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ABSTRACT

The alignment and age progression of volcanoes produced as a
tectonic plate moves over a mantle plume can be used to reconstruct
both the direction and rate of past plate motion assuming the plume
remains in a fixed location. New “Ar/*Ar dates for lavas from 15
volcanoes spanning the entire length (~2800 km) of the Northwest
Hawaiian Ridge (NWHR) facilitate improved age-distance relation-
ships. These are used to constrain a significant kink in the NWHR at
25.3 + (0.5 Ma as the Pacific plate experienced a brief episode of more
northerly motion and rotated counter-clockwise. The age progression
(i.e., velocity of the Pacific plate) increased markedly from 57 to 87
km/Ma following the plate motion change. This mid-Cenozoic tectonic
reorganization has been previously identified in plate motion models,
but has been poorly constrained temporally. We demonstrate that this
event affected four seamount trails within the Pacific Basin, and had
a significant impact on all circum-Pacific volcanic arcs.

INTRODUCTION

The Hawaiian-Emperor chain is one of the longest intraplate seamount
trails, extending for more than 6000 km and >80 Ma. It can be subdi-
vided into three main segments: the Emperor Seamounts (north of the
Hawaiian-Emperor bend [HEB]; 82-50 Ma), the Northwest Hawaiian
Ridge (NWHR, south of the bend to Middle Bank Seamount; 49—6 Ma),
and the Hawaiian Islands (Ni‘ihau to the Island of Hawai‘i; <6 Ma). The
Emperor seamount track has been attributed, in part, to southward motion
of the mantle plume (Tarduno et al., 2003). Relatively minor hotspot drift
is assumed after the HEB, implying plate motion should produce a linear
track of NWHR volcanoes. However, several kinks exist along the NWHR,
the most prominent of which is the focus of this study.
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A mid-Cenozoic kink in the NWHR, located southeast of the Pearl
and Hermes atoll (Fig. 1), was recognized by Epp (1984) and Lonsdale
(1988). Kamp (1991) suggested that the kink was part of a tectonic reor-
ganization between 28 and 24 Ma that affected the Louisville hotspot
chain, the Pacific-Antarctic spreading ridges, and formed the Alpine fault
on the South Island of New Zealand. All of these features are along or
near the southwest margin of the Pacific Basin. The uncertain temporal
constraints on the event are due to it being based primarily on magnetic
anomaly and to imprecise geochronologic data.

Here, we present 26 “’Ar/*Ar dates from 15 volcanoes along the entire
NWHR. These new dates are used with prior “Ar/*Ar dates from the
NWHR (Sharp and Clague, 2006; O’Connor et al., 2013) to establish age
progressions along the Hawaiian-Emperor chain during the past 52 Ma.
‘We use these age-distance relationships to provide, for the first time, (1) a
precise constraint on the timing of the mid-Cenozoic Pacific plate motion
change, (2) a revised age estimate for the Hawaiian-Emperor bend, and
(3) quantification of age progression rates along the NWHR. Moreover,
we demonstrate that this plate motion change not only affected features
in the southwest Pacific Ocean, but it also had a significant impact on all
circum-Pacific volcanic arcs and four hotspot tracks in the Pacific Basin.

EXISTING GEOCHRONOLOGY OF THE NORTHWEST
HAWAIIAN RIDGE

The majority of the published geochronologic data for the NWHR
consist of whole-rock K-Ar or “°Ar/*Ar ages generated in the 1970s
and 1980s that show considerable scatter. Since 2006, only 12 NWHR
volcanoes, many of which are located in the northernmost sector of the
NWHR near the HEB have been “’Ar/*Ar dated (Sharp and Clague, 2006;
O’Connor et al., 2013). These “*Ar/*Ar ages were used by O’Connor et al.
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TABLE 1. SUMMARY OF “Ar/*Ar DATA

Sample # Volcano km from Stage No.of Total fusion age “OAr/*Ari Isochron age N 3%Ar MSWD Plateau age
Kilauea expts* (Ma = 20) (x20) (Ma = 20) (%) (Ma = 20)
volcano

A-53-1 Yuryaku 3541 S 2 4791 £ 0.22 300.4 +4.3 4763 + 0.31 19 of 21 978 0.83 4788 + 0.21

A-53-2 Yuryaku 3541 - 2 3121 £ 0.11 295.6 + 1.9 31.00 +£ 0.10 15 of 24 719 0.80 31.01 £ 0.10

A-55-4 Daikakuiji 3520 S 1 46.86 + 0.31 322.0 + 40.0 46.68 + 0.67 11 of 15 90.4 0.79 4760 + 0.30

A-55-2 Daikakuiji 3520 S 1 45.84 +0.20 300.6 + 6.7 46.67 + 0.49 6 of 10 54.2 0.67 46.99 + 0.25

A-55-1 Daikakuiji 3520 S 2 46.97 + 0.20 303.1+8.5 46.38 + 0.54 19 of 23 89.6 0.49 46.83+0.20

84-28-B Unnamed 2801 PS 1 32.99 +0.16 292.8 + 11.6 32.82 +0.34 7 of 10 635 1.09 32.76 £ 0.16

84-30-J Academician Berg 2608 S 2 33.31 £ 0.43 296.4 + 4.1 32.65 +0.85 20 of 22 915 0.65 32.82 +0.40

72-20-AA Academician Berg 2608 PS 2 30.70 + 0.29 299.4 + 15 30.91 £ 0.15 13 of 27 712 0.75 3140 £ 0.14

72-20-C1 Academician Berg 2608 PS 1 31.06 + 0.26 302.3+22.7 31.87 £ 0.22 8 of 8 100.0 0.80 31.09 + 0.22

72-20-A1 Academician Berg 2608 PS 1 32.11 £ 0.21 302.3 +22.7 31.87 £ 0.22 6 of 10 85.0 1.08 3191 +0.17

76-5-4-A E Northhampton 1846 S 1 23.11 £ 0.22 2977 +4.9 23.20 +2.30 27 of 27 100.0 1.04 23.11 £ 0.23

P5-530-3 Laysan 1831 S 1 20.92 +0.14 2975+ 3.2 21.07 = 0.1 8 of 10 876 0.91 21.09 +0.11

P5-530-1 Laysan 1831 PS 1 20.63 + 0.05 290.7 +9.4 20.61 +0.05 7 of 10 915 0.32 20.60 + 0.05

P5-538-1 Raita 1611 PS 2 17.62 + 0.05 293.7 + 6.0 18.06 + 0.05 15 of 22 80.7 0.53 18.05 + 0.05

76—6-7-H Gardner 1449 S 1 14.45 +0.14 2979+ 2.0 14.10 £ 0.58 10 of 13 775 0.98 14.11 £ 0.16

72-37-C Gardner 1449 RJ 2 12.55 +0.19 296.5+2.8 12.42 +0.18 22 of 23 929 0.99 12.46 £ 0.13

72-41-B Brooks 1302 RJ 2 13.05 + 0.05 299.5+17 12.69 £ 0.16 19 of 23 79.0 1.07 12.86 + 0.06

P5-701-4 Kanehunamoku 1235 PS 1 12.97 + 0.03 318.6 + 59.4 13.48 + 0.13 5of 11 728 0.70 13.53 + 0.03

P5-701-2 Kanehunamoku 1235 PS 1 13.01 £ 0.05 294.0 + 14.9 13.34 + 0.29 7 of 12 770 1.07 13.31 £ 0.05

NEC-3A Mokumanamana 1080 S 2 12.15+£0.13 296.4 +2.3 12.10 £ 0.12 19 of 19 100.0 0.62 12.13 £ 0.09

P5-544-4 Mokumanamana 1080 PS 1 9.90 + 0.01 265.7 + 1077 9.94 +0.03 11 of 15 88.3 0.70 9.93 + 0.01

72-51-D Twin Banks 920 PS 2 9.40 +0.10 294.5 + 11.0 9.04 +0.24 18 of 22 70.3 0.83 9.01 £ 0.07

76-9-11 West Nihoa 825 PS 1 790 +0.03 301.9+3.9 8.02 + 0.07 7 of 14 578 0.48 8.19 £ 0.03

NIH-D-1-2 Nihoa 794 S 2 8.34 + 0.09 296.9 + 3.5 8.40 + 0.09 18 of 22 96.8 0.99 8.42 +0.07

J230319 Middle Bank 702 PS 1 5.89 + 0.08 298.2+4.8 5.90 £ 0.15 9 of 10 845 1.29 5.95+0.08

J230126 Middle Bank 702 PS 1 5.52 + 0.10 2942 +2.6 5.64 + 0.15 9 of 10 94.3 0.23 5.58 + 0.09

Note: Ages calculated relative to 28.201 Ma Fish Canyon sanidine standard using decay constants of Min et al. (2000). Plateau ages are preferred. See text for discus-
sion. Stage: S—shield, PS—post-shield, RJ—rejuvenation. Note that sample A-53-2 is an intraplate basalt.

(2013) to speculate that there are two distinct age trends along the NWHR,
with an apparent doubling of the rate of plate motion since 15 Ma and
possibly as early as ca. 27 Ma. This assertion was made without any new
“Ar/*Ar data from lavas younger than 25 Ma.

“Ar/Ar METHODS AND RESULTS

We obtained 26 new “°Ar/*Ar dates from 15 volcanoes from Yuryaku
seamount (near the HEB) to Middle Bank seamount (Fig. 1). When pos-
sible, fresh plagioclase was isolated from the NWHR samples. In lieu
of abundant plagioclase, holocrystalline groundmass was utilized. We
conducted initial incremental heating experiments using a resistance fur-
nace or a 25W CO, laser, and analyzed the gas using a MAP215-50 mass
spectrometer (e.g., Jicha and Brown, 2014). Four samples were analyzed
using both the furnace and the laser, and the results are nearly identical
in all cases. Subsequent experiments were conducted using a 60W CO,
laser and the Noblesse multicollector mass spectrometer (e.g., Jicha et
al., 2016). Three samples were analyzed using both mass spectrometers,
and the results are indistinguishable. All ages are calculated (including
previously published ages mentioned herein) using a Fish Canyon Tuff
sanidine standard age of 28.201 + 0.046 Ma (Kuiper et al., 2008) and the
decay constants of Min et al. (2000) (Table 1). Because all of the isochrons
have intercepts that are within uncertainty of the atmospheric value, the
plateau ages are preferred. Complete argon isotope data, full analytical
and sample preparation details, and whole-rock X-ray fluorescence (XRF)
data are available in the GSA Data Repository'.

AGE OF THE HAWAIIAN-EMPEROR BEND

Linear age-versus-distance relationships were calculated using the new
“Ar/*Ar data to assess changes in Pacific plate motion for several seg-
ments of the NWHR. Age regressions are for shield-stage lavas only, as
they most likely reflect the time when the vertical stem of the hotspot was
located beneath or close to the seamount. From Koko (north) seamount
(52.9 Ma) to Midway island (27.8 Ma), the age progression is 57 km/Ma

(Fig. 2), which is identical to the rate calculated by O’Connor et al. (2013)
for this segment. This rate is used to determine an updated estimate of the
HEB. Both Sharp and Clague (2006) and O’Connor et al. (2013) suggest
that the HEB is an arcuate feature that formed over several million years
beginning at 50 Ma and ending by 47.5 Ma (O’Connor et al., 2013) or 42
Ma (Sharp and Clague, 2006). We suggest HEB formation may have been
more rapid, with a location at the apex in the Emperor chain and NWHR
at Toba Guyot (Fig. 1). Toba is located ~85 km northwest of Yuryaku sea-
mount. Our oldest “*Ar/*°Ar age from Yuryaku is 47.88 + 0.21 Ma (Figs.
1 and 2). Extrapolating the 57 km/Ma rate from Yuryaku to Toba Guyot
gives an age of 49.4 + 0.4 Ma for the HEB. Our 49.4 Ma HEB age is ~2
Ma younger than the 51-52 Ma U-Pb zircon ages from forearc gabbros
in the Izu-Bonin-Mariana (Ishizuka et al., 2011) and Tonga arc systems
(Meftre et al., 2012) that are associated with subduction initiation along
the western edge of the Pacific plate. Because the HEB is likely the result
of changes in both plate and hotspot motions (e.g., O’Connor et al., 2013),
and because it is not yet possible to deconvolve these two processes, it
remains difficult to properly assess the temporal relationship between the
HEB and western Pacific subduction initiation.

MID-CENOZOIC PACIFIC PLATE MOTION CHANGE
Pacific plate motion changes following the HEB have been docu-

mented for decades (e.g., Atwater, 1970). An ~8-15° counter-clockwise
rotation of the Pacific plate in the mid-Cenozoic likely resulted in the
~150 km southward offset or kink in the NWHR east of Pearl and Hermes
atoll (e.g., Lonsdale, 1986; Croon et al., 2008) (Fig. 1). Our <21 Ma and
52-28 Ma age progression rates are extrapolated to the inferred location
of this plate motion change (~2235 km from Kilauea volcano, Hawaii;
orange star in Fig. 2), and establish an age of 25.3 £ 0.5 Ma (Fig. 2). The
age progression from Laysan island (21.1 Ma) through the Hawaiian
Islands increased markedly to 87 km/Ma compared to 57 km/Ma before
the plate motion change (Fig. 2). Thus, at 25.3 Ma, there was a directional
change in plate motion and a spreading rate or plate velocity increase.

'GSA Data Repository item 2018344, File DR1: “Ar/*Ar plateau and inverse isochron diagrams for all dated NWHR samples; File DR2: Total alkali vs. SiO,
diagram for all dated NWHR samples. The blue dividing line for separating alkali (above) from tholeiitic (below) lavas is from Macdonald and Katsura (1964); File
DR3: XRF analyses of dated NWHR lavas, is available online at http://www.geosociety.org/datarepository/2018/ or on request from editing @ geosociety.org.
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Figure 2. Distance from Kilauea volcano, Hawaii, versus age
using recent “°Ar/**Ar ages for Northwest Hawaiian Ridge
(NWHR), southern Emperor seamount chain, and Hawaiian
Island volcanoes. The 53—-28 Ma age progression (57 km/Ma)
includes southern Emperor volcanoes continuing south-
east through Midway. The younger trend (Laysan to Kilauea,
21-0 Ma) gives a faster rate (87 km/Ma). Linear age regres-
sions are for shield-stage lavas only. For volcanoes with
multiple shield-stage ages, only the oldest one was used
for the regressions. Hawaiian island age and geochemical
data are from Ito et al. (2013) and Garcia et al. (2015, and
references therein).

CIRCUM-PACIFIC IMPLICATIONS

Dott (1969) was among the first to suggest that many circum-Pacific
continental and island arcs contain evidence of a mid-Cenozoic (30-25
Ma) “structural disturbance” that should also be reflected in the Pacific
seafloor. Numerous subsequent studies throughout the Pacific Basin have
also called upon a mid-Cenozoic change in direction of the Pacific Plate
(e.g., Handschumacher, 1976; Wessel et al., 2006). This major change
in plate direction and velocity is typically mentioned in passing because
the timing of this event, until now, was loosely constrained to 28-24 Ma.
However, with more precise and accurate geochronologic data generated
for a variety of applications in the Pacific Basin, it is now possible to
re-evaluate the potential link between mid-Cenozoic events throughout
the circum-Pacific and the reorientation of the Pacific Plate at 25.3 Ma.

Based on tectonic reconstructions and magnetic anomaly patterns,
Handschumacher (1976) suggested that the Farallon Plate was broken
up into the Nazca, Gorda, and Cocos Plates in the eastern Pacific Basin
at ca. 25 Ma. Spreading along the Nazca Ridge ceased at ca. 25 Ma and
volcanism along the Easter Seamount chain began following a change
in the direction of motion of the Nazca plate. Post-shield lavas near the
elbow or bend in the Nazca Ridge—Easter seamount chain have “Ar/*Ar
ages as old as 25.1 £ 0.2 Ma (Ray et al., 2012), which are consistent with
our 25.3 Ma age for Pacific plate motion change. Other ca. 25 Ma events
in the eastern Pacific that have been attributed to Farallon slab breakup or
a basin-wide tectonic reorganization include (1) the second pulse of the
silicic large igneous province in the Sierra Madre Occidental, Mexico (Fer-
rari et al., 2007), and (2) the switch from slower (7 cm/yr), oblique South
America—Farallon convergence to more rapid (15 cm/yr), nearly orthogonal
Nazca—South American convergence during the initial uplift of the modern
Andes. Some of the first eruptions in central Chile associated with this
subduction change are dated at 23.9 + 0.1 Ma (Kay and Copeland, 2006).

Along the northern edge of the Pacific plate at the Pacific—-North Amer-
ica plate boundary, rapid exhumation along the Denali fault system and the
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eastern Alaska Range was initiated at ca. 25 Ma (Benowitz et al., 2013).
The driving mechanism for this deformation is attributed to the Pacific
plate and Yakutat microplate, both of which likely transferred strain inland
to Alaska (Benowitz et al., 2013). Within the Cobb seamount chain in
the Gulf of Alaska, the 23.1 Ma Pathfinder seamount is located ~500 km
to the southeast of the 27.6 Ma Murray seamount, with an apparent gap
in volcanism between the two seamounts (Duncan and Clague, 1985;
Dalrymple et al., 1987). The direction of the offset to the southeast, as
well as the timing of it, are similar to what is observed in the NWHR.
Counter-clockwise rotation of the Pacific plate at 25.3 Ma would have
resulted in subduction that is more oblique than present-day subduction
in the central Aleutian arc, thereby delivering less subducted material to
the mantle and likely slowing magma production. This may explain the
apparent lack of volcanic and plutonic rocks emplaced from 26 to 18 Ma
in the central Aleutian Islands (Jicha and Kay, 2018).

At ca. 25 Ma in the western Pacific, volcanism ceased along the entire
~2800 km length of the Kyushu-Palau arc as rifting began to form the Shi-
koku and Parece Vela basins, thereby isolating the Kyushu-Palau Ridge
from the volcanic front (Ishizuka et al., 2011). Kasuga and Ohara (1997)
proposed that more oblique subduction due to a spreading direction change
in the Pacific plate caused strike-slip movement that began to sever the arc,

which is consistent with our proposed timing of a shift in plate motion.

In the southwest Pacific, the younger of the two bends in the Louisville
hotspot trail, referred to as the 161° W bend, formed between seamounts
“OAr/*Ar dated at 26.0 and 24.6 Ma (Koppers et al., 2011), which is nearly
identical to our temporal constraints for the kink in the NWHR. We note
that the shifts or offsets in Louisville, NWHR, and Cobb at ca. 25 Ma are
larger toward the north, as captured by the plate motion model WKO08-G
of Wessel and Kroenke (2008).

To the west of the Louisville hotspot trail lies the transform boundary
between the Pacific and Indo-Australia plates. It is widely regarded that
propagation of the Alpine fault through the South Island of New Zealand
began in the mid-Cenozoic (e.g., Sutherland, 1995). A lamprophyre dike
swarm, with U-Pb dates as old as 24.6 Ma, is interpreted to have been
emplaced during the initial stages of dextral shear along the Alpine fault
(Cooper et al., 1987). Formation of the modern Pacific-Australia plate
boundary in New Zealand has been inferred to be coincident with a marked
change in the Pacific-Antarctic plate motion (Sutherland, 1995; Cande and
Stock, 2004; Croon et al., 2008) and abrupt shortening near the southern
terminus of the East Pacific rise (Lonsdale, 1986). All of these events may
be associated with the ca. 25 Ma tectonic reorganization in the Pacific Basin.

CAUSE OF PACIFIC PLATE REORIENTATION AND
CONCLUSIONS

What triggered the major plate reorganization at 25.3 Ma? Most regional
studies of mid-Cenozoic volcanologic or tectonic features in the Pacific
basin assumed they were local features and not part of a Pacific-wide phe-
nomenon. Atwater (1970) and Mammerickx and Klitgord (1982) suggested
that the mid-Cenozoic plate reorientation was triggered by the intersection
of the Pacific-Farallon spreading center with western North America just
south of the Mendocino fracture zone. However, it is difficult to envision
how an event along the eastern edge of the Pacific plate is responsible
for the changes in strike observed in several hotspot trails in the central
and southern Pacific Basin. Alternatively, collision of the young, buoyant
South Caroline Ridge with the Manus trench ended subduction along the
Melanesian arc, forced ‘soft docking’ of the Ontong Java Plateau against
the North Solomon block, and may have caused the Pacific plate to be
forced northward by the Australia plate (Petterson et al., 1997; Gaina and
Miiller, 2007). This northward shift in the Pacific plate is consistent with
the southward offsets in both the NWHR and Cobb seamount chain and
the minor offset in the Louisville chain (e.g., Petterson et al., 1997).

In summary, 26 new “’Ar/*’Ar dates from the NWHR indicate that
a major tectonic event occurred in the Pacific Basin at 25.3 = 0.5 Ma,
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resulting in a northward jump and counter-clockwise rotation of the Pacific
plate. Spreading rate and/or plate velocity increased markedly from 57
km/Ma to 87 km/Ma following this reorientation. Age progression rate
calculations suggest the HEB age is 49.4 + 0.4 Ma. We contend that the
ca. 25 Ma plate reorientation was likely more significant than the one
associated with the HEB because it can be linked to many volcanic and
tectonic events throughout the circum-Pacific, and it affected four NWHR,
Cobb, Easter-Nazca, Louisville) hotspot tracks within the Pacific Basin.
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