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Deformation-related volcanism in the Pacific
Ocean linked to the Hawaiian–Emperor bend
John M. O’Connor1,2,3*, Kaj Hoernle4, R. Dietmar Müller5, Jason P. Morgan6,
Nathaniel P. Butterworth5, Folkmar Hau�4, David T. Sandwell7, Wilfried Jokat1,8,
Jan R. Wijbrans3 and Peter Sto�ers9

Ocean islands, seamounts and volcanic ridges are thought to
formabovemantle plumes. Yet, thismechanism cannot explain
many volcanic features on the Pacific Ocean floor1 and some
might instead be caused by cracks in the oceanic crust linked to
the reorganization of platemotions1–3. A distinctive bend in the
Hawaiian–Emperor volcanic chain has been linked to changes
in the direction of motion of the Pacific Plate4,5, movement of
the Hawaiian plume6–8, or a combination of both9. However,
these links are uncertain because there is no independent
record that precisely dates tectonic events that a�ected the
Pacific Plate. Here we analyse the geochemical characteristics
of lava samples collected from the Musicians Ridges, lines
of volcanic seamounts formed close to the Hawaiian–Emperor
bend. We find that the geochemical signature of these lavas
is unlike typical ocean island basalts and instead resembles
mid-ocean ridge basalts. We infer that the seamounts are
unrelated to mantle plume activity and instead formed in an
extensional setting, due to deformation of the Pacific Plate.
40Ar/39Ar dating reveals that the Musicians Ridges formed
during two time windows that bracket the time of formation
of the Hawaiian–Emperor bend, 53–52 and 48–47million years
ago.We conclude that theHawaiian–Emperor bendwas formed
by plate–mantle reorganization, potentially triggered by a
series of subduction events at the Pacific Plate margins.

Both changes in mantle flow6–8 and in the direction of
Pacific Plate motion4,5 have been proposed to explain the
Hawaiian–Emperor bend (HEB). Decreasing palaeolatitudes
during the formation of the Emperor Seamounts6,8, and combined
globalmantle flow andplatemotionmodels5, supportmantle flow as
the dominant mechanism for creating the HEB. A palaeomagnetic
pole for the Pacific Plate (based on the skewness of vector
aeromagnetic profiles of magnetic anomalies due to seafloor
spreading) has been interpreted as evidence that 5◦

± 3◦ of the
southward motion of the Hawaiian hotspot occurred after 32Myr
ago (ref. 10), thus post-dating the formation of the Emperor
Seamounts, but the robustness of this type of analysis has been
questioned (Supplementary Note 1). An alternative hypothesis
notes the broad coincidence of the HEB with major circum-Pacific
Plate tectonic events and favours HEB formation by the resulting
change in the direction of Pacific Plate motion4,5,11,12. But plate

reconstructions connecting the Indo-Atlantic realm to the Pacific
for Late Cretaceous predict a negligible bend13.

Although diverse lines of evidence record a rough correlation
between other circum-Pacific tectonic changes (Supplementary
Note 2) and formation of the HEB (refs 5,11,14), their timing has
been too protracted to establish a connection. Here we report the
unexpected discovery of the long-sought-after independent tem-
poral record of circum-Pacific tectonic events while investigating
a new type of linear structure on the Pacific seafloor detected in
recent years by improvements in satellite altimetry2. This new type of
structure consists of groups of linear en échelon volcanic ridges, first
described in 1987 for the ‘Crossgrain’ ridges located in the central
Pacific2. Mechanisms explaining these linear ridge groups include
hotspot-spreading ridge interaction15 and tensional cracking of the
Pacific Plate2,3 (see Supplementary Note 3).

To investigate the origin of these enigmatic structures, we carried
out seismic surveys and dredge sampled the en échelon linear ridges,
extending eastward in clusters, from the northern and southern ends
of the Musicians Seamount Chain and the Murray Fracture Zone
(FZ) on RV Sonne cruise SO142 (Fig. 1 and Supplementary Fig. 1
and Supplementary Table 1). The Musicians Seamounts form a NW
trending age-progressive Cretaceous hotspot track, located several
hundred kilometres northwest of the Hawaiian Seamounts, best
explained by plate motion over a now extinct Musicians hotspot15,16.
The cluster of ridges extending from the southern end of the
Musicians Seamount Chain is bounded to the north by the Murray
FZ, which consists of a ∼100 km band of linear ridges and troughs
that stretch from the Musicians to the Hawaiian Seamount Chain16.
We dredge sampled one of these volcanic ridges in the Murray
FZ (Fig. 1).

Seismic profiles collected during the SO142 expedition show that
the Musicians Ridges were formed by volcanism15. The volcanism is
interpreted to have been generated by flow of mantle along channels
in the base of the lithosphere from the Musicians hotspot to the
Pacific–Farallon spreading centre in the Cretaceous15. Although
this is consistent with the ∼94–92Myr 40Ar/39Ar ages for two
samples dredged from the volcanic ridge located furthest away from
the northern end of the Musicians Chain (Fig. 1), most of the
40Ar/39Ar ages for the southern Musicians Ridges are unexpectedly
52–53Myr. A few younger ages show that volcanism might have
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Figure 1 | Locations of sample sites on the Musicians volcanic ridges.
Yellow circles in the top panel indicate the locations of SO142 expedition
dredge sites and adjacent numbers give the station numbers
(see Supplementary Table 1 for sample information). Sample ages are
shown also on high-resolution bathymetric maps in Supplementary Fig. 1.
The base map is marine gravity from radar altimetry at a contour interval of
20 mGal (ref. 31). White numbers are for published ages measured in the
1990s and white boxes show sample locations16. The box around the HEB
marks the position of an enlarged map with age information in
Supplementary Fig. 3.

continued until 47–48Myr ago, or that a second event occurred
roughly 6Myr later. Surprisingly, the samples from the Murray FZ
also yielded ages of 47–48Myr. 40Ar/39Ar plateau ages are shown
in Fig. 2 and Supplementary Fig. 2. For complete information see
Methods, Supplementary Table 2 and Supplementary Methods. The
most striking facet of these unexpectedly young lava ages is they
bracket the formation of the HEB (50–47Myr ago; refs 5,9; see also
Supplementary Fig. 3).

The geochemistry of this late-stage volcanism can help
constrain its origin (Fig. 3 and Supplementary Fig. 4 and
Supplementary Table 2). The dated samples are unlike rejuvenated

0 10 20 30 40 50 60 70 80 90 100

A
ge

 (M
yr

) 100

80

60

40

20

0

120

140

0.04

0.08

0.12

0.16

0.20
SO142 6DR-1

rock chips
39Ar fraction = 70%

02M0239

48.5 ± 0.9 Myr

Murray FZ

K/Ca

Cumulative 39Ar released (%)

K/Ca

0 10 20 30 40 50 60 70 80 90 100

100

80

60

40

20

0

120

140

0.04

0.08

0.12

0.16
SO142 6DR-4

rock chips
39Ar fraction = 71%

02M0240

47.0 ± 1.2 Myr

Murray FZ

A
ge

 (M
yr

)
A

ge
 (M

yr
)

10 20 30 40 50 60 70 80 90 100

100
90
80
70
60
50
40
30
20
10
0

0.10

0.08

0.06

0.04

0.02

0.00

SO142 13DR-2
plagioclase

39Ar fraction = 91%

04MY378

52.7 ± 0.6 Myr

Beethoven Ridge

K/Ca

0

K/Ca

0 10 20 30 40 50 60 70 80 90 100

06MY102 SO142 9DR-1
plagioclase

39Ar fraction = 96%

100
90
80
70
60
50
40
30
20
10
0

0.30

0.20

0.10

0.00

52.4 ± 0.6 Myr

A
ge

 (M
yr

)

Bach Ridge

Figure 2 | Examples of high-resolution incremental heating 40Ar/39Ar age
spectra for the Musicians volcanic ridges. Pink lines are 40Ar/39Ar ages,
and grey lines are K/Ca ratios. The reported 40Ar/39Ar age ages are
weighted age estimates with errors reported on the 95% confidence level,
including 0.3%–0.4% s.d. in the J-value. All samples where monitored
against Taylor Creek rhyolite (TCR) monitor (28.34±0.014 Myr, 1σ). For
complete information see Methods, Supplementary Table 2,
Supplementary Fig. 2 and Supplementary Methods.

(or post-erosional) volcanism found on intraplate volcanoes,
such as the Hawaiian Island volcanoes, because they are tholeiitic
and are depleted in both incompatible element and isotopic
composition, whereas rejuvenated volcanism is alkalic and shows
incompatible element enrichment (see also Supplementary Note 4).
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Figure 3 | Evidence that deformation volcanism is related to a depleted
upper mantle source. a, Nb/Yb versus TiO2/Yb discrimination diagram.
Fractionation of Ti from Yb by garnet provides a proxy for depth of melting.
MORB forms a shallow array, and basalts with significant residual garnet
(that is, Ocean Island basalt (OIB)) plot above the array. b, Isotopic
compositions of Musicians lavas (this study) are age-corrected using ages
reported here. Representative island (OIB) groups (in red) are from the
GEOROC database (http://georoc.mpch-mainz.gwdg.de) and the field for
Pacific N-MORB (in blue) is from the PETDB database
(http://www.petdb.org) and is age-corrected to 57 Myr ago. Panel a
reproduced with permission from ref. 33, Elsevier.

The late-stage Musicians lavas have similar major element, trace
element and Sr–Nd–Pb isotopic compositions to mid-ocean ridge
basalts (MORB), consistent with their derivation from shallow
upper mantle sources, despite not having been formed at a
mid-ocean ridge.

The best and most obvious explanation for this new type of
MORB-like, non-hotspot intraplate volcanism is that it records
increased plate deformation that caused magmatism through
decompression melting with plate cracking (reactivation of
Cretaceous linear features), possibly facilitating and focusing
magma ascent (see, for example, refs 2,3). Some possible present-
day analogues for the type of deformation and volcanism that
we invoke here for the early Tertiary are the en échelon ridges in
the extensional part of the Capricorn–Australia plate boundary17,
as well as the Pukapuka Ridges in the central Pacific18. Another
analogue might be located to the west of the Mid-Atlantic Ridge,
where the Researcher volcanic ridge and graben system to the north
form an en échelon volcano-tectonic complex that is extensional in
character (Supplementary Note 5).

There is evidence also in the geologic record to show that sub-
duction forces can cause plate yielding19 (Supplementary Note 6).

For example, there is extensive geologic evidence indicating that
subduction initiation along the western Pacific caused the tectonic
events surrounding the Pacific, and led to the onset of uplift of
the Transantarctic Mountains (Supplementary Note 2). It seems
reasonable, therefore, to infer from the striking synchronicity be-
tween the 53–52Myr ago tectonic–magmatic event and subduction
of the Izanagi–Pacific spreading ridge (∼52–51Myr ago; refs 11,20),
and subduction initiation at the Izu-Bonin-Marianas subduction
zone (IBM) and Tonga (∼51.5Myr ago, asmeasured by subduction-
related volcanism)19,21–23, that they might be causally connected
(Fig. 4). Moreover, the initiation of Aleutian subduction, at end of
this subduction zone reorganization24,25, coincideswith the observed
47–48Myr ago magmatism.

If increased stress within the plate was the sole mechanism
controlling the location and timing of this new style of MORB-
like intraplate volcanism, then it is likely to be distributed widely
across the Pacific seafloor. As relatively few intraplate structures
in the Pacific have been sampled and dated, we do not know if
there is evidence for widespread deformation-related volcanism
between 52–53 and 47–48Myr ago. Nevertheless, local plate and
shallow mantle melting and flow anomalies are likely to determine
where MORB-like intraplate volcanism occurs during intervals of
increased plate stress (see Supplementary Note 3).

Current numerical models of the subduction-related forces
driving the Pacific Plate do not incorporate local plate and mantle
anomalies, and so cannot predict where and when plate cracking
and decompression melting might trigger intraplate volcanism
across the Pacific Plate. Numerical modelling, however, does point
to the possibility that a major plate-wide change in subduction
topology between 62 and 52Myr ago might have led to an increase
in plate speed and intraplate deformation across the Pacific Plate26.

A possible plate-scale mechanism for changing asthenospheric
flow might be a gradual westward speed-up of the Farallon–Pacific
spreading rates, possibly starting at∼50Myr ago, which was caused
by the increasing pull on the Pacific Plate exerted by the subducting
slabs in the IBM and Tonga subduction zones20,26. This timing
corresponds to the part of the Hawaiian–Emperor Seamount Chain
where the trend first starts to rotate from nearly due south to
east–southeast, just north of Daikakuji and near Kimmei Seamount,
marking the time of inception of the HEB≥ 50Myr ago and
not the most arcuate 47.5Myr ago part on the bend5,9 (see also
Supplementary Fig. 3).

Increasing pull from the IBM and Tonga subducing slabs could
have caused Pacific Plate speed-up at ∼50Myr ago (refs 20,26), and
might have gradually changed the resistance or dragging force asso-
ciated with the interface between the upper mantle and plate (basal
drag or basal shear force), which is usually considered to act in an
opposite direction to absolute motion27. As the plate accelerated to
the northwest, asthenosphere counterflow could have increased in
the opposite direction, deflecting the Hawaiian plume to the south-
east during its final ascent through the transition zone28, reflected in
the change in the trend of the Emperor Chain at Kimmei Seamount.

A change in asthenosphere flow at ∼50Myr ago might also
have initiated the start of final plume slowdown9 before the sharp
47.5Myr ago HEB. This shallow mantle mechanism would fit with
an explanation for plumemotion and slowdown involving a capture
and release mechanism, which also involves plate processes in the
form of waning Kula–Pacific spreading13. A further change in the
basal drag force might have resulted from initiation of subduction
to the north in the Aleutians at the time of the sharp HEB.

In summary, the apparent reactivation of the Cretaceous
Musicians Ridges started at the same time as a series of major
inter-connected subduction events around the Pacific margins.
Local factors, such as lithospheric age and structure (see, for
example, refs 2,3,18), possibly by operating in combination with
other types of secondary small-scale sub-lithospheric convection29,
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Figure 4 | Reconstruction of plates and plate boundaries around the Pacific Ocean Basin. a, Before the HEB (62 Ma). b, After the HEB (42 Ma). Plate
boundaries are shown in white; hotspots are magenta stars and hotspot tracks are in dark blue; yellow circles delineate deformation volcanism:
A—Aleutian subduction zone, IBM—Izu-Bonin-Marianas subduction zone, IPR—Izanagi–Pacific Ridge, M—Musicians Seamounts; hotspots: H—Hawaii,
G—Gilbert, T—Tokelau, L—Louisville. Data for the rotations and plate boundary configurations are from ref. 12, palaeo-age of the ocean crust from ref. 32,
and Pacific absolute plate motion velocities from ref. 26 stage rotations.

no doubt influenced the location of late-stage,MORB-like intraplate
volcanism. For example, the ∼75Myr ago and ∼57Myr ago HE-
type bends in the Gilberts and Tokelau seamount chains are linked
to reactivation of preconditioned lithosphere by jerk-like plate
extensions in the Pacific Plate30. The HEB began at ≥50Myr ago
(refs 5,9), when pull from these subducting slabs was sufficient to
change Pacific Plate motion, which we infer could have triggered a
change in asthenospheric flow.

In conclusion, based on the timing and geochemistry of an
unusual MORB-type of intraplate volcanism, we propose that
subduction initiation events along the western and northern Pacific,
respectively, caused internal plate deformation that might have
triggered magmatism due to decompression melting, possibly
associated with cracking of the upper oceanic plate and other
local plate and shallow mantle mechanisms. We infer that the
HEB morphology and a slowdown in posited plume motion
correlate with changes in asthenosphere flow resulting from plate
speed-up caused by increasing pull on the Pacific Plate following
subduction of the Izanagi–Pacific Ridge and initiation of Aleutian
subduction. Thus, the HEB might be linked to subduction-driven
asthenospheric changes at a timewhen the rapidlymovingHawaiian
plume was slowing down. Such a model is compatible with
current estimates of plumemotion based on drill-site palaeolatitude
information6 and could be further tested with new, very deep drill
sites, because only with these will there be any hope of constraining
changes of motion within the overall southward drift.

This new style of non-hotspot-related intraplate volcanic
reactivation represents a potentially powerful new proxy for
identifying and dating intraplate deformation caused by plate
reorganization events. Depending on the scale of asthenosphere
changes, deflection and smearing out of plumes in the shallow
mantle related to such events might correlate with regional or plate-
wide changes in the motion and volume flux of hotspot tracks,
and account for at least some of the non-age-progressive’ intraplate
volcanism widely found across the Pacific1.

Methods
The ArArCALC 40Ar/39Ar age data files in Microsoft Excel format are provided in
the Supplementary Information. Further details are outlined in the
Supplementary Methods.

Code availability. The ArArCALC v2.5 software used to calculate the 40Ar/39Ar
ages is available at http://earthref.org/ArArCALC.
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