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A B S T R A C T   

Linear chains of seamounts, sourced from mantle plume processes, have the potential to refine plate motion 
models because the hotspot remains fixed relative to the moving lithospheric plate. However, to define plate 
motion, consistent seamount age progression and geometry are required. Some seamount chains, such as the 
Musician Seamount Province (MSP), have complex geometries and age distributions, which complicates cali
brating plate motion. The MSP resides northwest of the Hawaiian Islands and is composed of seamounts and 
volcanic elongated ridges (VERs) that cover ~420,000 km2 of Pacific seafloor. Here we provide new 40Ar/39Ar 
age determinations for a series of lava flows recovered from the MSP during expedition EX1708 of the National 
Oceanic and Atmospheric Administration’s Ocean Exploration program. The MSP was built by four distinct 
volcanic processes: (1) age-progressive hotspot volcanism associated with the Euterpe Plume (ca. 98–79 Ma). (2) 
VER formation from plume-ridge channelization (ca. 97–94 Ma; 86–79 Ma) where the VERs only form when the 
hotspot is within ~600 km of the ridge. (3) Eocene volcanism driven by extension during the ca. 50 Ma change in 
Pacific rotation poles (ca. 54–47 Ma). (4) Some near-ridge shear-driven upwelling or diffuse extensional 
volcanism that preceded the southern MSP lithosphere overriding the plume (ca. 86–84 Ma). By filtering lava 
flows with only robust statistically concordant 40Ar/39Ar age determinations as well as geologic setting, we 
develop a dataset of samples valuable for constraining Pacific plate motion. A local plate velocity of 42 ± 9 km/ 
Ma for the 98–81 Ma time frame is calculated. Furthermore, the seamount track indicates that large shifts in 
Pacific rotation pole locations are required prior to 98 Ma and at ca. 81 Ma.   

1. Introduction 

The age-progressive nature of hotspot tracks has allowed for valuable 
insights into the past movements of tectonic plates as well as mantle 
structure and dynamics (Duncan and Clague, 1985; Koppers et al., 2001; 
Tarduno et al., 2003; Wessel and Kroenke, 2008; Konrad et al., 2018). 
However, hotspot track geometries become complicated when inter
acting with proximal spreading centers, often producing unique topo
graphic features (e.g., Martin et al., 2011; Mittal and Richards, 2017; 
Long et al., 2019; Jiang et al., 2021). Plumes underlying ridges can 
commonly generate anomalous amounts of melting, sometimes forming 
a large igneous province or rises (e.g. Shatsky Rise; Nakanishi et al., 
1999; Dürkefälden et al., 2021). Alternatively, when a plume resides 
near a spreading center (e.g. within 1000 km) channels of enriched 
mantle, with or without melt, can develop between the two upwelling 
centers, resulting in the production of chains of small volcanos that grow 

together into volcanic elongated ridges (VERs; e.g. Kopp et al., 2003; 
Mittal and Richards, 2017). Understanding the drivers for these pro
cesses requires direct sampling and analyses of lava flows. Here we focus 
one complex region of oceanic lithosphere that has been argued to be 
affected by multiple intraplate volcanic process—the Musician 
Seamount Province (MSP). 

2. Geologic setting 

The MSP is a complex region of Pacific lithosphere comprised of 
three or more distinct features and trends (Rea, 1970; Rea and Naugler, 
1971; Freedman and Parsons, 1986; Sager and Pringle, 1987; Pringle Jr, 
1992; Kopp et al., 2003; O’Connor et al., 2015; Sotomayor et al., 2023). 
The MSP is situated south of the Pioneer fracture zone and northwest of 
the Hawaiian Islands and comprises ~420,000 km2 of seafloor (Fig. 1). 
Previous authors have interpreted the following subregions/trends of 
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the MSP:  

(1) The western portion of the MSP is defined by a NW-SE (~327- 
degree striking) Cretaceous seamount chain. The chain is 
comprised of generally age-progressive seamounts, spanning 
from 98 Ma in the northwest to 80 Ma in the southeast (Sager and 
Pringle, 1987; Pringle Jr, 1992; O’Connor et al., 2015). The chain 
is thought to have initiated or became first expressed on the Pa
cific Plate at ~98 Ma, just south of the Pioneer fracture zone 
when the Pacific lithosphere began to drift over the Euterpe 
Plume (Sager and Pringle, 1987; Pringle Jr, 1992; Kopp et al., 
2003). When plate reconstructions are employed to determine 
the latitude and longitude where the Musician Seamounts would 
have formed (e.g. hotspotting or backtracking; Wessel and 
Kroenke, 1997), the seamounts do not correlate to a region of the 
Pacific with active volcanism. Therefore, the Euterpe Plume is 
inferred to be extinct (Sager and Pringle, 1987; Wessel and 
Kroenke, 2008; Torsvik et al., 2019). It is currently uncertain how 
long the Euterpe plume has existed, as the southern extent of the 
age-progressive seamount chain is ambiguous due to overprinting 
by the Hawaiian plume and limited sampling among the South 
Hawaiian Seamounts (e.g., Sager and Pringle, 1987; Fig. 1).  

(2) A series of large E-W striking volcanic elongated ridges (VERs) 
dominate the eastern portion of the MSP (Rea and Naugler, 1971; 
Kopp et al., 2003). These VERs range from small volcanic features 
to elongated rifts >400 km in length. The vertical profile of the 
ridges includes distinct peaks and valleys, with the peaks 
extending to a maximum of 3500 m above the surrounding sea
floor (Kopp et al., 2003). The ridges include at least two flat- 
topped edifices, both residing at depths of 2700 mbsl. The 
Euterpe hotspot has been hypothesized to be at least partially 
responsible for the formation of the E-W trending VERs that 
extend from the seamount chain towards the ancient Pacific- 
Farallon spreading centers (Kopp et al., 2003). Kopp et al. 

(2003) proposed that the formation of channelized melt conduits 
between the rigorously upwelling MOR and the Euterpe Plume 
resulted in the VERs. Alternatively, Pringle Jr (1992) postulated 
the VERs formed as a result of melt migration along lithospheric 
tensional cracks. The VERs, particularly in the southern MSP, 
contain multiple gravity field flexural signatures indicating that 
volcanism was unusually long-lived or formed in multiple pulses 
(Freedman and Parsons, 1986). More recent pulses of volcanism 
were later confirmed by the discovery of multiple 47–50 Ma lava 
flows erupted along the southern VERs as well as along a scarp 
within the Murray fracture zone (O’Connor et al., 2015). This 
pulse of reactivated Eocene volcanism has been interpreted to be 
related to plate extension in the region during the ca. 50 Ma 
change in Pacific plate motion (O’Connor et al., 2015).  

(3) The southernmost MSP region has been interpreted to contain 
seamounts that were driven by either continual diffuse exten
sional processes or shear-driven asthenospheric upwelling – 
producing the generally E-W trending roughly age progressive 
Naifeh, Plumeria and Mendelssohn seamount chains during the 
~88–80 Ma timeframe (Sotomayor et al., 2023; Fig. 1, 2). A 
modern analog for this type of environment exists along the 20◦S 
to 13◦S East Pacific Rise (EPR). In this region there are numerous 
ridges and low volume seamounts that formed perpendicular to 
the spreading center and contain age progressions more in line 
with spreading rate than with plate motion (e.g. the Rano Rani, 
Sojourn and Pukapuka ridges; Sandwell et al., 1995; Janney et al., 
2000; Ito and van Keken, 2007; Ballmer et al., 2013). Given the 
similarity in geometry and age patterns, it is plausible that many 
of the seamounts and ridges in the southern MSP are related to 
processes forming features like the Pukapuka Ridge as opposed to 
being derived from the Euterpe Plume (Sotomayor et al., 2023). 

Complicating the understanding of the MSP is the lack of paleo
magnetic constraints and geochronologic data from the underlying crust 

Fig. 1. A map of the mid to north Pacific with key features labeled. The extent of the Fig. 2 is noted.  
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(Sager and Pringle, 1987). The lithosphere in the region formed during 
the Cretaceous normal superchron (C34n, 121.4–83.65 Ma; Ogg, 2020), 
with the exception of C33r found at the easternmost tip of the southern 
VERs. Therefore, direct sampling and high-resolution age de
terminations for lava flows are required to interpret the region. The MSP 
hosts a range of plate and plume processes that make it an ideal natural 
environment to understand the range of volcanic dynamics that can 
drive topography in the ocean basins. The general age range of the MSP 
suggests it can offer new insights regarding Pacific plate motion at the 
time. Here we present new 40Ar/39Ar age determinations on lava flows 
collected from the MSP and provide novel insights into the formation of 
the MSP as well as its potential use in constraining Pacific plate motion 
in the late Cretaceous. 

3. Methods 

Samples used in this study were collected during the U.S. National 
Oceanic and Atmospheric Administration Ocean Exploration (NOAA- 
OER) expedition EX1708 (The Deep-Sea Symphony; Cantwell, 2020). 
Expedition EX1708 recovered in-situ geologic samples from eighteen 
seamounts and ridges in the MSP using the remotely operated vehicle 
(ROV) Deep Discoverer. Recovered geologic samples were cut, described 
and made available by the Oregon State University Marine Geology 
Repository. Table 1 shows the location of the ten lava flow samples 

selected for this study that were deemed to have phases suitable for 
40Ar/39Ar age determination experiments. 

The target phases for 40Ar/39Ar age determinations from lava sam
ples were plagioclase and holocrystalline groundmass. The samples were 
crushed, washed, and sieved to the desired grain size and select phases 
were concentrated using magnetic sorting. The concentrated phases 
were then subjected to consecutive one-hour 50 ◦C ultrasonicated acid 
baths (3N HCl; 6N HCl; 1N HNO3; 3N HNO3) to remove secondary clay 
and carbonate alteration present following the methods outlined in 
Balbas et al. (2016) and Konrad et al. (2018). Plagioclase separates were 
given an additional 10 to 15 min bath in 4% HF to remove any sericite 
rims. The desired phases were then hand-picked for purity and homo
geneity. The samples were wrapped in Al foil and packed into a quartz 
tube, along with standards of a known fluence age (Fish Canyon Tuff 
sanidine). All samples were then irradiated in the Oregon State Uni
versity TRIGA reactor for six hours. 

Analyses were conducted with the incremental heating method using 
a double-vacuum furnace attached to a stainless-steel extraction line at 
the Nevada Isotope Geochronology Laboratory (NIGL). Gases were 
exposed to a hot SAES ‘getter’ during fourteen minutes of furnace 
heating followed by an additional six-minute exposure to a second set of 
room temperature and hot SAES ‘getters’. Processed gas was inlet into a 
NGX multi-collector noble gas mass spectrometer with ATONA ampli
fiers and time zero was initiated after a 20s equilibration time. The m/z 

Fig. 2. Regional map of the MSP. Bathymetry from the GEBCO Bathymetric Compilation Group (2022). Represented ages are shown when multiple age de
terminations exist for a single feature (e.g. Bach Ridge). Ages shown are from this study as well as Pringle Jr (1992) and O’Connor et al. (2015) (italicized text). 
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40, 39, 38, and 37 peaks were measured using faraday cups while the 36 
peak was measured using an ion counter. Mass signal intensities were 
determined by regressing 150 three second peak integrations to time 
zero. A series of six to eight furnace hot blanks were run prior to the 
sample analyses and blank values were assigned based on step temper
ature using a polynomial fit to the blank results. Mass discrimination 
factor (MDF) values for each sample were calculated by fitting a poly
nomial curve through the air standard results (assuming a 40Ar/36Aratm 
of 298.56; Lee et al., 2006) run daily during the course of the experi
ments. Collector calibrations were determined after each MDF experi
ment by leaving the gas in the mass spectrometer and starting a new 
analysis where the 36 m/z peak was repeatedly alternated between the 
ion counter and neighboring faraday cup using peak hopping. Inter- 
faraday peak intensity variability was determined to be negligible 
when ATONA gain calibrations are run monthly – consistent with NGX 
observations from other labs (e.g. Mixon et al., 2022). All age de
terminations were calculated using ArArCalc software (Koppers, 2002) 
assuming a Fish Canyon Tuff fluence monitor age of 28.201 Ma (Kuiper 
et al., 2008) and the decay constants of Min et al. (2000). Uncertainties 
are reported herein at the 2σ level and include propagated error on the 
individual peak regressions, temperature blank polynomial fits, MDFs, 
collector calibrations, irradiation constants, the J value curve and post 
irradiation decay of 37Ar and 39Ar. Additional uncertainties on the 40K 
decay constant, natural element abundances and fluence monitor age 
are included with the external uncertainties (Supplemental Document). 
A statistically valid age was defined as having a plateau defining >50% 
of the 39ArK released and containing a probability of fit factor > 0.05 
(Table 1). 

4. Results 

Out of the ten experiments attempted, five produced concordant 
plateaus or isochrons (Table 1, Fig. 3). Samples EX1708-D05–1 and 
EX1708-D05–3 were collected from near the summit of Gounod 
seamount (pink dots; Fig. S6). Both lava flows contained abundant 
coarse grain plagioclase phenocrysts and an altered groundmass 
(Table S1). Plagioclase separates from each of these samples produced 
discordant heating spectrums (Fig. 3), therefore no age results are re
ported. The plagioclase basalt sample EX1708-D07–2 was collected from 
near the summit of Debussy seamount (Fig. S2). Plagioclase from this 
sample provided a concordant plateau with 75% of 39Ar released and a 
plateau age of 91.45 ± 0.44 Ma (Fig. 3). An alkalic plagioclase- 
clinopyroxene-spinel phyric basalt (EX1708-D12–1) was collected 
from near the summit of Mussorgsky seamount (Fig. S1) and a plagio
clase separate provided a concordant plateau with 96% of 39Ar released, 
corresponding to an age of 86.00 ± 0.45 Ma (Fig. 3). 

Sample EX1708-D14–1 is a plagioclase basalt that was collected from 
the flank of Liszt seamount (Fig. S4). A plagioclase separate experiment 
produced a concordant isochron with a slightly subatmospheric initial 
40Ar/36Ar (294.9 ± 0.3; 85% of 39Ar released). The plateau age was 
recalculated assuming the new 40Ar/36Arint value (and propagated un
certainty) to provide a concordant plateau with an age of 88.61 ± 0.71 
Ma (Fig. 3). The plagioclase-olivine basalt EX1708-D15–6 was collected 
from the deep flank of Mozart seamount (Fig. S5). The plagioclase 
experiment produced a concordant age plateau corresponding to an age 
of 88.27 ± 0.59 Ma (Fig. 3). The lava flow samples EX1708-D17–1 and 
EX1708-D17–4 were collected from near the summit of Haydn seamount 
(Fig. S7). Both samples displayed a pattern indicative of partial 
degassing or silicate recrystallization at low temperature (young 
apparent ages), followed by an increase in apparent ages, then a 
continual decrease. Thus, no statistically valid age resulted from the 
analyses of these samples. A plagioclase separate from sample EX1708- 
D18–1 (collected from Schumann summit; Fig. S8) provided a concor
dant plateau (74% of 39Ar released) corresponding to an age of 80.40 ±
0.40 Ma (Fig. 3). No statistically valid age resulted from the analysis of 
sample EX1708-D19–2 that was collected from near the summit of Ta
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Mendelssohn seamount (Fig. S9). 

5. Discussion 

The new incremental heating 40Ar/39Ar age determinations are 
consistent with previous constraints (Sager and Pringle, 1987; Pringle 
Jr, 1992; O’Connor et al., 2015) but provide generally older ages for 
seamounts, particularly in the northern MSP. In order to better constrain 
the various processes that influenced this dynamic region, all previous 
age determination data needs to be filtered to meet modern 40Ar/39Ar 
quality control standards (e.g. Schaen et al., 2021). Accordingly, we 
have assessed and filtered all previous constraints from the region with 
brief sample justifications (Table 2). Furthermore, the 40Ar/39Ar ages 
presented and discussed have all been recalculated to the same fluence 
monitor (FCT sanidine; 28.201 Ma; Kuiper et al., 2008) and decay 

constants (Min et al., 2000). The K–Ar age determinations from Clague 
and Dalrymple (1975) are excluded here due to the unreliability of 
K–Ar for constraining the eruption ages of lava flows that have expe
rienced aqueous alteration or potentially retained excess mantle 40Ar 
during emplacement at high hydrostatic pressure (e.g. Pringle Jr, 1992). 
Fig. 2 includes the regional lava flow age determination data that meet 
modern criteria. Based on this dataset we provide a new reconciliation of 
the MSP history that identifies four distinct volcanic processes. This 
deconvolution of processes allows for the identification of age- 
progressive seamounts formed from the Euterpe plume that can be 
used to reconstruct plate motion during the late Cretaceous. 

5.1. Origin of the Musician Seamount Province 

Here we generate a new model for the evolution of the MSP using 

Fig. 3. Incremental heating 40Ar/39Ar age determinations and inverse isochron experiment results for the recovered EX1708 lava flows. The plateau for EX1708- 
D14–1 is recalculated using the slightly sub-atmospheric initial 40Ar/36Ar shown in the isochron. The probability of fit factors (P) are shown where a value >5% 
indicates statistical concordance of the population. 
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new and previous chronologic constraints from the region. Fig. 4 shows 
the temporal evolution of the MSP in four time slices. The reconstructed 
latitude/longitudes are approximate as each available Pacific APM 
model predicts a different plume location and no current model perfectly 
fits the observed data (Fig. 5). In this model, we hold the Euterpe plume 
fixed and assume no motion due to plume-ridge capture or release (e.g. 
Tarduno et al., 2003). The ridge and transform fault (TF) locations are 
best estimates and become more detailed after the end of C34n, where 

crustal magnetic isochrons can be traced (Fig. 4D). Below we discuss the 
temporal evolution of the four proposed features/drivers of volcanism in 
the MSP. 

5.1.1. Euterpe Hotspot track 
The MSP initiates immediately south of the Pioneer fracture zone 

(Figs. 1, 4A) as a cluster of four small seamounts. One of the unnamed 
seamounts was dredged and a recovered trachyte produced a concordant 

Table 2 
Musician Seamounts age evaluation.  

Seamount Lat Long Sample Reference Reliable Justification 

Name     Age  

NW Cluster 33.48 −166.53 KK804 1–9 Pringle Jr (1992) Yes Concordant  
33.48 −166.53 KK804 1–10 Pringle Jr (1992) No Discordant plateau; isochron MSWD somewhat high and not displayed 

anywhere 
Hammerstein 32.47 −165.80 KK804 5–16 Pringle Jr (1992) No Only two steps on the plateau  

32.47 −165.80 KK8804 5–17 Pringle Jr (1992) Yes Only four steps but >50% 39Ar and concordant 
Mahler 31.63 −165.10 KK804 7–1 Pringle Jr (1992) No Does not meet minimum plateau length (>50% 39Ar)  

31.63 −165.10 KK804 7–17 Pringle Jr (1992) No Visably Discordant Plateau; statistics not available 

Rachmaninoff 29.55 −163.37 ? 
Sager and Pringle 
(1987) Yes 

TF plagioclase separates aren’t ideal but the isochron has six points and is 
concordant 

Liszt 28.97 −162.01 ? Pringle Jr (1992) No Only three discordant points 
Haydn 26.63 −161.20 ? Pringle Jr (1992) No Only four points and discordant isochron 

Khatchaturian 28.13 −162.28 A7-59D-15 Sager and Pringle 
(1987) 

Yes Concordant  

28.13 −162.28 A7-59D-31 
Sager and Pringle 
(1987) Yes Concordant 

Brahms 31.12 −162.36 KK804 21–6 
Sager and Pringle 
(1987) 

Yes Concordant 

East Mendelssohn 25.18 −161.60 KK807 37–2 Sager and Pringle 
(1987) 

No Three different acid treatments and all have three or less steps on the plateau 

West Mendelssohn 25.13 −161.95 KK807 38–1 Sager and Pringle, 
1987 

No Plateau does not appear concordant  

25.13 −161.95 KK807 38–1 
Sager and Pringle, 
1987 Yes Concordant  

25.13 −161.95 KK807 38–2 Pringle (1992) No No plateau developed 
Central Bach 

Ridge 
26.58 −158.83 KK807 27–2 Sager and Pringle 

(1987) 
Yes Plateau not ideal but likely concordant  

26.58 −158.83 KK807 27–3 Pringle Jr (1992) No Discordant plateau 

West Schumann 25.95 −159.90 
KK848 52-51 
A 

Sager and Pringle 
(1987) Yes Concordant 

Donizetti 32.25 −159.95 SO142 4DR-3 O’Connor et al. (2015) No Mini-plateau (43%)  
32.27 −159.47 SO142 5DR-1 O’Connor et al. (2015) Yes Just barely a useable plateau (50%) 

Murray Ridge 29.26 −160.41 SO142 6DR-1 O’Connor et al. (2015) Yes Concordant 
Murray Ridge 29.29 −160.41 SO142 6DR-4 O’Connor et al. (2015) Yes Concordant 
Bach Ridge 26.62 −160.26 SO142 8DR-1 O’Connor et al. (2015) Yes Same separate as other Bach samples 
Bach Ridge 26.62 −160.26 SO142 8DR-1 O’Connor et al. (2015) Yes Same separate as other Bach samples 
Bach Ridge 26.62 −160.26 SO142 8DR-1 O’Connor et al. (2015) Yes Same separate as other Bach samples 
Bach Ridge 26.62 −160.28 SO142 8DR-3 O’Connor et al. (2015) No Discordant 
Bach Ridge 26.62 −160.28 SO142 8DR-3 O’Connor et al. (2015) Yes Concordant 
Bach Ridge 26.66 −159.48 SO142 9DR-1 O’Connor et al. (2015) Yes Concordant 
Bach Ridge 26.66 −159.48 SO142 9DR-1 O’Connor et al. (2015) Yes Concordant 

Bach Ridge 26.56 −158.79 SO142 10DR- 
2 

O’Connor et al. (2015) Yes Concordant 

Bach Ridge 26.56 −158.79 SO142 10DR- 
2 

O’Connor et al. (2015) Yes Concordant 

Bach Ridge 26.56 −158.79 
SO142 10DR- 
2 O’Connor et al. (2015) Yes Concordant 

Bach Ridge 26.58 −158.79 
SO142 10DR- 
4 

O’Connor et al. (2015) Yes Concordant 

Bach Ridge 26.58 −158.79 SO142 10DR- 
4 

O’Connor et al. (2015) Yes Concordant 

Bach Ridge 26.58 −158.79 SO142 10DR- 
4 

O’Connor et al. (2015) Yes Concordant 

Bach Ridge 26.71 −158.24 
SO142 12DR- 
1 O’Connor et al. (2015) Yes Concordant 

Bach Ridge 26.71 −158.24 
SO142 12DR- 
1 

O’Connor et al. (2015) Yes Concordant 

Bach Ridge 26.71 −158.24 SO142 12DR- 
1 

O’Connor et al. (2015) Yes Concordant 

Beethoven Ridge 26.16 −158.42 
SO142 13DR- 
2 O’Connor et al. (2015) Yes Concordant 

Beethoven Ridge 26.16 −158.42 
SO142 13DR- 
2 O’Connor et al. (2015) Yes Concordant  

A. Balbas et al.                                                                                                                                                                                                                                  



Marine Geology 465 (2023) 107166

7

age of 98.1 Ma (Pringle Jr, 1992). Provided that the western edge of the 
MSP was sourced by the fixed Euterpe plume (Pringle Jr, 1992; Kopp 
et al., 2003; O’Connor et al., 2015), the change in plate vectors associ
ated with the 105–100 Ma global plate reorganization event (GPRE; e.g. 
Matthews et al., 2012) would have resulted in the surface expression of 
the plume shifting from the Farallon plate (which is now subducted) to 
the Pacific plate (Sager and Pringle, 1987; Fig. 4A). Once present 
beneath the Pacific plate, the plume generated an age-progressive 
seamount chain. The co-polar Liliuokalani Ridge, Karin Ridge and 
Wentworth Seamounts (Fig. 1) indicate that the geometry of the western 
MSP seamounts mirror late Cretaceous Pacific plate motion. 

The western MSP seamount trend continues to become younger to
wards the SE. This includes the Mussorgsky (86 Ma), Rachmaninoff 
(88.3 Ma; Sager and Pringle, 1987), and Khatchaturian (82.2 Ma; Sager 
and Pringle, 1987) seamounts. It is important to note that seamounts can 
typically exist for up to 4–7 Myrs and that post-erosional volcanic 
products can cover the summits of seamounts/islands (e.g. Konter et al., 
2009; Clague and Sherrod, 2014; Heaton and Koppers, 2019). The deep 
flanks of seamounts are typically considered the best sample locations 
for constraining the time of the shield-building stage, when the 
seamount is most likely to have been overriding the central hotspot axis 
(Koppers et al., 2011; Konrad et al., 2018). The lava flow from Mus
sorgsky (EX1708-D12–1; 86 Ma) was recovered from the summit of the 

seamount and likely represent late-stage or rejuvenated volcanism. In 
contrast, dredge samples from the flanks of Rachmaninoff seamount, 
which resides 900 km to the SE of Mussorgsky, displayed concordant 
40Ar/39Ar total fusion ages of 88 Ma (Sager and Pringle, 1987). 
Accordingly, we focus on the older seamount ages from a chain when 
constraining plate velocities. 

The age progressions are relatively consistent until Haydn seamount 
(26.6 N, 161.2 W) where the trend becomes more convoluted (Fig. 2). In 
the southern most region, the hotspot may have directly sourced the 
Schumann (80.4 Ma), West Schumann (85.6 Ma; Pringle, 1992) and/or 
West Mendelssohn (84.9 Ma; Sager and Pringle, 1987) seamounts. Most 
Pacific rotation poles and associated local plate velocities (e.g., Duncan 
and Clague, 1985; Wessel and Kroenke, 2008; Torsvik et al., 2019; 
Müller et al., 2019) for the MSP region would predict a fixed Euterpe 
hotspot underlying the southern MSP (e.g., ~25.5 N; 161.5 W) at 
~77–80 Ma (Fig. 5B). These predictions are in line with the younger 
Schumann seamount age of 80 Ma and the Central Bach Ridge age of 76 
Ma (O’Connor et al., 2015). In this scenario, the dated Mendelssohn and 
West Schumann lava flows would have been emplaced prior to the 
lithosphere overriding the hotspot. Sotomayor et al. (2023) proposed 
that Mendelssohn formed from the same shear-driven upwelling or 
diffuse extensional processes that sourced the Naifeh and Plumeria 
chains (Fig. 1). We propose that it is possible that part or all of West 
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Fig. 4. A schematic evolution of the Musician Seamount Province in 6 Ma time slices. The yellow star is the location of the Euterpe plume, black lines are the 
spreading center axes, the dashed lines are transform faults (TF), dark grey shapes are the Euterpe plume related volcanic features, white infill represents VER 
formation and light grey are seamounts formed from other processes (e.g. Sotomayor et al., 2023). (A) The change in plate motion at ca. 100 Ma results in the Pacific 
lithosphere moving over the Euterpe plume. Any evidence of the seamount chain on the Farallon plate would have been subducted. (B) Plume-ridge channelization 
results in the generation of a series of VERs that grow progressively longer as the ridge moves further from the hotspot. (C) After separating a distance >600 km from 
the ridge, the plume-ridge channels end and a dual track hotspot track emerges. (D) Once the Murray fracture zone passes near the hotspot at ~86 Ma, the ridge 
becomes closer and VERs begin to be generated again, progressively growing longer as the ridge moves from the hotspot. At 82–80 Ma, plate motion vectors change 
the plume-ridge channelization ends once more. 
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Schumann seamount formed from those same process(es). 
An alternate scenario, wherein West Schumann and Mendelssohn 

track the timing of the Euterpe plume, can be supported by the recent 
APM model of Konter et al. (2023). This model is a modification of 
Koppers et al. (2001), wherein more rapid angular velocities are 
assumed at 100–80 Ma in order to fit isotopically similar Western Pacific 
Seamount Province lava flows to the active Samoa and Rurutu-Arago 
plumes. Although the proposed model is a first-order assessment based 
on limited age determinations, the corresponding faster plate velocities 
predict the Euterpe plume would override the southern MSP at ca. 84 Ma 
(Fig. 5C). 

Whether the plume dies out at ~80 Ma, or continues south of the 
Hawaiian Ridge is currently unknown. The Konter et al. (2023) and 
Wessel and Kroenke (2008) models predict that the seamount chain 
would follow a southern trajectory, sourcing the less concordant ca. 80 
Ma lava flow age determinations for Mendelssohn W and E (Sager and 
Pringle, 1987) before potentially sourcing the uncharacterized, N-S 
trending Chautauqua Seamounts (~22◦N, 162.5◦W; Fig. 1). Alterna
tively, the Doubrovine et al. (2012) and Müller et al. (2019) rotation 
poles predict the hotspot track would continue to the SE, potentially 
sourcing some of the South Hawaiian Seamounts in the 55–65 Ma 
timeframe. Ultimately, coupling isotopes with age determinations in the 
MSP and among the South Hawaiian Seamounts will be needed to trace 
the southern extent and path of the Euterpe hotspot. 

5.1.2. Volcanic elongated ridges 
As the hotspot ‘jumped’ from the Farallon to Pacific plate at ca. 100 

Ma, it was initially positioned near the ancient Pacific-Farallon 
spreading center. This resulted in channels of melt being entrained be
tween the hotspot and ridge, generating small seamounts that grew 
together into larger ridge like structures (VERs; e.g. Kopp et al., 2003). A 
modern example for this plume-ridge melt channelization mechanism is 
the Wolf-Darwin lineament, which is a series of small seamounts that 
extend from the active Galapagos hotspot to the neighboring spreading 
center (e.g., Morgan, 1978; Mittal and Richards, 2017). A prevailing 
model to explain the origin of these VERs invokes asthenospheric flow 
fueling buoyant melt through channels leading away from the hotspot 
towards the spreading center (Mittal and Richards, 2017), however, 
tensional stress from the local transform fault-ridge corner may be 
required to drive the volcanism (Harpp and Geist, 2002). The northern 
MSP contains approximately four VERs that become progressively 
longer towards the south (Fig. 4B). The length of individual Musician 
VERs are likely a function of the distance between the hotspot and the 
ridge at the time of formation. The relative vectors between a NW 
moving Pacific plate and westward crustal growth would result in the 
ridge becoming systematically further from the hotspot through time. 
The eastern edge of the longest northern VER (Donizetii seamount on the 
Italian Ridge) was dredged, with a lava flow producing an age of 94.7 
Ma (O’Connor et al., 2015; Fig. 2). This VER age is consistent with the 
age progressions along the western MSP. These observations suggest 
that a plume-ridge distance of 500–600 km may be the upper limit to 
maintain a channelized melt conduit in this scenario. The maximum 
length of the VER’s in the MSP is 500–600 km, which is the distance 
from the modeled plume center to the opposing end of Italian Ridge. 
This is shorter than the proposed potential length of VER’s (~1000 km) 
modeled by Mittal and Richards (2017) but may represent the maximum 
length possible given the size and buoyancy of the Euterpe plume at ca. 
95 Ma. 

The VERs abruptly disappear south of the Italian Ridge and instead a 
few scattered seamounts are present (Figs. 2, 4C). Brahms (92.2 Ma; 
O’Connor et al., 2015) and Debussy (91.45 Ma) seamounts are tempo
rally consistent with age-progressions expected from the Euterpe plume. 
These seamounts may relate to plume-ridge channelization but their 
distances from the main seamount track (150–170 km) are not signifi
cantly different from other broad seamount chains with dual trends (e.g. 
Marquesas Islands; Hawaii) and as such may represent distinct melt 

A

B

C

Fig. 5. The comparison of Pacific plate motion mantle flowline models to the 
observed distribution of ages in the MSP. (A) All the filtered lava flow age 
determinations (stars). (B) The paths of the fixed hotspot model of Wessel and 
Kroenke (2008) (WK08; black outline), the mobile hotspot model of Dou
brovine et al. (2012) (D12; white outline) and the global plate-circuit model of 
Müller et al. (2019) (M19; red outline). These flowlines are rooted to the 88 Ma 
Rachmaninoff seamount (Pringle Jr, 1992). (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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conduits forming over a broad plume (e.g., Chauvel et al., 2012; Jones 
et al., 2017). The distance between the dual trends of seamounts de
creases continually towards the Murray fracture zone (Fig. 2). The 
Murray fracture zone in the MSP region is ~100 km wide and contains 
three distinct horst and grabens. However, there is no offset in the 
seamount orientations across the zone, which indicates the transform 
fault was not active while the hotspot underlaid the feature (Sager and 
Pringle, 1987). 

Immediately south of the Murray fracture zone, the VERs fully re- 
appear (Fig. 2; Fig. 4D). This observation is consistent with VER for
mation by plume-ridge channelization. South of the Murray fracture 
zone, the lithosphere is younger and thus the paleo-ridge would have 
been closer (within 500 km) to the Euterpe hotspot. The decreased 
plume-ridge distance would have allowed for melt channels to form 
once more. The VERs become continually longer towards the south, 
ending with the southernmost ridge (Blackfin). Blackfin Ridge extends 
to a length of 400 km from Schumann seamount (Fig. 2). Further sup
porting that the southern MSP lithosphere overlaid the Euterpe plume at 
ca. 80 Ma (as discussed in section 5.1.1) is the appearance of C33n (79.9 
Ma; Atwater and Severinghaus, 1989; Ogg, 2020) at the easternmost tip 
of Schumann ridge. This temporally connects the ancient spreading 
center with Schumann seamount (80.4 Ma), providing strong support for 
both the plume location and the plume-melt channelization hypothesis 
(Kopp et al., 2003). 

5.1.3. Non-Euterpe Plume Derived Volcanism 
Moving southwards from the Murray to the Molokai fracture zone, 

the morphology of the VERs change from linear chains of small sea
mounts to more elongated steeply sloped ridges (Fig. 2). Among the 
southern VERs, numerous 54–47 Ma lava flows were recovered 
(O’Connor et al., 2015). These lava flows were believed to be emplaced 
as a function of lithospheric extension associated with the well- 
established change in Pacific plate vectors at the time (Torsvik et al., 
2017; Finlayson et al., 2018; Gaastra et al., 2022). The Cretaceous aged 
lava flows recovered from the Bach and Schumann ridges indicate that 
the VERs were likely initially emplaced during the Cretaceous and then 
some conduits were re-occupied in the Eocene. Thus far, the reactivated 
volcanism seems constrained to the southernmost VERs and at least one 
location along the Murray fracture zone (O’Connor et al., 2015). 

South of Beethoven Ridge, there are numerous very thin (5–10 km) 
ridges that generally trend perpendicular to the paleo-spreading center 
(Fig. 2). None of the small ridges or volcanic cones have been sampled 
and interestingly, the presence of numerous small ridges and seamounts 
are continuous within the lithospheric block situated south of the 
Murray fracture zone, north of the Molokai fracture zone and extending 
from the MSP to the North American plate border (Fig. 1). This infers 
that the features are likely directly related to local EPR processes, like 
continuous shear-driven upwelling (e.g. Sotomayor et al., 2023) or 
potentially this region of mid-Pacific lithosphere is particularly prone to 
lithospheric thinning/extension during changes in plate motion (e.g., 
Butterworth et al., 2014; O’Connor et al., 2015). Direct sampling is 
required to understand the origin of these features. In summation, the 
MSP formed from: (1) hotspot volcanism (Pringle Jr, 1992; Kopp et al., 
2003; O’Connor et al., 2015), (2) hotspot-ridge channelization (Kopp 
et al., 2003), (3) regional extension or shear-driven upwelling (Soto
mayor et al., 2023) and (4) reactivated late stage volcanism due to 
extension (O’Connor et al., 2015). These processes encompass over 50 
Myrs of regional volcanic history, highlighting that complex topo
graphic domains in the ocean basins can be derived by a range of pro
cesses. This suggests that detailed sampling, especially of low volume 
seamounts, is required to understand the complexities of intraplate 
volcanism. 

5.2. New insights into Pacific Plate motion in the late cretaceous 

Age-progressive seamount chains, sourced from presumed fixed (e.g. 

Duncan and Clague, 1985; Wessel and Kroenke, 2008; Konter et al., 
2023) or mobile (e.g. Doubrovine et al., 2012) mantle plumes have long 
been used to constrain absolute plate motion. Given the complexities of 
the MSP, careful seamount and age selection is required when cali
brating Pacific APM in the Late Cretaceous. The westernmost seamount 
chain is clearly co-polar to similar aged features (e.g. Karin Ridge; Davis 
et al., 2002) and consists of the NW Cluster (98.1 ± 0.8 Ma), Ham
merstein (96.8 ± 2.5 Ma), Mussorgsky (86.0 ± 0.45 Ma), Rachminoff 
(88.3 ± 2.5 Ma), Liszt (88.61 ± 0.71 Ma), Mozart (88.27 ± 0.59 Ma), 
and Khatchaturian (82.2 ± 2.7 Ma), which are all clear candidates for 
fitting an age progressive geometry. However, it is important to reiterate 
that the dated lava flow from Mussorgsky was recovered near the 
summit and as such may represent late stage volcanism. The more 
easterly situated Brahms (92.2 ± 0.8 Ma) and Debussy (91.45 ± 0.44 
Ma) Seamounts follow the same age progressions, are distinct seamounts 
as opposed to VERs and are close enough to the western chain that they 
should be employed as constraints. Since the southern MSP is more 
complex, further work is needed to best determine which of those sea
mounts can be used in APM models. In total, we assess that nine sea
mounts and their corresponding 40Ar/39Ar age determinations are 
valuable constraints for APM models (Figs. 5, 6). Below we use the 
seamounts to provide new constraints on local plate velocity and the 
timing of changes in Pacific plate motion. 

A local plate velocity estimate for the 98 to ~81 Ma timeframe is 
constrained with seamount distances calculated relative to Ravel 
seamount (27◦N, 161.5◦W; red dot Fig. 5A). Ravel seamount is chosen as 
it approximately represents the location where the MSP appears to shift 
in orientation, transitioning from a NW-SE to a more N-S trend (Fig. 5A). 
The resulting local plate velocity of 42 ± 9 km/Ma is within uncertainty 
of previous estimates of 52.9 ± 5.8 km/Ma from Pringle Jr, 1992. 
Furthermore, a ca. 81 Ma age is modeled for the apparent change in 
plate motion vectors in the southern MSP. This change is supported by 
the limited age constrains among the northern Emperor seamount chain, 
which shows a similar bend just north of Detroit seamount (79 Ma; 
Duncan and Keller, 2004). Thus, the ca. 81 Ma bend is consistent with 
being a shift in Pacific rotation poles. 

Current age constraints on the timing of Pacific plate pole shifts for 
the late Cretaceous GPRE are severely lacking. No 40Ar/39Ar measure
ments of seamount chains directly bracketing the plate motion event 
currently exist. The timing of the Pacific expression of the Mid- 
Cretaceous GPRE has been placed at 100 Ma, based on rough esti
mates of minimum seamount ages from carbonate paleontological evi
dence (Duncan and Clague, 1985). This rough timing has continued to 
be used in follow-up APM models either directly (Koppers et al., 2001; 
Steinberger and Gaina, 2007) or modified (Torsvik et al., 2019). Wessel 
and Kroenke (2008) attempted to calculate the age of the Pacific Plate 
motion shift based on available radiometric age constraints from sea
mounts that precede the bend, resulting in an age of 95 ± 8 Ma for the 
change in Pacific rotation poles. Since relative plate-circuit rotations for 
the Pacific through the Antarctic (± Zealandia) reference frame are only 
directly valid until 83 Ma (e.g. Matthews et al., 2016; Müller et al., 2016; 
Tetley et al., 2019), relative motions of the Pacific Plate become heavily 
model dependent and less constrained prior to 83 Ma (e.g. Chandler 
et al., 2012). Unfortunately, the MSP does not bracket the late Creta
ceous GPRE, but the 98 Ma age for the NW Cluster provides an important 
constraint that the rotation has to have occurred prior to 98 Ma. 

6. Conclusions 

Our new age determinations, in reconciliation with previous data, 
show that volcanic rocks recovered from the MSP record four distinct 
processes. (1) The primary process is the upwelling Euterpe plume that 
produced the NW-SE trending age progressive seamount track. (2) 
Adjacent to many age-progressive seamounts, VER’s extend towards a 
paleo-spreading center. It has been hypothesized that these VER’s 
resulted from conduits of melt extending from the hotspot to the ancient 
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spreading center. The occurrence of the VER’s appears to be controlled 
by the hotspots distance from the spreading center as they only occur 
during periods when the ridge and plume are within ~600 km or less 
from one another. (3) The regional reactivation of volcanism (after a 
period of ~30 Ma) associated with the Pacific plate reorientation in the 
Eocene is of limited volume and confined to southernmost MSP and the 
Murray fracture zone. (4) The 85–86 Ma lava flows present in the 
southernmost MSP are likely sourced from the same processes (shear- 
driven upwelling or diffuse extension) that generated the Naifeh and 
Plumeria chains to the west. Using lava flows most likely to be directly 
sourced from the Euterpe plume, we calculate a local plate velocity of 42 
± 9 km/Ma for the 98–81 Ma time frame (e.g. during primary MSP 
formation). The southern MSP appears to ‘bend’ at 81 Ma, consistent 
with previously proposed changes in Pacific rotation poles. The 
seamount age in the northernmost MSP indicates that the Pacific rota
tion associated with the late Cretaceous GPRE occurred prior to 98 Ma. 
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