
27Pp/***Ph = 15.498 + 0.002 and
298pp/2%ph = 36.720 + 0.004 (N = 15; 20). The blank levels
of Sr, Nd and Pb were generally less than 30 pg for Sr, 20 pg
for Nd and 50 pg for Pb, which were negligible compared
to the abundances in the analysed samples.

He, Ne and Ar isotopic compositions and Kr and
132¥e concentrations were measured using a noble gas
mass spectrometric system, modified-VG5400 (MS-1V), at
the Department of Basic Science, Graduate School of
Arts and Sciences, University of Tokyo (e.g. Sumino et
al. 2001). Nine basalt whole-rock samples weighing
between 179 mg and 400 mg were wrapped with thin
Al-foil (10 um thick) and inserted into a glass sample
holder. After connecting the sample holder to a noble
gas extraction furnace, the entire noble gas extraction
and purification line were baked for around 17 hours to
obtain an ultrahigh vacuum condition. During the bak-
ing, the sample holder was heated to 150°C to desorb
atmospheric noble gas contamination.

Noble gases in each sample were extracted by heating
them to 1800°C for 30 minutes in the Mo-crucible that was
degassed by heating to 1850-1900°C repeatedly.
Extracted gases were then purified by two Ti-Zr getters
heated to 800°C. The purified noble gases were split into
two fractions of He-Ne and Ar-Kr-Xe by adsorbing Ar, Kr
and Xe onto a charcoal trap cooled by liquid N,. Ne in the
He-Ne fraction was adsorbed on a sintered stainless-steel
trap cryogenically cooled at 15 K, and the He remaining
gas phase was then introduced into the mass spectro-
meter for isotopic and abundance analysis. After the He
analysis, Ne was released from the trap at a temperature
of 50 K and then measured for isotopic ratios and abun-
dances. For the analysis of heavier noble gases, Ar, Kr and
Xe were released from the charcoal trap at c. 200°C,
purified again, and subsequently measured for isotopic
ratios and abundances of Ar as well as the abundances of
8%Kr and "**Xe. Sensitivities and mass discrimination cor-
rection factors of the mass spectrometer system were
determined by measuring known amounts of atmosphere
with the same procedure applied to the samples. The
mass discrimination factor for *He/*He was determined
by measuring the HESJ (He Standard of Japan) with
He/*He = (28.88 + 0.14) x 10° (Matsuda et al. 2002).
Blank levels were 9.4 x 107'° (*He), 1.3 x 107" (*°Ne),
4.8 x107° (*°Ar), 3.8 x 107" (®**Kr) and 1.0 x 107"2 ("**Xe)
in the unit of cm? STP. Experimental uncertainties for the
noble gas concentrations were estimated to be ~10%
based on the reproducibility of the standard gas measure-
ments and ambiguity in the gas reduction procedure.

Concentrations of “He and 3°Ar and >He/*He and
“OAr/®Ar ratios are presented in Supplementary Table

1. Abundance ratios of >He, *He, *°Ne, 8Kr and "*?Xe
normalized on *°Ar are presented in Supplementary
Table 2, along with those for MOR basalts (MORBs) and
air dissolved in seawater in Ozima and Podosek (2002).
Noble gas elemental compositions in the ®*Kr/'*°Xe
versus °Ne/3®Ar ratios (Saito 1978) show that the three
tholeiite samples contain MORB-type noble gases
(Supplementary Table 2). Contrastingly, the composi-
tions of most alkaline basalts are in the range of noble
gases, largely affected by noble gases dissolved in water,
indicating that the majority of gases of mantle origin in
the alkaline basalts had been lost and replaced with the
noble gases dissolved in ambient seawater.

If abundance ratios of >He, “He, 2°Ne, 36Ar, 8Kr and '3?Xe
are compared with those of seawater and those of chilled
margin of MORBs, tholeiite samples show MORB-type He
and Ne abundance patterns, although concentrations of
He are much lower than the typical abundances of MORBs
(Supplementary Table 2). The low concentrations would
have been caused by partial loss of mantle-He from the
tholeiites during the cooling after eruption into seawater.
For alkaline basalts, however, *He/*°Ar is higher than
*He/*°Ar in the relative abundance patterns, suggesting
ingrowth of radiogenic “He from U and Th in the samples.
This is also supported by the low *He/*He ratios (0.008-
0.93) x 107° for the alkaline basalts (Supplementary
Table 1).

Loss of He might have occurred during the laboratory
work such as preheating to 150°C in a vacuum. Jambon
and Shelby (1980) gave He diffusion coefficient (D,s0) of
1078 cm?/s at 250°C and activation energy for diffusion
of 14 = 2 kcal/mole for basaltic glass, which give a
diffusion coefficient at 150°C (D;so) as 4 x 107'° cm?/s
and a diffusion length of 0.007 cm for 17 hours. Hence,
the diffusion length of <0.1 mm under the preheating
condition of 150°C for 17 hours may not cause a serious
diffusion loss of He from the samples. However, if the
diffusion coefficient becomes larger (e.g. 1 x 1077 cm?/s),
the diffusion length increases up to T mm, compared to
the dimension of the samples, and the (U-Th)/He ages
obtained from the samples could be younger than the
real ages.

(U-Th)/He and K-Ar ages were calculated through the
following procedures, and the results are presented in
Supplementary Table 1. The nonlinear Equation (1) was
solved by a pinching method approximation to calculate
the (U-Th)/He age considering relatively long half-lives
of 2* U (T;, = 246 x 10° yr) and #' Pa (Ty,
, = 3.28 x 10* yr) in the decay chains of *®* U and
233 |, respectively:

[*He] = 8[%8 U138 ' = 1) — 7Ay38/(\a34 - Aasa) 2 UN(1 -
a(\238 - \2341 | 7235 ) @A235t_ 1) _ 6Mr35/ Mozt — Aozs) 35 U]
(1 — @235 - N300ty | 23271 oh232t _ 1)Eq. (1)



where t, [M] and A indicate the (U-Th)/He age, isotope
concentration and decay constant, respectively.

The measured “He is assumed to be in-situ produced
radiogenic “He from U and Th, because *He/*He ratios
are less than 1 x 10° (Supplementary Table 1).
Exceptions are the samples DG05-1 and DG3-4 tholeiites,
whose 3He/*He ratios are 10.6 x 10° and 3.2 x 10,
respectively. For the DGO05-1, correction for mantle “He
was difficult, but for the DG03-4, 30% of total *He was
subtracted as mantle *He. As noted above, He loss might
have occurred to some extent from the samples, thus
the real (U-Th)/He ages could be older than the calcu-
lated ones.

Loss of in-situ produced radiogenic “°Ar may be insig-
nificant compared with He, but excess *°Ar of mantle
origin should be considered, which results in an appar-
ently older K-Ar age than the real one. Identification of
the excess “°Ar, however, is difficult with typical Ar ana-
lyses, and another method such as Ar-Ar age dating is
required. In the present study, we could apply the K-Ar
dating to our samples, and the ages calculated in the
following manner should be an upper limit if loss of radio-
genic “°Ar has not occurred from the samples. The excess
“OAr could be distinct for the tholeiite samples compared
to the alkaline basalts, because the presence of mantle-He
in these samples strongly suggests a presence of mantle-
derived Ar with high *°Ar/*°Ar. The low K concentrations
of 0.22-0.32 wt. % for the tholeiite samples are an addi-
tional disadvantage for K-Ar dating because the low K
concentrations can produce *°Ar as low as (0.85-1.25) x
108 cm3STP/g for 1 Ma. Such a small amount of radio-
genic *°Ar is not easy to resolve from the mixture of
atmospheric Ar, mantle-derived excess 4OAr and in-situ
produced radiogenic “°Ar. The K-Ar ages given in
Supplementary Table 1 were calculated assuming that
the excess *°Ar to the atmospheric *°Ar/*Ar = 296 is in-
situ produced radiogenic “°Ar after eruption following the
formula in Nagao et al. (1996), ignoring mantle-derived
excess “°Ar. Hence, real K-Ar ages should be less than the
calculated ones, if the mantle-derived excess “°Ar contri-
butes to the observed “°Ar in the samples.

4. Whole-rock geochemistry

Alkaline basalts of the KR1 ST are glassy or hypocrystal-
line in texture with olivine (micro)phenocrysts and some
vesicles. Tholeiites of the KR1 ST are hypocrystalline or
holocrystalline with either plagioclase and clinopyrox-
ene microphenocrysts or aphyric in texture and mostly
do not contain vesicles (Supplementary Figure 1).
Alkaline basalts of the KR1 ST have lower silica con-
tent and higher alkali (Na,O + K,0) content than tho-
leiites that were recovered with them. These alkaline
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basalts mostly plotted in trachybasalt and basalt areas
of the total alkalis versus silica (TAS) classification dia-
gram. The composition of two samples among the alka-
line basalts corresponds to basanite. Tholeiites in the
KR1 ST are seen in the subalkaline basalt and basaltic
andesite areas of the TAS diagram (Supplementary
Figure 2). The alkaline basalts of the KR1 ST have REE
contents and light REE (LREE) enrichment patterns simi-
lar to those of ocean island basalts (OIBs) on a chondrite-
normalized REE diagram (La/Smy = 2.62-3.88; Yi et al.
2019). In the primitive mantle-normalized multi-element
variation diagram, the KR1 ST alkaline basalts show an
enrichment in large ion lithophile elements (LILE; Rb, Ba
and Sr) and high field strength elements (HFSE; Th, U,
Nb, Ta, Zr and Ti); in particular, they exhibit a prominent
positive peak in Nb and Ta and a pronounced trough in
Pb. This pattern is similar to the geochemical character-
istics of alkaline basalts found in the Balleny province
(Lanyon 1994), an intra-plate province close to
Antarctica within the KR1 segment, and in the sub-aerial
Rurutu young basalts (Cook-Austral islands in the South
Pacific; Chauvel et al. 1997) (Figure 2). In contrast, tho-
leiites of the KR1 ST show a weak enrichment in LREE and
LILE in comparison to alkaline basalt on a chondrite-
normalized REE diagram (Yi et al. 2019). In addition, in
the primitive mantle-normalized diagram, the KR1 ST
tholeiites exhibit a weaker Nb-Ta peak and a shallower
Pb trough and slightly higher heavy REE (HREE) contents
than those of the alkaline basalts. The tholeiites in the
KR1 ST, therefore, show differences in incompatible trace
element contents when compared to those of the alka-
line basalts that were found with them, yet the two show
marked similarities in Nb-Ta and Pb anomaly patterns
on the primitive mantle-normalized multi-element var-
iation diagram (Figure 2).

Differences are also distinct in the compositions of Sr,
Nd and Pb isotope ratios between the alkaline basalts
and the tholeiites. In the 'Nd/"**Nd versus 2/Sr/%®Sr
plot, the KR1 ST alkaline basalts show mildly enriched
"SNd/"Nd  (0.512846-0.512958) and  ®7Sr/®sr
(0.703004-0.703257) ratios relative to the SEIR and PAR
MORB mantles. Their isotope compositions are similar to
those of the Balleny province basalts and the Rurutu
young basalts. The KR1 ST tholeiites are characterized
by lesser enriched "**Nd/"**Nd (0.512980-0.513033) and
875r/%5Sr  (0.702760-0.702856) ratios, more depleted
than those of the KR1 ST alkaline basalts, and only
slightly enriched with respect to most of the KR1 on-
axis basalts (i.e. the KR1 MORB; Figure 3 and
Supplementary Table 3). The KR1 ST alkaline basalts
exhibit considerably radiogenic 2°°Pb/?**Pb ratios of
19.52-19.91, *%Pb/***Pb ratios of 15.59-15.64 and
208pp/29%phy ratios of 39.16-39.48, mostly overlapping
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the Pb-Pb isotope range of the Balleny province basalts.
These Pb ratios are slightly less radiogenic than the
Rurutu Island basalts (young lava) and are similar to
those of the Mauke and Atiu islands within the Cook-
Austral chain. The KR1 ST tholeiites have lower radio-
genic 2°°Pb/?**Pb (18.89-18.93), 2°’Pb/***Pb (15.42-
15.54) and 2°®Pb/?**Pb (38.47-38.59) ratios in compari-
son to the KR1 ST alkaline basalts. The KR1 ST tholeiites
have Pb isotopic ratios that are similar to those of the
KR1 MORB (Figure 4 and Supplementary Table 3).

5. Geochronology

(U-Th)/He and K-Ar ages were obtained on alkaline
basalts (six samples) and tholeiites (three samples) to
investigate the volcanic eruption history of the KR1 ST.
The results are presented in Supplementary Table 1.

In the present study, both of the (U-Th)/He and K-Ar
ages were calculated using radiogenic components such
as *He and “°Ar for analysed samples. The (U-Th)/He age
generally shows a younger age than the K-Ar age or a
similar age. This is thought to be caused by the loss of
pre-eruptive “He and/or in-situ produced *He from the
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sample. Additionally, mantle-derived excess “°Ar in low-
K tholeiites may result in older calculated K-Ar ages as
mentioned in Section 3. It is also reported that secular
disequilibrium within the (U-Th)/He system may occur in
materials with crystallization ages less than c. 1 Ma in
relation to chemical fractionation within the 3¢ U decay
series (Farley et al. 2002). Previous studies (e.g.
Dalrymple and Moore, 1968; Dalrymple, 1969; Ozima et
al., 1977; Seidemann, 1977; Fisher, 1981; Yi et al. 2019)
suggested that the discordance between (U-Th)/He and
K-Ar ages was attributed to age uncertainties for sub-
marine glassy young basalts. Therefore, it is generally
considered that a concordant (U-Th)/He and K-Ar age
acquired in one sample could be acceptable as an erup-
tion age of the deep-sea basalt (Fisher 1972). Based on
these contexts, the present study deals with only the
results showing concordant or similar ages between (U-
Th)/He and K-Ar ages as possible eruption ages for the
KR1 ST basalts.

In the DGO03 region, the (U-Th)/He age
(0.56 = 0.05 Ma) and the K-Ar age (1.41 £ 0.15 Ma) of
the alkaline basalt (DG03-1) show a slight similarity.
Based on about 1.3 Ma of the seafloor age estimated
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by magnetic anomaly data (Choi et al. 2017), the erup-
tion age of alkaline basalt in the DG03 is presumed to be
0.6-1.3 Ma. The (U-Th)/He age (0.40 + 0.04 Ma) and K-Ar
age (0.41 £ 0.07 Ma) of the tholeiite (DG03-2) show a
concordant age of c. 0.4 Ma. Thus, tholeiite in the DG03
is considered to have erupted either after or in a similar
period to the eruption of alkaline basalt. In the DG04
region, the (U-Th)/He age (0.35 £ 0.03 Ma) and the K-Ar
age (0.45 = 0.20 Ma) of the alkaline basalt (DG04-3) show
a concordance, indicating alkaline volcanism occurred at
around 0.4-0.5 Ma. In the DGO5 region, the (U-Th)/He
age (0.75 £ 0.07 Ma) and the K-Ar age (1.30 £ 0.14 Ma) of
the alkaline basalt (DGO5A) show a slight similarity. As a
seafloor age, estimated by magnetic anomaly around
the DGO4 region, is reported as about 1 Ma (Choi et al.
2017), the eruption age of alkaline basalt in the DGO5
can be assumed to be 0.8-1.0 Ma (Figure 1(c)). No proper
in-situ produced radiogenic *“He concentration for the
tholeiite (DGO05-1, a thick basalt glass) in the DGO5 area
was obtained due to the presence of a high concentra-
tion of mantle-derived He (*He/*He = 10.62 x 107%). The
3He/*He ratio of the tholeiite DG05-1 (7.64 + 0.13 (R/Ra),
where R, is the atmospheric *He/*He value of
1.39 x 1079 is considered to be a MORB mantle value
of the sub-KR1 region.

6. Discussion

Oceanic tholeiitic lavas are found in island arcs, MORs
and ocean islands. In island arcs, tholeiitic lavas erupt at
the beginning of the arc formation, forming a forearc
basin or developing into a volcano on the existing ocea-
nic crust (Shervais, 2001; Amma-Miyasaka and
Nakagawa, 2002; Dilek and Thy, 2009; Ishizuka et al.,
2011; Regan et al., 2013). The dominant tectonic envir-
onment in which oceanic tholeiites can form is a MOR.
These tholeiites have varying components from normal-
MORB (N-MORB) to enriched-MORB (E-MORB). E-MORB
in particular is interpreted to be the result of mantle
plume-MOR interaction (Doucet et al. 2004; Mertz et al.
2004; Dyment et al. 2007; Firi et al. 2011; Kim et al., 2017)
or a reflection of the upper mantle heterogeneity
derived from the addition of continental and/or oceanic
crustal components (Niu and Batiza 1997; Niu et al. 2002;
Anderson 2006; Beutel and Anderson 2007; Hoernle et
al., 2011a; Kim et al., 2017). Tholeiites are also observed
in ocean islands (ocean island tholeiites, OITs) that are
associated with a mantle plume or a prominent mantle
upwelling process. These OITs mainly form the basal
shield of the island and are usually replaced over time
by alkalic lavas (e.g. Hoernle and Schmincke 1993;
Albaréde et al. 1997; Geldmarcher et al., 2001, 2006;
Clague and Sherrod 2014; Poland 2015).

The tholeiites and alkaline basalts identified in the
KR1 ST also have specific meanings. In the given the
tectonic environment in which the KR1 ridge segment
is located, coexisting tholeiites and alkaline basalts in the
KR1 ST cannot be interpreted as a tholeiitic to alkalic
transition related to arc formation. However, since the
KR1 ST alkaline basalts exhibit whole-rock geochemis-
tries similar to OIBs (Figures 2 and 5(a)) and are enriched
in Pb isotopes, this indicates a possibility that the KR1 ST
alkaline basalts could have been produced by magma-
tism related to an ocean island or a hotspot. In addition,
as the KR1 ST developed adjacent to a MOR (the KR1
spreading ridge) and the KR1 ST tholeiites and the KR1
MORB both have E-MORB characteristics, both can be
discussed in terms of a mantle plume (or medium to
small-sized deep mantle upwelling) and mantle hetero-
geneity characterized by various enrichment compo-
nents beneath the KR1 segment.

6.1. Magma sources of the KR1 ST basalts and KR1
MORBs and formation of the KR1 ST

The KR1 ST developed adjacent to the KR1 axial ridge
and parallel to one of the spreading directions of the KR1
segment. This indicates that the formation of the KR1 ST
may have been closely related to spreading of the KR1
ridge segment. In addition, given that the tholeiites from
the KR1 ST exhibit Sr, Nd and Pb isotopic characteristics
similar to those of the KR1 MORB (Figures 3 and 4), it is
likely that both rock types originated from a similar
source material or that the KR1 ST tholeiites represent
MORB that have been migrated due to seafloor spread-
ing. However, we observed that the KR1 ST from the KR1
axial ridge exhibits distinct features from the KR1 spread-
ing ridge; it is quite voluminous to distinguish from the
axial ridge, with volcanic additions of up to 1600 m
above the surrounding seafloor, and also includes pro-
minent alkaline volcanism. No alkaline basalt has been
recovered from the KR1 axial ridge (see Park et al. 2019).

The isotopic ratios of the KR1 ST alkaline basalts are
characterized by a mild enrichment in "**Nd/"**Nd and
87Sr/8%Sr ratios but high 2°°Pb enrichment in the
205pp/294pp ratio. These features are quite similar to the
isotopic characteristics of basalts from the Balleny pro-
vince (Lanyon et al. 1993; Lanyon 1994), which are
~450 km away from the KR1 ST in the spreading direc-
tion (Figures 3 and 4). Stracke et al. (2005) labelled these
radiogenic Pb isotopic characteristics as 'FOZO’ (focal
zone) but later, Stracke (2012) described them as
‘PREMA’ (prevalent mantle), which have different isoto-
pic positions from those of Hart et al. (1992) and Zindler
and Hart (1986), and are ubiquitous in the mantle and
provide important signatures in a number of OIB (see
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Stracke et al. 2005; Stracke 2012; Jackson et al. 2018;
Pettke et al. 2018). Stracke (2012) pointed out that var-
ious isotopic compositions of OIB distributed on the
Earth’s surface could be explained by the mixing of EM
(enriched mantle)-PREMA (or FOZO)-DM (depleted
mantle) components. The author suggested that the
enrichment of radiogenic Pb, represented by PREMA
(FOZO0), may have originated from an ancient, recycled
oceanic lithosphere that underwent subduction pro-
cesses. Stracke (2012) also noted that an enrichment in
Ta-Nb relative to similarly incompatible trace elements
whereas a depletion in Pb relative to Nd in PREMA
(FOZO) basalts contrasts with the geochemical charac-
teristics of arc basalts. Hence, the upper oceanic crust is
characterized by a relative Ta-Nb enrichment and Pb
depletion due to subduction processes (i.e. loss of
fluid-mobile trace elements), and the lower oceanic
crust undergoes little change in the subduction environ-
ment, which could have had radiogenic Pb enriched
205pp/2%pp ratios over a long geological time (e.g. over
2 Ga). The enrichment of radiogenic Pb could be origi-
nated by the high U content of seawater and oceanic

crust (after seawater interaction) (e.g. Chen et al. 1986;
Staudigel et al. 1995; Niu 2004; Pettke et al. 2018); thus
basalts, which have the ancient oceanic lithosphere as
their main source material, may have the isotopic char-
acteristics of PREMA (FOZO). This signature is quite com-
mon in OIB as well as MORB containing PREMA (FOZO)-
DM mixing components. This means that the subduction
process has been a major geological process in the
evolution of the mantle composition and that a large
amount of oceanic lithosphere entering the deep mantle
over time through subduction processes could inevita-
bly be reflected in the geochemistry of Quaternary
basalts.

Alkaline basalt is generally considered to form prefer-
entially under the influence of an alkalinity of source
material, high-pressure melting conditions, a low partial
melt fraction and CO,-rich volatile involvement (Eggler,
1974; Kinzer and Grove, 1993; Kushiro, 1996, 2001; Finn et
al., 2005; Dasgupta et al., 2007). Oceanic alkaline basalts
commonly show the enriched radiogenic isotope signa-
tures or the enrichment of incompatible trace elements.
These characteristics are believed to have been driven
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mainly by recycled crustal materials within the oceanic
upper mantle (Cousens, 1996; Smith, 2005; Sobolev et al.,
2007; Willbold and Stracke, 2010; Stracke 2012;
Homrighausen et al. 2018), or explained as an expression
of a primordial mantle signature (Farley et al., 1992; Hilton
et al, 1999; Graham, 2002; Hilton and Porcelli, 2003;
Hanyu, 2014). These enriched whole-rock isotopic proper-
ties and trace element concentrations of the alkaline
basalts are considered to be the long-term manifestation
of fertile blobs (i.e. recycled crusts) previously enclosed
within the lower mantle or to be due to the incorporation
of the primordial lower mantle transported via a mantle
plume (or deep mantle upwelling). In addition, short-term
recycling related to the break-up of a supercontinent or
the subduction of oceanic plates is also considered as an
important process for producing oceanic alkaline basalts

(e.g. Hanan and Graham, 1996; Borisova et al., 2001;
Anderson 2006; Hoernle et al., 2011a; Kipf et al, 2014).
Previous studies have indicated that off-axis magmatism
with a low melt fraction near the MOR could also be
associated with the development of alkaline lavas at sea-
mounts (Schouten et al., 1987; Niu and Batiza 1997; Niu et
al. 2002; Brandl et al., 2012). A ridge-hotspot interaction
associated with a mantle plume or the development of a
short-lived hotspot has also been suggested as a possible
processes to produce alkaline lavas (Fornari et al., 1988;
Hoernle et al., 2011b; Chadwick et al.,, 2014; Long et al.,
2019).

The enriched radiogenic Pb concentrations (i.e. the
PREMA (FOZO) signature in Stracke 2012) in the KR1 ST
alkaline basalts could have originated from the ancient
oceanic lithosphere, with the upper ocean crust (i.e. eclo-



gite) appearing to be an important factor in observed
isotopic enrichment patterns. Partial melting of eclogite
is known to result in a melt with a relatively high content
of FeO, TiO,, alkalis and Ni (Hauri 1996). Carbonated eclo-
gite (i.e. CO, involvement) and garnet pyroxenite (meta-
morphic deep oceanic crust or metasomatized peridotite)
are also considered to produce an alkaline basalt melt
(Hirschmann et al. 2003; Kogiso et al. 2003; Kogiso 2004;
Dasgupta et al. 2006). Therefore, the recycled oceanic
lithosphere (eclogite + garnet pyroxenite + peridotite) or
recycled oceanic crust with the upper mantle may be a
good candidate for the alkaline basalt source material (e.
g. Cordery et al. 1997; Kogiso et al. 1998, 2003; Dasgupta et
al. 2006) and could have possibly been a major source of
the KR1 ST alkaline basalts. The Nb-Ta enrichment and Pb
depletion relative to the similarly incompatible trace ele-
ments in the KR1 ST alkaline basalts are interpreted to be
the geochemical inheritance from the upper oceanic crust
(i.e. eclogite) source that underwent subduction pro-
cesses. In this study, the source material (i.e. PREMA
(FOZO)) for the KR1 ST alkaline basalts is considered to
be a combination of depleted MORB mantle (DMM) and
subduction-modified ancient oceanic crust.

KR1 ST alkaline basalts and tholeiites exhibit distinct
characteristics in incompatible element ratio plot: alka-
line basalts show remarkably higher values than tho-
leiites for (La/Sm)y and (Tb/Yb)y ratios (normalized to
primitive mantle after Sun and McDonough, 1989; Figure
5(a)). These element ratios have been used to define the
source enrichment and source lithology (e.g. Janney et
al., 2000; Hofmann, 2003; Hoernle et al., 2011b; Yi et al.
2014, 2019). Distinct incompatible element characteris-
tics between alkaline basalts and tholeiites of the KR1 ST
are in good agreement with the Sr-Nd-Pb isotopic ratio
distinctions between the two rock types (Figures 3, 4 and
5(a)). The relatively high (Tb/Yb)y ratios in the alkaline
basalts are due to incompatible trace element enrich-
ments and the residual garnet affinities of the source
materials. In addition, the KR1 ST tholeiites exhibit E-
MORB characteristics (Yi et al. 2019) and have enriched
Sr-Nd-Pb isotopic ratios relative to those of the PAR
basalts, in addition to having higher radiogenic lead
isotope concentrations than the SEIR basalts (Figures 3
and 4). This factor suggests that fertile components
within the source mantle may have contributed to the
formation of tholeiitic magmas in the KR1 ST.

In their major elemental concentrations, the alkaline
basalts and tholeiites of the KR1 ST mainly exhibit the
mixing components between fertile peridotite partial
melts and eclogite partial melts. Particularly, the primi-
tive alkaline basalts (DG03-1, DG03-3 and DGO5A) in the
KR1 ST are thought to be related to partial melts from
carbonated eclogite or garnet pyroxenite partial melts
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(Figure 5(b)). This suggests that the isotopic and incom-
patible trace elemental enrichments of the KR1 ST
basalts may be attributed to the eclogite (with/without
CO, involvement) fraction within the upper mantle and
that upwelling mantle that entrained ocean crustal
blobs (i.e. eclogite) could have been their dominant
magma source material. Previous studies have sug-
gested that, when the mantle ascends, partial melting
of eclogite begins first and this melt can react with the
surrounding peridotite to form garnet pyroxenite (e.g.
Sobolev et al.,, 2005, 2007; Herzberg, 2006; Mallik and
Dasgupta, 2012, 2013, 2014). Several studies have
pointed to garnet pyroxenite as a source for basalts in
ocean islands (e.g. Hirschmann et al. 2003; Keshav et al.,
2004; Sobolev et al., 2005, 2007; Herzberg, 2006). In
addition, the similarities between the Sr-Nd-Pb isotopic
ratios of the PREMA (FOZO) component represented by
2 Ga oceanic lithosphere proposed by Stracke (2012) and
those found in the KR1 ST alkaline basalts indicate that
ancient, recycled oceanic crust acts as a key source
material in the formation of alkaline basalts, as well as
tholeiites, in the KR1 segment (Figures 3 and 4).

The KR1 ST tholeiites have Sr-Nd-Pb isotopic ratios
similar to those of the KR1 MORB. In particular, isotopic
compositions of the KR1 ST tholeiites overlap those of
the enriched KR1 MORBs in Sr-Nd-Pb isotopic plots
(Figures 3, 4 and 6). This indicates that the KR1 ST
tholeiites and KR1T MORB fundamentally share the same
source material. In this case, it remains questionable as
to whether the KR1 ST tholeiites are the on-axis MORB
that have been migrated due to seafloor spreading, or
separate basalts that formed at the axial ridge periph-
eries. Although the formation age of the KR1 ST tho-
leiites has not yet been clearly established, the younger
concordant (U-Th)/He and K-Ar age of the DG03-2 (c.
0.4 Ma) compared to the age of surrounding seafloor (c.
1.3 Ma, estimated from magnetic anomaly; Choi et al.
2017) implies that the DGO3 tholeiites are the products
of a separate volcanic eruption, which occurred far from
the axial ridge, not older axial MORB. The concordant (U-
Th)/He and K-Ar ages of alkaline basalts are mostly
younger or similar to the surrounding seafloor ages,
whereas the (U-Th)/He ages of alkaline basalts are
younger than surrounding seafloor. Thus, the KR1 ST
basalts are considered to be mostly products of volcanic
eruptions occurred either far from the axial ridge or from
the axial ridge peripheries, not from on-axis (Figure 1(c)
and Supplementary Table 1).

The KR1 ST alkaline basalts have PREMA (FOZO) charac-
teristics in Sr-Nd-Pb isotopic ratios, whereas the KR1 ST
tholeiite and KR1T MORBs show the mixing of PREMA (FOZO)
and sub-PAR mantle components (Figures 3 and 4). This
suggests that the KR1 ST alkaline basalts may contain the
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components from the upper mantle (peridotite) + a large
contribution of ancient, recycled oceanic crust (eclogite) as
its source materials, whereas the KR1 ST tholeiites and the
KR1 MORB could have an upper mantle-dominated (i.e.
peridotite >> eclogite) lithology as their source material.
We infer that more mantle melting occurs beneath the KR1
spreading ridge than beneath the KR1 ST region, which is
characteristic of on-axis MOR processes. Along the KR1
segment, an intermediate, full spreading rate of 63—
66 mm/yr has been determined (Choi et al. 2017); thus,
the region beneath the KR1 spreading ridge corresponds
to a region where a prominent mantle melting could occur.
In this regard, the KR1 ST alkaline basalts could have been
produced by a small amount of partial melting whereby the
eclogite partial melts affected the distinct geochemistry of
the primitive alkaline melts in the KR1 ST. In contrast, along
the KR1 spreading ridge, a relatively large amount of partial
melting occurred, which diluted the eclogite partial melts
with the dominant peridotite partial melts. In the KR1 ST,
whole-rock chemical and isotopic differences between the
alkaline basalts and the tholeiites can also be attributed to
the melt productivity of the mantle. In other words, if the
volume of the tholeiite is large and forms a shield in the KR1
ST and alkaline basalts are found in limited locations at the
tops of the seamounts, the difference between these two
rock types could be attributed to the differences in melt
productivity in the mantle (distinctive or dilute eclogite
partial melts). However, the spatial distribution of tholeiites
and alkaline basalts along the KR1 ST has not yet been
confirmed. Alternatively, it is possible to speculate that
the supply of eclogite as a magmatic source material was
not constant over time during mantle upwelling associated

with the formation of the KR1 ST (Figure 7(a)). If there was a
period characterized by high eclogite content (e.g. ancient,
recycled ocean crust) supplied via the mantle upwelling,
there would also be a period of mantle upwelling charac-
terized by a low eclogite content with a predominantly
peridotite matrix. The compositionally heterogeneous
mantle upwelling and changes in eclogite content over
time are also a feasible scenario that can explain the differ-
ences between the alkalic and tholeiitic magmas assuming
similar melt productivity rates over time beneath the
KR1 ST.

6.2. Petrogenesis of the KR1 ST and its association
with a mantle plume

A volcanic hotspot is a volcanic region or the underlying
mantle region that has a low seismic velocity compared
to the ambient mantle and usually forms a linear volca-
nic chain. It has been suggested that volcanic hotspot
could form by various mechanisms in addition to the
mantle plume theory presented by Morgan (1971)
(Morgan 1978; Sleep 1990, 2002; Anderson 1998, 2000;
Clouard and Bonneville 2001; Hirano et al. 2006; McNutt
2006; Koppers 2011). For example, supplementary to the
Morgan-style deep-plume (primary) hotspot, Courtillot
et al. (2003) proposed secondary hotspots that originate
in the mantle transition zone at a depth of 660 km and
tertiary hotspots that originate at a shallower depth.
Given the geologic features of asymmetric linear vol-
canic edifices (extension into the southeast spreading
direction) and the scale of the submarine volcanic chain
(maximum 1600 m height and ~60 km in length), the
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Figure 7. (a) Schematic models illustrating formation process of the KR1 ridge segment, including the KR1 ST and the Southwestern
(SW) seamount province: The upper mantle beneath the KR1 segment is characterized by a low seismic velocity province (LSVP)
containing recycled, ancient oceanic crust (i.e. eclogite). An off-axis magmatism related KR1 axial ridge formation builds the KR1 ST
and the SW seamount province. Partial melting process of various proportions of eclogite within the KRT DMM matrix could make
alkalic (PREMA (FOZO0)) to tholeiitc (E-MORB composition) basalt magmas. (b) Map of shear-wave velocity variations in the Southern
Ocean (after Park et al. 2019). Tomographic models of S40RTS (Ritsema et al. 2011) at depth of 250 km and 600 km are compared.



KR1 ST could be interpreted as a chain of hotspot volca-
noes close to the MOR rather than an extension of the
MOR. However, because a deep mantle plume (large
buoyancy flux) has not been confirmed in the study
area, the KR1 ST cannot be considered as a Morgan-
style deep-plume hotspot. Courtillot et al. (2003) classi-
fied their secondary hotspots to be the result of small- to
medium-sized mantle upwelling that diverged from a
lower mantle superswell (e.g. South Pacific and African
superswells). The tertiary hotspot was classified as a
passive response to forms of lithospheric break-up. This
tertiary hotspot corresponds to a non-plume hotspot
that developed near a MOR as proposed in several pre-
vious studies (e.g. Niu and Batiza 1997; Niu et al. 2002;
Anderson 2006; Beutel and Anderson 2007; Ballmer et
al., 2013), and is similar to the geologic features of the
KR1 ST.

The shear wave velocity (Vi) structure of the KR1
segment and its adjacent regions, including the KR1 ST
and KR1 spreading ridge, was described by Park et al.
(2019) as a part of a regional tomographic map that
covers the entire Southern Ocean. This tomographic
model shows a low seismic velocity province (LSVP)
connecting the KR1 ST-southern Hjort trench-western-
most PAR-Balleny province at a 250 km depth (Figure 7
(b)). This LSVP extends to a depth of 600 km and part of
the LSV region connecting the KR1 ST-Balleny province
disappears at a 800 km depth (Courtillot et al. 2003;
Ritsema et al. 2011; Park et al. 2019). Therefore, the KR1
ST cannot be regarded as volcanoes formed by a large
buoyancy flux ascending from the lowermost mantle,
but can be presumed to be a hotspot chain formed
during upper mantle upwelling and spreading pro-
cesses, and could contain the composition of the region
beneath the KR1 LSVP (Figure 7(a)).

For the along-axis bathymetric profile of KR1T MOR, the
terrain height increases from the northeast segment end
to the area adjacent to the KR1 ST (Figure 6(a)). This
elevation of topographic height presents patterns similar
to the Pb and Nd-Sr-Hf isotope enrichments towards the
KR1 ST adjacent area. Moreover, the height of the KR1 on-
axis topography increases again towards near the
Southwestern seamount province where c. 1500 m sea-
mounts are developed, and the isotopic enrichments were
also identified in this on-axis area (Figure 6(b, ) and Park
et al. 2019). This pattern seems to indicate that the
increased mantle upwelling flux that entrains fertile mate-
rials (e.g. subducted ancient oceanic crust) may occur
beneath the KR1 ST and surrounding on-axis regions and
that this mantle upwelling dominates in the regions that
include the KR1 ST and the Southwestern seamount pro-
vince (Figure 7(a)). The source material of the KR1 MORB
tholeiites and the KR1 ST tholeiites is considered to be a
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DMM that contains a small amount of ancient oceanic
crust. Seamounts in the Southwestern seamount province
require further study from the same point of view as
addressed here. These topographic and isotopic features
of the KR1 ST and adjacent on-axis regions suggest the
possibility of a ridge-hotspot interaction (e.g. Doucet et al.
2004; Mertz et al. 2004; Dyment et al. 2007; Firi et al. 2011;
Figure 6(a)) as well as off-axis magmatism (e.g. Anderson
2000, 2006; Niu et al. 2002; Beutel and Anderson 2007;
Ballmer et al., 2013) near the MOR where enriched mantle
upwelling occurs (Figure 7(a)).

If the PREMA (FOZO) signature identified in the KR1
ST alkaline basalt is an expression of DMM with recycled
ancient oceanic crust that was previously subducted, as
proposed in Section 6.1, this would require a deep man-
tle upwelling process (i.e. mantle plume) to form the KR1
upper mantle that encloses fertile oceanic crust pieces
prior to the formation of the KR1 ST. A number of studies
have discussed that longstanding subduction in Earth’s
history has given rise to the accumulation of the oceanic
lithosphere at the core-mantle boundary, whereby old
oceanic crust has been brought to shallow depths by
mantle plume (e.g. Silver et al. 1988; Davies 1990;
Albaréde and van der Hilst 1999; Kellogg et al. 1999;
Homrighausen et al. 2018). This mantle plume could be
a recent geologic phenomenon or a past phenomenon
whose thermal signature has gradually dissipated over
time. The presence of both alkaline PREMA (FOZO)
basalts and PREMA (FOZO)-affinity tholeiites in the KR1
ST, as well as the presence of PREMA (FOZO)-affinity
MORB along the KR1 spreading ridge suggests that the
mantle plume event, regardless of when it occurred,
could have been involved in producing the PREMA
(FOZO) signature in the KR1 region. Although the KR1
ST basalts could reflect the upper mantle characteristics
of the KR1 region, the enrichments in incompatible trace
elements and radiogenic isotopes in the KR1 ST basalts
could have been originally associated with a possible
mantle plume event that might occur in the past.

6.3. KR1 ST and the Balleny province: a relationship
with the South Pacific region

The Balleny Islands (Young, Buckle and Sturge Islands
and a number of smaller islands and reefs) are located
approximately 450 km southeast (i.e. in the spreading
direction of the KR1 segment) from the KR1 ST-
Southwestern seamount province. The islands extend
for ~180 km in the southeast direction from Young
Island. To the northwest of Young lIsland, the Balleny
Seamounts (Slave, Soucek and Ellsworth Banks) devel-
oped, which are 350 km from the KR1 ST-Southwestern
seamount province in the SE direction. The Anare
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Seamounts developed in a northwest-southeast direc-
tion adjacent to the Balleny Islands (~70 km northeast of
Buckle and Sturge Islands). The Balleny Islands and the
adjacent northwest-southeast seamount traces are
referred to as the Balleny province in this study (Figure
1(a, b); see bathymetric details in Johnson et al. 1982).
The orientations of the islands and seamounts in the
Balleny province, and the spreading direction of the
KR1 ridge segment within the AAR, are closely related.
The Sr-Nd-Pb isotopic signatures of the Balleny pro-
vince volcanoes are also similar to those of the KR1 ST
alkaline basalts (Figures 3 and 4). Thus, it is appropriate
to discuss the petrogenetic relationship between the
KR1 ST and the Balleny province.

Limited studies have reported on the Balleny province
due to the difficulty of accessing the region (Johnson et al.
1982; Embleton, 1984; Jenkins et al., 1992; Lanyon et al.,
1993; Lanyon 1994). In particular, the results of Sr-Nd-Pb
isotope study have been limited to dredge samples from
the submarine bank around Buckle Island and the deep
seabed between Buckle Island and the Anare Seamounts
(Lanyon 1994). Nonetheless, the isotopic signatures of the
alkaline basalts (including basanites and a phonotephrite)
recovered in these regions are also found in the alkaline
basalts from the KR1 ST, which is located ~520 km from
the Buckle-Anare region. Age dating results from the
Balleny province or major Balleny islands are also insuffi-
cient. Although a K-Ar age of 1.76 =+ 0.2 Ma has been
reported from the Sturge Island volcanic rock (Jenkins et
al., 1992), it is difficult to constrain the age of the Balleny
province volcanoes and the current location of the Balleny
hotspot from only one radiometric age measurement.
Seafloor magnetic lineations have been used to propose
a maximum age of 10 Ma for the onset of the Balleny
Islands volcanism (Wright and Kyle, 1990; Green, 1992).
Based on the close relationship between the KR1 spread-
ing direction and an elongation of the KR1 ST to the
Balleny province, as well as the similar isotopic properties
of the KR1 ST-Balleny alkaline basalts, the possibility that
the Balleny province could be a chain of seamounts and
ocean islands formed near the KR1 spreading ridge can-
not be ruled out.

Shear-wave velocity (V) structure models suggest the
possibility that the KR1 ST and the Balleny province
could be situated on similar upper mantle types (Figure
7(b); Park et al. 2019). This speculation is also consistent
with the similar isotopic properties of rocks from the two
regions. Lanyon et al. (1993) proposed a current mantle
plume exist beneath the Balleny Islands, but the global
seismic tomography model does not show a LSV zone in
the lowermost mantle beneath the region (see Courtillot
et al. 2003; Montelli et al. 2006; Ritsema et al. 2011).
Therefore, it is unreasonable to interpret volcanic activity

in the Balleny province as a direct product of a mantle
plume. Additionally, volcanoes in the KR1 ST and sur-
rounding areas are also not direct results of a mantle
plume. The isotopic similarities between the alkaline
basalts in the KR1 ST and in the Balleny province should
instead be explained by the compositional similarities
shared by the upper mantles in these two regions. Age
dating of the Balleny province basalts should also test
the possibility that these regions could be special types
of alkaline basalts produced near the MOR (i.e. the KR1
spreading ridge).

The LSVP located 250 km beneath the KR1-Balleny
region extends to the PAR, the southern Hjort trench, the
Tasman Sea and the Ross Sea of Antarctica (Figure 7(b)).
The PREMA (FOZO) signature is also found in the Tasman
Sea and the Ross Sea (e.g., Lanyon, 1994; Finn et al., 2005;
Aviado et al., 2015). The LSVP also extends to the South
Pacific ocean islands at depth of 500-600 km.
Meanwhile, the upper mantle LSVP on the western side
of the AAR appears to separate from the AAR (KR1-2)-
PAR LSVP by the AAD (or Zone A) region and also is
connected through the SEIR LSVs to the western LSVs
that extend from the Central Indian Ridge (see Courtillot
et al. 2003; Montelli et al. 2006; Ritsema et al. 2011). This
aspect is consistent with studies that suggest that the
Pacific and Indian-types of upper mantle domains can be
separated compositionally near the AAD-Zone A (e.g.
Christie et al. 1998; Kempton et al. 2002; Hanan et al.
2004). Park et al. (2019) proposed the regional area that
covers the AAR-westernmost PAR-New Zealand-East
Australia—West Antarctica (including Ross Sea province)
and exhibits similar Sr—-Nd-Pb-Hf isotopic signatures, to
be the Zealandia-Antarctic mantle province. The isoto-
pic results of this study also show that the KR1 ST and
the surrounding areas could belong to the Zealandia-
Antarctic mantle province proposed by Park et al. (2019).
However, the hypothesis of Park et al. (2019) is a com-
prehensive interpretation that includes not only the
oceanic mantle domains but also continental Zealandia
and Antarctica. In view of the development of the MOR
system and related ocean islands, the KR1 ST and the
surrounding MOR regions are more relevant in terms of
adding fertile materials (i.e. ancient, recycled oceanic
crust) to the PAR upper mantle component.

In the ***Pb/***Pb and *°’Pb/***Pb versus **°Pb/***Pb
plots, the KR1-2 MORs, KR1 ST and Balleny province basalts
exhibit a mixing trend of a PAR-type DMM and South
Pacific Cook-Austral chain basalts (Figure 4). Hanan et al.
(2004) noted that the Pacific upper mantle composition
could be explained by processes related to seafloor sub-
duction, whereas the Indian upper mantle composition
could be affected by detachment and dispersal of lower
continental crust related to the break-up of Gondwana and



that their distinction is bounded by the AAD region. The
South Pacific is an area less affected by the break-up of
Gondwana. Among them, the ocean islands and sea-
mounts in the Cook-Austral chain retain their PREMA
(FOZO)-HIMU-dominant components (Chauvel et al.,
1997; Bonneville et al, 2002, 2006; Stracke et al., 2005;
Stracke, 2012). In addition, it has been noted that the
PREMA (FOZO)-HIMU components develop under the
influence of ancient, recycled oceanic crust (Hanan and
Graham, 1996; Stracke et al. 2005; Timm et al, 2011;
Stracke 2012; Castillo, 2015; Homrighausen et al. 2018).
Although it is difficult to define the regional geologic
processes in the Pacific and Indian Oceans from the limited
isotopic data obtained from the KR1 region, it is important
to point out that the upper mantle beneath the KR1 region
may retain mixing components between the Pacific-type
DMM and the ancient oceanic lithosphere (especially the
oceanic crust) and that the KR1 ST alkaline basalts generally
represent the enriched composition of the upper mantle
beneath the KR1 region. In the Cook-Austral chain, the
Rurutu young-Mauke-Atiu volcanoes, characterized by
the most radiogenic Pb in the Rurutu young lava, exhibit
a PREMA (FOZO) isotopic signature showing similar to that
of the KR1 ST-Balleny province alkaline basalts in the
208p/20%phy and 2%Pb/?**Pb versus 2°°Pb/?*Pb isotope
plots (Figure 4). The PREMA (FOZO) signatures of the
Rurutu young—Mauke-Atiu basalts have been interpreted
as the results of melting of recycled, ancient oceanic litho-
sphere entrained by mantle plume (Dupuy et al., 1989;
McNutt et al., 1997; Stracke et al. 2005; Stracke 2012). The
enrichment direction of the KR1 ST-Balleny alkaline basalts
to the Rurutu young basalts from the South Pacific Ocean in
the Pb isotope spaces indicates that the mantle domains
beneath these two regions (the KR1 ST-Balleny and the
Rurutu) have undergone similar geologic processes in
terms of the recycling of enriched crust, rather than a direct
connection of the Rurutu mantle plume from the South
Pacific Superswell to the study area. We presume that the
KR1 segment, including the Balleny province, may have
experienced a mantle plume event that resembled the
Rurutu region after/during the break-up of Gondwana.
The upper mantle domain of the KR1 and the adjacent
region may have been altered by this kind of mantle
plume event and had lithological composition to that of a
DMM + fertile blobs (e.g. recycled, ancient oceanic crust)
during the Cenozoic. We presume that the coexistence of
the alkaline basalts and enriched tholeiites in the KR1 ST
may reflect volcanic events related to sub-MOR mantle
convection, which generally occurs at the peripheries of
the MOR (e.g. Niu and Batiza 1997; Niu et al. 2002;
Anderson 2006; Beutel and Anderson 2007; Ballmer et al.,
2013). Alternatively, the topographic highs of the ridge
crests near the KR1 ST and the Southwestern seamount
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province and their enriched MORB isotopic ratios (shown in
Figure 6) suggest the possibility that a small- to medium-
size mantle upwelling that originated from the lower man-
tle could now govern the KR1 ST, the Southwestern sea-
mount province and the adjacent areas and that these
seamounts and seamount chain represent short-lived hot-
spot volcanoes produced by ridge-hotspot interactions.
Therefore, to answer the questions regarding whether the
KR1 ST is the product of i) volcanic activity caused by
shallow rifting or ii) small-size deep mantle upwelling
from the lower mantle, a precise study of the seismic tomo-
graphy of the KR1 segment and the surrounding region
should be conducted in the future.

7. Conclusions

(1) The KR1 ST is a volcanic seamount chain located
at the eastern end of the AAR that has developed
parallel to the KR1 southeast spreading direction.
The KR1 ST is ~60 km long, has a maximum height
~1600 m and consists of alkaline basalts and tho-
leiites. The (U-Th)/He and K-Ar ages of the basalts
range from 0.4 Ma to <1.3 Ma, indicating that their
ages are mostly younger than the surrounding
seafloor ages, estimated using linear magnetic
anomalies.

Alkaline basalts from the KR1 ST exhibit PREMA

(FOZO) compositions with respect to Sr, Nd and

Pb isotopic ratios (8’Sr/®°Sr = 0.7030-0.7033;

"3Nd/"**Nd = 0.5128-0.5130;

20%pp/29%ph = 19.52-19.91), which are similar to

those of the Balleny province located ~450 km
southeast of the KR1 ST along its spreading
direction.

(3) Tholeiites from the KR1 ST exhibit intermediate
isotopic compositions (¢”Sr/%%Sr = 0.7028-0.7029;
"3Nd/"**Nd = ~0.5130; *°°Pb/***Pb = 18.89-
18.93; *He/*He = 7.63 + 0.13 (R/RA)) between
PREMA (FOZO) and DMM, overlapping the isoto-
pic range of the KR1 MORB, and exhibit composi-
tional similarities to E-MORB.

(4) Possible magma sources of the alkaline basalts are
inferred to be recycled oceanic crust (i.e. eclogite)
that underwent ancient subduction processes, with
sub-KR1 DMM. Whereas, the main source materials
of the tholeiitic magmas are presumed to be DMM-
dominant lithology with minor eclogite portions.

(5) The KR1 ST is a composite hotspot chain consist-
ing of various alkalic and tholeiitic materials. They
are likely the products of upper mantle upwelling
and spreading that delivered various amounts of
fertile blobs of recycled oceanic crust to the sub-
KR1 region.

—
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