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Earth’s longest preserved linear volcanic
ridge generated by a moving Kerguelen
hotspot

Qiang Jiang 1,2,3 , Hugo K. H. Olierook 4, Fred Jourdan 3,
Diana Carmona Hoyos3, Renaud E. Merle5, Evelyn M. Mervine6 &
William W. Sager 7

Recent seismic tomography unveiled complex mantle plume structures
diverging from the originally proposed single, narrow, and vertically-oriented
plume conduits, which necessitates new perspectives on the mechanism of
hotspot motion. While several recent endeavours have focused on Pacific
hotspots’motion, knowledge of others remains limited. Here we constrain the
motions of the Kerguelen hotspotwithin the IndianOcean by obtaining robust
40Ar/39Ar ages for the Ninetyeast Ridge, Earth’s longest linear volcanic ridge.
These data indicate varying volcanic progression rates along the ridge, con-
trasting to a constant rate as previously documented. Combined with con-
straints on the Indian Plate motion and seafloor spreading, we reveal four
periods of motions of the hotspot caused by its interactions with the
Indian–Antarctic spreading ridge. This suggests that mantle plume lateral
flows are susceptible to changes in shallow mantle convection due to the
existence of horizontal ponding zones and vertical conduits, especially in the
shallow asthenosphere.

Hotspots are unique features on Earth’s surface that act as a window to
probe the deep mantle and mantle convection processes through the
underlying mantle plumes that feed them, and as a reference frame to
track the absolute motion of tectonic plates. Originally, it was pro-
posed that hotspots were stationary1. Subsequent palaeomagnetism,
geochronology, and geodynamics research indicated that hotspots are
not fixed and that the magnitude of hotspot motions could be as sig-
nificant as plate motions2–5. Still uncertain is the cause of hotspot
mobility, which hampers our ability to constrain the past location of
hotspots and thus affects the reliability of absolute reference frames
based on moving hotspots. It is unclear whether shallow or deep
mantle processes are the dominant controlling factor on hotspot
motion6. Examples of the former include tectonic plate-driven

horizontal mantle shear7–9 and the effect of spreading ridges10,11. Con-
versely, large-scale mantle winds10, or the motions of zones of the
deepestmantle wheremantle plumes were believed to be rooted (e.g.,
large low shear velocity provinces, or LLSVPs), have also been attrib-
uted to be the cause of hotspot motions12–14.

Many of the explanations of hotspot motions were built upon the
classic model that hotspots are manifestations of narrow, vertical,
pipe-like mantle plume upwellings from the lower mantle1,10,14. How-
ever, based on improved seismic tomographic techniques and due to
the increasing availability of seismic data,more complexmantleplume
structures have been imaged15–17. Some of these tomographic models
show that at the core-mantle boundary, LLSVPs extend as a wide
continuous trunk to ~1500-km depth, which then branches into
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complex shapes upward towards hotspots15,18. Most recently, based on
full waveform shear wave tomography, Dongmo Wamba et al.16

revealed a bundle of ‘fat’ mantle plumes rising quasi-vertically from
LLSVPs. Each of these mantle plumes spreads laterally after rising to a
depth of 1000 and 660 km and forms a ponding zone, from which a
thinner plume rises quasi-vertically to a depth of 250–100 km and
forms a shallower level of horizontal ponding zone, which then feeds
magma to the surface to form a hotspot. These newly discovered
mantle plume structures necessitate new interpretations of why and
how hotspots moved in response to mantle plumes’ interactions with
shallow and deep mantle processes.

The majority of previous efforts in the past decade to constrain
the motions of hotspots are focused on the Pacific hotspots, particu-
larly the Hawaii hotspot that created the iconic Hawaiian-Emperor
bend6,11,13,14,19 and the Louisville and Rurutu hotspots3,20, but relatively
limited attention has been given to other hotspots, including those in
the IndianOcean. The Kerguelen hotspot, which is currently located at
the Kerguelen Archipelago21 or Heard Island and McDonald Islands22,23

where there has been recent volcanism, is fed by the Kerguelenmantle
plume that formed the Cretaceous Kerguelen large igneous
province24–26, and the north–south-oriented Ninetyeast Ridge27,28,
which spans over 5000 km and is the longest preserved volcanic
lineament on Earth (Fig. 1). Previous work has tested whether the
Kerguelen hotspot has remained fixed and, if not, how and why it
moved during the formation of the Kerguelen large igneous province
and the Ninetyeast Ridge29–35. Early paleomagnetic data of basalts from
ocean drilling holes on the Kerguelen Plateau and the Ninetyeast
Ridge, combined with tectonic and geochronological constraints of
the basaltic basement, indicate that the Kerguelen hotspot may have
moved southwards34,35 (Supplementary Information) or westwards29,
but these results are far from conclusive due to either insufficient
drilling depth of the basaltic basement to average out geomagnetic
paleosecular variation (e.g., Sites 254, 748, and 1140)34–36 or post-
magmaticmagnetic overprints (e.g., Sites 1140 and 75834,35; cf. detailed
discussions in Supplementary Information; Fig. S1). Depending on
different assumptions about the source of the hotspot and the choice
of parameters, numerical modelling has shown various motion his-
tories for the Kerguelen hotspot. For example, some researchers
suggested that the Kerguelen hotspot may have moved in a south-
easterly direction30–32, while Steinberger et al.33 proposed that the
Kerguelen hotspot may have moved towards the northwest or have
little overall motion in the past 100Myr.

The propagation rate of volcanoes along a hotspot track, when
combined with knowledge about the rate of plate motions, can also
illustrate the absolute motion of a hotspot37–39. Quantifying the pro-
gression rate requires robust and precise radioisotopic ages of basalts
from the hotspot track. As a track of the Kerguelen hotspot, the
Ninetyeast Ridge lacks reliable and high-precision geochronology
data. Although radioisotopic age determinations were published27,40

for volcanic basement rocks that had been collected during three
ocean drilling expeditions, a critical evaluation of these ages revealed
that they were not statistically reliable (Table S1, Supplementary
Information). Moreover, these ages were all obtained from ground-
mass, which is susceptible to seawater alteration in contrast to data
generated from plagioclase separates according to recent studies41–43

and data in this study (Supplementary Information). Additional
40Ar/39Ar dating results of basalts dredged during an R/V Roger Revelle
expedition were presented in conference abstracts44–46, but these
results were never published, and neither the analytical procedures
nor analytical data are available to allow reliability assessment of the
ages, which therefore cannot be used to constrain the age progression
rate of the Ninetyeast Ridge.

Here, we present robust and precise 40Ar/39Ar ages for basalt
samples from the Ninetyeast Ridge to study the rate of volcanic pro-
gression along the ridge. Combinedwith constraints on themigrations

of the Indian Plate and seafloor spreading, we investigate the motion
history of the Kerguelen hotspot during the formation of the Nine-
tyeast Ridge, explore the potential causes, and discuss its implications
for the mechanisms of hotspot motion in the context of an improved
understanding of the structure of mantle plumes.

Results and discussion
40Ar/39Ar ages for the Ninetyeast Ridge
We conducted 40Ar/39Ar geochronology analyses on basalt samples
collected from cores recovered by Deep Sea Drilling Project (DSDP)
Legs 22 and 26 and Ocean Drilling Program (ODP) Leg 121 as well as
dredge samples from R/V Roger Revelle expedition KNOX06RR to the
Ninetyeast Ridge (Figs. S2–S4, Supplementary Information). A total of
13 robust plagioclase 40Ar/39Ar plateau ages revealed an overall age
progression from north to south along the ridge (Fig. 1, Figs. S5–S15,
Table S2; cf. robustness criteria in Supplementary Information). The
northernmost Site 758 yielded the oldest age of 83.0 ± 2.5Ma (Fig. S5).
Site 216, which is ~440km south of Site 758, yielded an age of
71.6 ± 1.2Ma (Fig. S6). Samples from Dredge Site #6 yielded two pre-
cise ages of 65.85 ± 0.13Ma and 66.36 ±0.53Ma, which resulted in a
weightedmean ageof 65.88 ±0.13Ma (Fig. S8).On the central segment
of the Ninetyeast ridge, Site 214 yielded a 40Ar/39Ar plateau age of
62.41 ± 0.52Ma (Fig. S9), and Site 757 yielded an average age of
52.5 ± 1.0Ma (Fig. S10). On the south segment, two dredge samples,
which are ~400 km apart, yielded 40Ar/39Ar plateau ages of
49.13 ± 0.32Ma (Dredge Site #30; Fig. S11) and 45.90 ±0.30Ma
(Dredge Site #33; Fig. S12), respectively.

The robust plagioclase separates 40Ar/39Ar ages for the Ninetyeast
Ridge suggest that the ages of volcanism along the Ninetyeast Ridge
did not progress northwards at a constant rate of 94 kmMyr−1 or
118 kmMyr−1 as previously inferred from unreliable groundmass
40Ar/39Ar ages (Table S1)27,40 andundocumented 40Ar/39Ar dating results
(cf. discussions in Supplementary Information)28,45,46, but instead dis-
plays changing age progression along the ridge (Fig. 2). Specifically,
the age of the Ninetyeast Ridge progressed northwards during four
stages with different average rates along the ridge: (I) 47mmyr−1 from
83Ma to 66Ma, (II) 302mmyr−1 from 66Ma to 62Ma, (III) 64mmyr−1

from 62Ma to 53Ma, and (IV) 147mmyr−1 from 53Ma to
46Ma (Fig. 2B).

Motion of the Kerguelen hotspot
The Ninetyeast Ridge was formed by the Kerguelen mantle plume
during the opening of the Indian Ocean when the Indian Plate was
drifting northwards47, before Greater India collided with the Eurasian
Plate48 (Fig. S16). If the Kerguelen hotspot remained fixed underneath
the Indian Plate during the formation of the Ninetyeast Ridge, the
volcanicprogression rate of theNinetyeast Ridgewould be the sameas
the rate of northward movement of the Indian Plate. Given that the
Eurasian Plate remained near-stationary during the considered period
of time49,50, the Indian Plate’s northward migration rate would be
nearly identical to the rate of convergence between India and Eurasia
(Fig. 2D). Since the Antarctic and Eurasian Plates remained relatively
stationary49,50, the migration rate of the Indian Plate would also be
nearly equal to the rate of oceanic crust creation (hence the rate of
seafloor spreading; Fig. 2C) between the Antarctic and Indian Plates,
which filled the space between the two plates. Therefore, under the
assumption of a fixed Kerguelen hotspot underneath the Indian Plate,
the rate of volcanic progression of the Ninetyeast Ridge would be
nearly identical to the rate of seafloor spreading between the Antarctic
and Indian Plates, and the rate of convergence between India and
Eurasia. Considering that the rate of seafloor spreading and the
India–Eurasia convergence rate show similar values51 (Fig. 2), we focus
our discussions on the former in this study hereafter. By comparing the
progression rate of the Ninetyeast Ridge volcanism and the spreading
rate of the Indian–Antarctic spreading ridge (Fig. 2), we can examine
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the mobility of the Kerguelen hotspot during the formation of the
Ninetyeast Ridge.

During Stage I ( ~ 83–66Ma), the age progression rate
(~47mmyr−1) is roughly half of the spreading rate (Fig. 2),meaning that
the Kerguelen hotspot was not fixed beneath the Indian Plate. At this
stage, the most likely scenario is that the mantle plume was captured
by the northward-migrating Indian–Antarctic spreading ridge, and
plumematerials flowed continuously towards the spreading ridge and
erupted at the ridge (Fig. 3A; Fig. S17A). Considering that theKerguelen
mantle plume was located in a region of overall north- to north-
eastward uppermost mantle flow since it rises from the southeastern
corner of the African large low shear velocity province (LLSVP)52, the
plume conduit may have been located south of the spreading ridge
andplume–ridge interactionoccurred in the formof northward plume
flow (plume conduit tilting) towards the spreading ridge (Fig. S17A).

Although the volcanic progression rate of the Ninetyeast Ridge
can also result from a northward moving hotspot beneath the Indian
Plate, or a southwardmovinghotspotbeneath theAntarcticPlate, both
at a rate of ~47mmyr−1 (Fig. S17), it is hard to explain why the hotspot
moved at a rate that is approximately the half spreading rate in both
scenarios. In contrast, for a stationary Antarctic Plate, the spreading

ridge would move at half the spreading rate, so the age progression is
nicely consistent with the eruption of plume material at the spreading
ridge. The proximity and interactions between the spreading ridge and
the Kerguelen mantle plume are supported by the geochemical and
isotopic studies of basalts from the Ninetyeast Ridge (Fig. S18, Sup-
plementary Data 2)53–56, which revealed both a depletedmantle source
component similar to that ofmid-ocean ridge basalt compositions and
an enriched mantle plume component as represented by the compo-
sitions of isotopically radiogenic mildly alkali basalts from the Ker-
guelen Archipelago57,58.

During Stage II ( ~ 66–62Ma), the 302mmyr−1 age progression
rate is nearly two times the full-spreading rate (Fig. 2). At this stage, the
Ninetyeast Ridge crossed the 89°E fracture zone and began to form on
the west side of the fracture zone (Fig. S19), and the segment of the
Indian–Antarctic spreading ridge jumped southwards slightly
(~200 km) at ~65Ma28. Following these events and considering the
changes in the volcanic progression rate of the Ninetyeast Ridge, a
possible scenario is that the spreading ridge segment that captured the
Kerguelen mantle plume at Stage I had migrated too far northward to
sustain its interaction with the mantle plume, thus the mantle plume
disconnected from it and moved southwards towards the spreading
ridge segment west of the 89°E fracture zone at a rate of ~150mmyr−1

(i.e., age progression rate minus spreading rate). The various degrees
of involvement of depleted components in the mantle source of the
Ninetyeast Ridge as indicated by geochemical data53–56 (Fig. S18) may
result from the changing distance between the Kerguelen mantle
plume and spreading ridge segments during this stage.

Nevertheless, given that there are currently only two age data (i.e.,
65.88 ± 0.13Ma for Dredge Site #6 and 62.41 ± 0.52Ma for DSDP Site
214) available to define the age progression rate along the Ninetyeast
Ridge for this stage, the motion of the Kerguelen hotspot and the
seemingly high migration rate (~150mmyr−1) still needs to be better
constrained. Moreover, although the 40Ar/39Ar spectra for Dredge Site
#6 (Fig. S7, Table S2) meet all our strict criteria for a robust 40Ar/39Ar
age (Supplementary Information), the Ca/K spectra show a slightly
tilde-shaped pattern (Fig. S7), which indicates there is the possibility
that the plagioclase samples may have been affected by alteration41. In
such a possible scenario, the modelling results of Jiang et al.41 showed
that the sample’s real age might be slightly (e.g., ~3%), but not con-
siderably, older than the measured age given the statistically robust
40Ar/39Ar age spectra. As a result, the age progression rate at Stage II
could be ~190mmyr−1, which is slightly greater than the spreading rate
(~155–180mmyr−1; Fig. 2B), meaning that the hotspot motion rate
would be ~10–35mmyr−1 at this stage.

During Stage III ( ~ 62–53Ma), the age progression decreased
significantly to ~64mmyr−1 (Fig. 2B), nearly half of the spreading rate,
which decreased to ~130mmyr−1 (Fig. 2C). This indicates that the
Kerguelen mantle plume was connected to the spreading ridge seg-
ment west of the 89°E fracture zone and plume materials flowed
northward and erupted again at the spreading ridge (Fig. 3C).

For Stage IV ( ~ 53–46Ma), the spreading rate gradually decreased
from ~120mmyr−1 to ~70mmyr−1, while the age progression rate of the
Ninetyeast Ridge increased to 147mmyr−1 (Fig. 2), suggesting that the
mantle plume disconnected from the spreading ridge segment
immediately west of the 89°E fracture zone and moved southwards
towards thenext spreading ridge segment (Fig. 3).Given that therewas
no indication that the Ninetyeast Ridge crossed another fracture zone
at this stage (Fig. S19), the hotspot remained at the south side of the
spreading ridge and thus the migration rate was 147mmyr−1.

After Stage IV, a large ridge jump at ~42Ma28 and spreading ridge
re-organizations47 (Fig. S16)may have transferred theNinetyeast Ridge
segment formed on the Antarctic Plate to the Indian Plate. Since our
geochronology analyses for samples formed in this period (Sites 756
and 254; Table S2) did not yield robust and precise age data, the
detailed history of the formation of these Ninetyeast Ridge segments
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and the motions of the Kerguelen hotspot after ~46Ma remains to be
further explored in future studies. After the formation of the entire
Ninetyeast Ridge, the Kerguelen hotspot was located beneath the fixed
Antarctic Plate and formed the Northern Kerguelen Plateau and por-
tions of the Central Kerguelen Plateau22,59–61.

In summary, our data show that the Kerguelen mantle plume was
captured by two segments, separated by the 89°E fracture zone, of the
Indian–Antarctic spreading ridge at ~83–66Ma, and ~62–53Ma,
respectively, and migrated northwards together with the spreading
ridge. During ~66–62Ma and ~53–46Ma, the mantle plume dis-
connected from the previous spreading ridge segment and moved
southwards towards another spreading ridge segment (Fig. 3). Given
that robust age data for the Ninetyeast Ridge are currently still limited,
particularly for Stages II and IIIwhere the ageprogression rateswere all
calculated using two age data points per stage on the ridge segment
(Fig. 2B), constraints on when exactly the volcanic progression rate
changed and how long each stage lasted remain to be improved by
further sampling and analyses.

Mechanisms of hotspot motion
The motions of the Kerguelen hotspot during the formation of the
Ninetyeast Ridge were most likely controlled by the influence of the
Antarctic–Indian spreading ridge based on the above discussions. This
influence includes (i) directly trapping of the mantle plume by the
spreading ridge segments, which occurred in the formof lateral plume
flow in the shallow mantle and plume conduit tilting towards a
spreading ridge (Fig. 3A, C); (ii) disconnecting process of the mantle
plume from the spreading ridge, likely resulting from the increased

distance between the spreading ridge and the plume conduit, during
which the mantle plume moved away from the spreading ridge, and
(iii) re-capturing process of the mantle plume by another spreading
ridge segment, during which time the hotspot migrated southwards
(Fig. 3B,D). Themultiple stages of plume–ridge interactions during the
formation of the Ninetyeast Ridge were enabled by the continuous
northward migration of the Indian–Antarctic spreading ridge, and the
segmentation of the spreading ridge by large transform faults
(Figs. 3, S19).

Although deeper mantle convection has also been proposed to
be the trigger of hotspot motions in the Pacific Ocean6,10,14, this
mechanism seems unlikely to be the driver of the Kerguelen hotspot
motions. Specifically, the hypothesis that the deformation and
motion of the lowermost mantle on which hotspots are anchored
(e.g., due to the descent of subducted slabs) triggered hotspot
motion12–14 cannot satisfactorily explain the Kerguelen hotspot
motions. Such motions of the lowermost mantle were usually asso-
ciated with long-lasting ancient subduction events14, which seems
implausible to have controlled the quickly changing directions and
rates for the Kerguelen hotspot motions over a few tens of million
years (Figs. 2, 3).

The motion history of the Kerguelen hotspot during the forma-
tion of the Ninetyeast Ridge revealed in this study indicates that it was
different from that of other Indian Ocean hotspots. For example, the
Reunion hotspot moved northwards by ~5° between ~55Ma and
35Ma32,62, while the Marion hotspot may have stayed stationary
according to paleomagnetic data63 or moved ~7° southwards based on
numerical modelling results7,32 in the past ~90Ma. These indicate that

Fig. 2 | Temporal variations of rates of age progression along the Ninetyeast
Ridge, the Indian–Antarctic spreading, and the India–Eurasia convergence.
A Bathymetric map of the Ninetyeast Ridge. The bathymetric map was generated
using GeoMapApp73 (www.geomapapp.org), https://creativecommons.org/

licenses/by/4.0/. B Temporal variation of progression rates of volcanism along the
Ninetyeast Ridge. C Spreading rate of the Indian–Antarctic spreading ridge vs time
based on magnetic anomaly and fracture zone data49,74. D Convergence rate
between India and Eurasia vs time75.
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the Indian Ocean hotspots moved independently, in a similar fashion
as that of the Pacific hotspots3,20. Like that of the Pacific Ocean
hotspots3, the motions of the Indian Ocean hotspots are also con-
trolled by regional mantle flows rather than by a hypothesised large-
scale mantle convection2,10.

Our results thus stress the important role of upper mantle con-
vection on the motion of a hotspot. The fact that hotspots on the
Earth’s surface may have been directly fed by a ponding zone in the
asthenosphere at depths of ~250 to 100 km (Fig. 3)16 implies that hot-
spot motions, at least for those that share similar geodynamic settings
as theKerguelenhotspot,maybemore responsive tomantle upwelling
at spreading ridges in the shallow mantle than motions in the deep
mantle. For disturbances in the deep mantle (e.g., the arrival of sub-
ducted slabs at the LLSVPs)14, if they indeed can trigger themotion of a
hotspot on the surface in a ‘bottom-up’ manner6,12,14, these perturba-
tions on the mantle plume in the deep mantle would have to pass
through one or more plume material ponding zones in the shallower
mantle16. These plume ponding zones may not be as responsive to
disturbances on a mantle plume compared with the scenario of a sin-
gle, narrow plume conduit.

Implications for lateral mantle plume flow
Recent seismic tomography studies have revealed large lateral mantle
plume flows towards spreading ridges, for example, from the vertical
plume conduit underneath eastern Greenland towards Iceland
(~800 km)64, and from the Réunion hotspot to the Central IndianRidge
(~1200 km)65. These geophysical observations, however, provided only
a snapshot of the current state of the mantle, while the processes of
how mantle plumes and spreading ridges were coupled and dis-
connected remain unclear. Our data imply that the Kerguelen hotspot
experienced ~800 km and ~576 km northward movements when the
mantle plume was trapped by segments of the northward migrating
Indian–Antarctic spreading ridge at ~83–66Ma and ~62–53Ma,
respectively. Thesemagnitudesof lateral plumeflowarepossiblewhen
considering the examples of the Iceland and Réunion mantle
plumes64,65, and could be achieved by both tilting of the plume conduit
and drifting of the plumematerial in the shallower ponding zone in the
shallow mantle (Fig. 3).

When the plume began to disconnect from the previous spread-
ing ridge segment that it was connected to, andmove towards the next
spreading ridge segment during ~66–62Ma and ~53–46Ma,

Fig. 3 | Schematic diagrams showing the formation of the Ninetyeast Ridge and
themotions of the Kerguelen hotspot. A Stage I from ~83Ma to 66Ma.B Stage II
from ~66Ma to 62Ma. C Stage III from ~62Ma to 53Ma. D Stage IV from ~53Ma to
46Ma. The structure of the mantle plume refers to Dongmo Wamba et al.16. The
scale of the plume structure above themantle ponding zones in the uppermantle is
exaggerated in order to demonstrate its interaction with the spreading ridges. The
red and black lines indicate the Indian–Antarctic spreading ridges and fracture

zones, respectively. The red dashed line indicates an extinct spreading ridge seg-
ment. The black and purple arrows indicate the motions of the Indian–Antarctic
spreading ridges and the Kerguelen hotspot, respectively. The Kerguelen mantle
plume rises from the southeastern corner of the African large low shear velocity
province (relative size exaggerated for the plume)52. NER Ninetyeast Ridge, LLSVP
large low shear velocity province.
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respectively, the hotspot moved at very high rates (~150mmyr−1 and
147mmyr−1, respectively). These rates are significantly higher than the
average moving rates of hotspots elsewhere, for example, the
~40–50mmyr−1 for the motions of the Hawaii hotspot during
80–50Ma2,13. This indicates that the capturing and releasing of a
mantle plume by a spreading ridge was a rapid process that happened
in a short duration of a few million years.

The frequently and quickly changing directions and rates of the
Kerguelen hotspot during Ninetyeast Ridge’s formation might be a
reflection of changes in the lateral plume flow. The existence of both
quasi-vertical conduits and horizontal ponding zones, particularly in
the shallow asthenospheric mantle, makes the lateral flows of mantle
plumes susceptible to changes in shallowmantle convectionprocesses
such as the presence and drifting apart of spreading ridges.

Methods
Details regarding 40Ar/39Ar analytical results, literature paleomag-
netic paleolatitudes, evaluation of literature geochronology
data, and literature plate reconstruction and geochemical results
for the Ninetyeast Ridge are provided in the Supplementary
Information.

Sample description
Volcanic basement rocks have been collected during the DSDP Legs 22
and 26 drilling expeditions in 1972, the ODP Leg 121 drilling expedition
in 1988, and an R/V Roger Revelle expedition (KNOX06RR) in 2007.
Based on the availability of volcanic rocks that appear to be fresh, we
requested 32 basaltic samples from DSDP Sites 214, 216, and 254, and
ODP Sites 756, 757, and 758 (Figs. S2–S3) from the Kochi Core Center
(Japan); and 17 samples from 6 dredge sites of the R/V Roger Revelle
expedition from the Woods Hole Oceanographic Institution Seafloor
Samples Repository (USA). Most of the dredge samples are pillow
lavas, and are generally more altered than the DSDP and ODP drilling
samples. Regardless, many lightly altered, plagioclase-rich rocks are
recovered from the dredges.

Thin sections were made for 43 samples that appear to be fresh.
Through careful thin section examinations, we selected 22 volcanic
rocks that contain a substantial quantity of plagioclase phenocrysts
that optically appear free of alteration (Fig. S4) for 40Ar/39Ar geochro-
nology analysis.

40Ar/39Ar analytical procedures
The samples were disaggregated by a SelFrag pulsed power fragmen-
tation system at the John de Laeter Centre, Curtin University, and
sieved to separate the 212–355μm and 125–212μm size fractions.
These fractions were thoroughly rinsed in an ultrasonic cleaner to
removedustor powder from the grains.Mineralswere separated using
a Frantz isodynamic magnetic separator. Unaltered, optically trans-
parent, inclusion-free plagioclase grains were handpicked carefully
grain-by-grain under a binocular microscope from the non-magnetic
fractions. Homogeneous groundmass grains were handpicked from
the magnetic fractions. Grains showing evidence of alteration (e.g.,
brown, red, or yellow discoloration) were avoided where possible, but
cryptic alteration was difficult to detect because groundmass is not
transparent. The selected grains were leached in diluted (5N) HF for
1min and thoroughly rinsed in distilled water.

Multi-grain aliquots of the samples were loaded into several large
wells, 1.9 cm diameter and 0.3 cm depth, within aluminium discs. A
series of fully intercalibrated GA1550 biotite66 standards with age
99.738 ±0.100Ma67 were loaded adjacent to the samples in the same
discs. The discs were Cd-shielded to minimize undesirable nuclear
interference reactions and irradiated in the Oregon State University
nuclear reactor (USA) in a central position for 40 h. For each disc, an
average J-value was computed from standard grains within the small
pits, and was used in the age calculations of samples (the unknowns)

from pits surrounding those of the standards. The J-value for each
sample is shown in Supplementary Data 1. Mass discrimination was
monitored regularly through the analysis using an automated air pip-
ette and mean values are 0.98754 ± 0.02, 0.99224 ±0.05, and
0.99257 ± 0.02 (%1σ) per dalton (atomic mass unit) relative to an air
ratio of 298.56 ±0.3168. The correction factors for interfering isotopes
were (39Ar/37Ar)Ca = 6.95 × 10−4 ( ± 1.3%), (36Ar/37Ar)Ca = 2.65 × 10−4

( ± 0.84%) and (40Ar/39Ar)K = 7.30× 10−4 ( ± 12%)69. The most important
correction value required for Ca-rich samples (e.g., plagioclase) is
(36Ar/37Ar)Ca. This was re-measured and yielded a value of
(36Ar/37Ar)Ca = 2.65 × 10−4 ( ± 1.6%), in agreement with the value mea-
sured by Renne et al.69. The 40Ar/39Ar analyses were performed at the
Western Australian Argon Isotope Facility at Curtin University. Multi-
grain aliquots were step-heated using a continuous 100W Photo-
nMachine© CO2 (IR, 10.4 μm) laser fired on the samples for 60 s. Each
of the standard crystals was fused in a single step.

The gas was purified in an extra low-volume stainless steel
extraction line of 240 cc volume, using one SAES AP10 and one GP50
getter. The Ar isotopes were measured in static mode using a low
volume (600 cc) Thermo Fisher Scientific ARGUS VI mass spectro-
meter set with a permanent resolution of ~20070. Measurements were
performed in multi-collection mode using 4 Faraday cups with
1012 ohm resistors to measure masses of 40, 38, and 37 and a 1013 ohm
resistor to measure mass 39. Mass 36 was measured using an ultralow
background compact discrete dynode ion counter. We measured
the relative abundance of each mass simultaneously using 10 cycles
of peak-hopping and 16 s of integration time for each mass.
Detectors were calibrated to each other electronically and using air
shot beam signals.

The raw data were processed using the ArArCALC software71 and
the ages were calculated using the decay constants of Renne et al.67.
Blanks were monitored every three to four steps. All parameters and
relative abundance values are provided in Supplementary Data 1 fol-
lowing the recommendations of Schaen et al.72, and corrected for
blank,mass discrimination and radioactive decay.We consider a newly
measured 40Ar/39Ar age robust only if it meets all the reliability criteria
as detailed in the Supplementary Information. All the uncertainties of
the 40Ar/39Ar ages are quoted at the 2σ confidence level.

Data availability
All data used in this manuscript are included in the Supplementary
Information File and Supplementary Data 1 and 2.
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