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Abstract

The Musicians Seamount Province is a group of elongate volcanic ridges and single seamounts

located north of the Hawaiian Chain. A 327° trending chain of seamounts defines the western

part of the seamount province and has been interpreted as the expression of a Cretaceous hotspot
beneath the young and northward moving Pacific Plate. To the east, elongated E-W striking

ridges dominate the morphology. Similar volcanic elongated ridges (VERs) around the world

have been identified from satellite altimetry measurements. Many of these VERs are obviously
related to hotspot-ridge interaction, but a number of open questions regarding their structure

and origin remain. In 1999, two 400 km long VERs of the Musician seamount group were studied

in detail during cruise S0142 of the RV SONNE. Wide-angle seismic data were gathered along
four profiles crossing two prominent ridges. In total, 45 OBH (Ocean Bottom Hydrophones) were

deployed with a mean spacing of 4 km. We present tomographic images of the volcanic edifices

with the aim of identifying the style of volcanisrn produced by plume-ridge interactions. Our

studies of the Musicians VERs indicate that crustal thickening occurs in oceanic layer 2 rather

than in layer 3. This extrusive style of volcanisrn appears to strongly contrast with the formation

processes of aseismic ridges, where crustal thickening is mostly accommodated by intrusive

underplating of high-velocity lower crust. In addition to the seismic data, high-resolution

bathymetry was acquired which yields a detailed image of the morphology of the VERs. From

the occurrence of flat-top guyots in the study area and from the unique géomorphologie setting,
two independent age constraints for the Pacific crust during the Cretaceous 'quiet' zone are

obtained, which allow to present a tectonic reconstruction for the formation of the Musicians

VERs that also explains the absence of volcanic edifices north of the Pioneer fracture zone and

the re-initiation of volcanisrn south of the Murray fracture zone. Hotspot-ridge interaction leads

to a channeling of melt from the plume to the nearby spreading center over a maximum distance

of 400 km. The Musicians VERs were formed by mainly extrusive volcanisrn on top of this melt

cnannei as the spreading center gradually moved southeastward away from the hotspot. resulting
in the observed increasing length of the individual volcanic ridées to the «outb. The pr<~«poaed
formation model may be applicable to a number of observed volcanic ridges in "lie Pacific,

including the Tuamotu Isles, the eastern portion of the Foundation chain, and the western

termination of the Salas y Gomez seamount chain.
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1. Introduction

A great variety of volcanic structures can be ob¬

served on the oceanic seafloor. A large fraction of this

volcanisrn has evolved near oceanic spreading centers

and different models of hotspot-ridge interaction have

been proposed to explain its origin related to this ob¬

servation. V-shaped ridges or seamount chains, most

pronounced at the Reykjanes Ridge south of Iceland

or the SE Indian Ridge, are understood to be pro¬

duced by fixed or moving melt anomalies on a rise axis

[Vogt, 1971; Johnson and Vogt, 1973] or the propa¬

gation of rift segments [Hey and Vogt, 1977; Sempere
et al, 1996]. Broad continuous ridges are often ob¬

served where a major plume is centered on a spread¬

ing axis. The thickened crust produced by enhanced

plume melting leaves trails on the spreading crust like

Cocos/Carnegie Ridge [Lonsdale and Klitgord, 1978]
or Ninetyeast Ridge [Mahoney et al., 1983]. An ad¬

ditional model for the development of aseismic ridges
has been proposed by Morgan [1978], who postulated
a sub-lithospheric melt flow from an off-axis hotspot
to a spreading center. The additional melt supply
increases the volcanic production where the channel

reaches the ridge axis and causes the formation of

volcanic ridges in the order of 2 km height, which

display a distinct azimuth resulting from the sum of

the absolute and relative plate motions. The signifi¬
cant new aspect of this idea was that here, the plume
and spreading center interact over a distance of up

to several hundred kilometers. Isotope georhemical
evidence for far-distance interaction between plumes
and ridges was subsequently found by a number of

studies e.g. Verma and Schilling [1982], Hanan et al

[1986], Douglass et al. [1995], [Yu et ai, 1997; Kings-
ley and Schilling, 1998]. However, the azimuths of

many aseismic ridges in the Atlantic as well as in

the Pacific differ significantly from those predicted by
the Morgan [1978] model. Aseismic ridges between

Clipperton and Galapagos FZ, so-called 'cross-grain
ridges' are interpreted to be produced by the filling
of tensional cracks in the lithosphère that are caused

by the drag of mantle convective rolls [ Winterer and
Sandwell, 1987]. Searle et al. [1995] and Binard et al.,
[1996] describe morphologically similar ridges west of

the Easter Microplate, which the} also interpret to be

caused by iithospheric tension but m this case, due ro

thermal tectonic or vniranic t'~>ad pr<~>rp«<;p« p,-.r ti1f

lormation of The Pukapuka ridges in rhe Centrai Pa-

cmc, sandweli et ai. [I9ü5j propobe adiiiuse extension

-i^^1-! >v 'ixv.u wie} leidlc to DÎao-puil iOlwCö ulieCvijLÜg

the Ndzca and Pacific plate boundaries.

In the last decades, several near-axis topographic
lineaments and seamount chains within a range of 0-

200 km distance to the Mid-Atlantic Ridge (MAR) or

East-Pacific Rise (EPR) have been described with ori¬

entations that likewise cannot be explained by either

absolute or relative plate movement. Small [1995]
suggests that a hotspot may be incrementally at¬

tracted by the center of an approaching spreading
segment producing oblique volcanic trails as observed

e.g. at Hollister Ridge, located obliquely between the

EPR and the Louisville hotspot track. Other than

described by Morgan [1978], in his model the de¬

flected plume channel erupts on the ridge flanks and

only in the latest stage on the ridge axis, where the

melt is spread along the axis terminating the volcanic

trail. From geochemical studies Geli et al. [1998] and

Vlastelic et al. [1998] show evidence that excludes

a contribution of the Louisville hotspot to Hollister

Ridge. They relate the volcanisrn to intraplate defor¬

mation processes.

The ridge trends observed by Schouten et al. [1987]
and Clague et al. [2000] near the EPR and MAR

again fit perfectly to the trend predicted by Mor¬

gan's vector diagrams, although the appearance of the

ridges seems to exclude hotspot influence. The axis-

parallel motion component of the hotspot is replaced
here by a sub-axis asthenosphere flow that equals
the motion of the hotspot frame (but not a certain

hotspot) with respect to the ridge and the authors

interpret the structures to be generated by the mi¬

gration of asthenosphere-entrained volcanic segments

along the ridge. One of the most prominent exam-

pies for the off-axis formation of volcanic ridges due

to hotspot-ridge interaction is the eastern tip of the

Foundation Seamount chain [O'Connor et al., 1998].
Here, the production of individual seamounts pro¬

duced by the Foundation hotspot switches to elon¬

gated ridges as the Pacific-Antarctic Ridge (PAR)
approaches the hotspot [Maia et al., 2000]. This

behavior is interpreted to reflect the onset of plume-

asthenosphere channeling towards the PAR. Most

studies on aseismic ridges are based on hydroacous-
tic and gravimetric measurements. Deeply penetrat¬

ing seismic investigations revealing deep crustal struc¬

tures of aseismic ridges have recently been conducted

d.t i ne ^fiiii ^Iv^^wi Rirlop \f^r

Cocos Ridge [Walther, 2001], Carnegie Ridge [Flueh
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typical azimuthal orientation following the projection

of the hotspot track and the spreading direction.

The Musicians seamount region (Fig. 1), which is

the target of this study, is characterized by a number

of roughly W-E trending ridges whose origin is still

under discussion. The ridges are slightly oblique to

the former relative plate movement and also do not

fit the absolute Pacific Plate movement. Epp [1978,
1984] proposed a creation of the ridges by flow of

hotspot magma into weak transform faults that paral¬
lel the major fracture zones. This interpretation was

reinforced in a tectonic reconstruction for the Pacific

and Farallon Plate evolution around 90 Ma by Sager
and Pringle [1987]. The authors argue that a change
in spreading direction might have induced extension

along fracture zones, where magma ascended to the

surface. The Musicians elongated ridges are situated

west of the former Pacific-Farallon spreading center

position and do not extend beyond the trail of the

Euterpe hotspot to the west (so termed by Flueh et

al. (1999) after a muse of musicians in Greek mythol¬

ogy), suggesting that they might be a direct expres¬

sion of plume-ridge interaction. We propose that the

ridges were formed by off-axis volcanisrn on top of

a sub-lithospheric melt flow from the hotspot to the

Pacific-Farallon spreading center as this model ex¬

plains most of the observed features. We use new

seismic wide angle and swath bathymétrie data to

investigate the impact of this kind of volcanisrn on

the crustal structure and morphology and propose a

reconstruction model for the Mesozoic Pacific in the

Musicians province based on two independent geo-

Qiotphologic observations.

2. Tectonic setting

The Musicians seamounts are located several hun¬

dred kilometers northwest of the Hawaiian chain (Fig.
1). They are separated into a northern and a south¬

ern volcanic province by the Murray fracture zone.

Seafloor mapping based on satellite altimetry [Sandwell
and Smith, 1997] reveals several elongated volcanic

ridges (VERs), which contain isolated volcanic sum¬

mits along their crests. The lateral extent of the

ridges increases southwards in the northern and south¬

ern provinces, respectively (Fig. 1) from less than 100

km to more than 400 km length. Two of the most

southern Bach Ridge 'Fig. 1!, hoch trending m a

W-E direction nearly parallel to the pronounced frac¬

ture zone in their vicinitv. are the focus of tlu> studv

Their seamounts are found in variable water depths
of 2.2 km to 5.1 km (Fig. 2). The Murray Frac¬

ture Zone, which crosses the Musicians Province, is

approximately 130 km wide (Fig. 3) and displays a

ridge-and-trough morphology. As no discernable off¬

set of the Musician seamounts across the fracture zone

is observed, several authors [Freedman and Parsons,

1986; Sager and Pringle, 1987] have suggested that

the Musicians were emplaced after fracture activity
ceased.

A linear, 327° trending volcanic chain defines the

western boundary of the Musicians province, where

the elongated volcanic ridges are only recognized
to the east and distinctly terminate at the Creta¬

ceous Euterpe hotspot track. Ar-Ar age datings from

Pringle [1992] confirm the hotspot hypothesis for this

chain and reveal ages between 96 Ma in the north

and 82 Ma in the south with a progression rate of

57 km/Ma, which makes it one of the oldest hotspot
tracks on the Pacific plate. The Euterpe hotspot track

terminates at the Pioneer Fracture Zone (Line 'A' in

Fig. 3), which parallels the Mendocino Fracture Zone

to the north (Fig. 3). Prior to 96 Ma, the hotspot
trail altered the Farallon plate north of the large off¬

set (800-1000 km) Mendocino transform fault before

the northwestward moving Pacific Plate moved over

the hotspot. Today, all traces on the Farallon plate
have vanished since its track has been subducted un¬

derneath North America [hagrer and Pringle, 1987].
The age of the underlying Pacific crust is not clear,

as it is formed during the 'quiet' period of the earth

magnetic field in the Cretaceous (approx. 118-83 Ma)
when the Earth's magnetic field did not reverse its

polarity. Extrapolation of the magnetic anomalies by
Mueller et al. [1997] yields crustal ages beneath the

Musician Seamount Province of approximately 110

Ma with a period of extremely rapid spreading be¬

tween 120-110 Ma followed by slower spreading with

only 1/3 of the rapid opening rate. This would im¬

ply that the Musicians were formed on approximately
15 Ma old crust. Freedman and Parsons [1986] pro¬

pose a much younger age of the seafloor at the lime

of the seamount emplacement. Their investigations
on the crustal elastic thickness yields a Iithospheric

age of less than 5 Ma at the time +he Musicians were
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tigated two of the most prominent Musicians ridges
in detail. To classify their type of volcanisrn with

reference to other marine volcanic ridges and exam¬

ine the formation of these ridges, the northern Italian

Ridge and the southern Bach Ridge have been cov¬

ered with wide-angle seismic, magnetic (Bill Sager,

manuscript in prep., 2002), and hydroacoustic mea¬

surements. Geochemical analyses and age dating of

several dredge samples along the ridges is still in

progress. Here, we present seismic wide-angle data

that were collected along three lines across the ridges
supplemented by high-resolution swath bathymétrie

images of the entire length of Italian and Bach Ridge.
The seismic lines (Fig.l) are between 180 and 220 km

long and on each of them, 12-14 OBH (Ocean Bottom

Hydrophones) were placed m the central part of the

lines with a mean spacing of 5 km. We used two Bolt

air guns with a total volume of 64 1 as seismic source.

With a shot interval of 60 s and a speed of 4 kn, a shot

spacing of about 120 m was achieved. The data were

recorded after anti-alias filtering at a sampling rate of

5 ms. In contrast to a well-tuned air gun array, the

two large guns produced a rather oszillating signal.
However, the seismic signal could be improved signif¬

icantly by a processing sequence that was adapted to

the special data characteristics. We applied a time-

gated Wiener deconvolution with a gate length of 2

s. Filtering of wide-angle seismic records has to be

done carefully, as the frequency content differs not

only with travel time but also laterally with the travel

path, whereas attenuation in the water column is ne¬

glectable. To account for these difficulties we applied
a static water depun correction ot tne uraces prior to

an offset and time dependent frequency filter.

High-resolution hydroacoustic seafloor mapping was

conducted along the Italian Ridge and the Bach Ridge

(Fig. 2) using RV SONNE'S onboard Hydrosweep
multibeam system [Grant and Schreiber, 1990] with a

90° beam angle. Subsequent processing of each sweep

was carried out using mbsystem [Caress and Chayes,

1996] and gmt [Wessel and Smith, 1991]. Sound ve¬

locity was determined by CTD measurements [Flueh
et al., 1999].

4. Morphology of the Musicians

Volcanic it/longated ixidges ( v xL/Rs)

'oàooaibaieiiiie aicimetrv da,ta 'ùandweil anä ^rnith.

',9971 ^igpe^r f|ie Mii<inan* r" consist "f mottly con¬

tinuous ridges trending W-E The new bathvmetric

data reveal details of the ridse moroholoev. Tn Figure

2, the 'predicted bathymetry' [Sandwell and Smith,

1997] is overlain by the high-resolution swath map¬

ping data of Italian Ridge and Bach Ridge. The

general 90° trend is overlain by oblique en-echelon

segments trending about 84°, most obvious at the

Italian Ridge in Fig. 2b. The ridges have a mean

height of 2000 m and are dominated by prominent
volcanoes emerging to a maximum height of 3500 m

above the surrounding seafloor with a spacing from

30 km to 80 km. Despite these dominating volcanoes,
the structure is significantly different from the Vance,
President Jackson and Taney near-ridge seamounts in

the northeastern Pacific as described by Clague et al.

[2000], which consist exclusively of circular, isolated

seamounts on a linear chain. The overall morphology
of the Musicians is rather rough. The volcanisrn is

fairly focused on dedicated ridges, similar to those at

the Pukapuka ridges in the central Pacific [Sandwell
et al., 1995], but there are also several small volcanic

cones with diameters between of 3 and 6 km on the

plane seafloor nearby (Fig. 2). Diffuse Iithospheric
extension has been proposed as the origin process for

the Pukapuka ridges [Sandwell et ai, 1995], however,

the investigated ridges are elongate in the direction of

present absolute plate motion, which is not the case

for the Musician VERs.

The swath data give clear evidence for at least

one major flat-top seamount on Italian and on Bach

Ridge, respectively. Guyot 1 (Rossini seamount, Fig.

2a) at the western tip of Italian ridge emerges from

the surrounding seafloor by 2950 m. Its shape is ESE-

expanded and the flat top measures 11 km x 3 km.

Guyot 2 is located on the eastern part of Bach Ridge
with a height of 2650 m above seafloor level (Fig. 2 c).
The circular flat summit, 3 km in diameter, is part of

an ENE-elongated ridge segment. Both Guyot sum¬

mits reach to a water depth of about 2700 m. Never¬

theless, they display different relative heights result¬

ing from different depths of the surrounding seafloor,
as the southern part of the Musicians is 300 m shal¬

lower due to the younger lithosphère south of the

Murray FZ and the influence of the nearby Hawaiian

swell. The highest volcanoes on the two investigated

ridges are labeled with water depths in Figure 2 (a)
and Sc) They have non-eroded tops and. particularly

nn Bach Pdd°e. thev exceed the height of the Guyots

by some hundred meters.

The relation of the Musicians Ridge's to "lie ad¬

jacent tract are zones s& enigmatic Because of plate

-°Tg"",2'si.'cn£ m "—c * .circc : = r.- ".^j-c _ ^ i

Pacific fracture zones show a complex pattern with



multiple changes from single fractures to broad scat¬

tered relay zones around the Musicians. Nevertheless,
the interpolation of the Pioneer and Murray fracture

zones as done from the satellite altimetry dataset in

Figure 3 shows that their trends around the northern

Musicians region correspond perfectly to each other:

A simple shift of the Pioneer FZ trend (line 'A' in

Fig. 3) matches the northernmost trace of the Murray
FZ (line 'B'). The orientation of the southern Musi¬

cians ridges is roughly parallel to the Murray FZ, but

from SE to NW, the fractures are getting increas¬

ingly oblique and the Musicians ridges do not follow

this trend. Instead, their orientation remains con¬

stant (about 89°) in the whole area, regardless of the

fracture trend. As seen in Figure 3, at the northern

Italian Ridge the trend deviation is approximately 8°.

5. Tomographic inversion method

The seismic sections (examples presented in Figs.
4 and 5) show good quality data for the three seis¬

mic lines. Most of the stations have clear recordings
in the whole shot-receiver offset range, up to a max¬

imum of 140 km (e. g. OBH 35 and 47 in Fig. 5).
Only in the central part of line 4, some stations dis¬

play a lower signal-to-noise ratio attenuating phase

coherency beyond 50-70 km offset. The seismic sec¬

tions are strongly affected by the bathymetry of the

ridges causing drastic changes in apparent velocities.

However, the upper crustal refraction (Puc), lower

crustal refraction (Pic) and mantle refraction (Pn)
can be clearly differentiated on almost every station

and reveal relativelv smooth interval velocity struc¬

tures across the ridges.

We used the FAST tomography code [Zelt and

Barton, 1998] for our computations. This method

is a first-arrival tomography utilizing the 'regularized
inversion' on a uniform velocity grid. The velocity
models were defined with a grid size of 2 km in x and

0.5 km in z direction. In total, more than 8000 first-

arrival travel time picks per line were used for the in¬

versions. The first arrivals up to ~25 km offset are re¬

lated to upper crustal refractions (phase Puc in Figs.
4 and 5) and merge with only gradual velocity changes
into the lower crustal refractions Pic. Together with

the mantle reflection PmP these extend to large off¬

sets of up to 100 km with high amplitudes, which is

]";,,,,j '
ii,"
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ind OBII 30 .11 Fig,. 1). Between 40 and 100 km. the

lower crustal refractions Pic are 'covered' as second

arrivals behind the first-arrival mantle refraction Pn.

A standard inversion of these travel times using a first

arrival tomography scheme would take primarily the

upper crustal and the mantle arrivals into account,

but there are two problems with this approach: First

of all, particularly with this dataset, nearly 1/3 of

the travel time information would not be considered

when omitting the second arrival refractions between

40 and 100 km offset (i.e. phase Pic), thus resulting in

a poor resolution of the lower crust. Secondly, tomo¬

graphic inversions of active seismic experiments often

fail in reproducing upper mantle structures. The for¬

ward calculation technique used in the FAST code is

capable ofhandling large velocity contrasts [Hole and
Zelt. 1995], but a grid-based inversion generally must
seek for a smooth solution to explain the observed

travel times and fails in resolving sharp velocity con¬

trasts like the crust-mantle boundary. Furthermore,
the requirement of a uniform ray coverage is violated

by the special geometry of the Pn phases. To over¬

come these problems the following approach was em¬

ployed: In order to keep the starting model as simple
as possible, we generated a normal oceanic crust ve¬

locity model with laterally constant v(z) dependence
below the seafloor, according to the 'minimum ID-

model' of Kissling et al. [1994]. As a pure ID struc¬

ture would be rather unrealistic at the volcanic dome,
the model is adjusted to the known bathymetry and

to a realistic 2D structure at the central volcano as

shown for line 2 in Figure 6. The approximate travel

time fit of the model was achieved by forward ray

tracing [Zelt and Smith, 1992], and computation of

RMS misfits for different models was used to select the

best starting model. The resolution of the computed

inversion image could be improved by using a 'layer

stripping' inversion method with three iterations. In

the first step, only travel time picks with offsets up

to 25 km were taken into account, yielding an image
of the upper crust. Upper crustal velocities were held

fixed in the next iterations. In a second step only
offsets greater than 25 km have been inverted, aim¬

ing at the recovery of lower crustal velocities. The

rays through the lower crust are mostly represented
by secondary arrivals behind the mantle refraction

(Pn). Therefore, the mantle phases have been omit¬

ted in this step. Consequently, also the mantle had to

be omitted in the starting model resulting in a crust

of infinite thickness as shown in Figure 6. The last

btt.p liiicil ^uüalöted >JÏ clll 'il'v riMi iii I

ities. lorward ^avtraciiici ot the sua.

nam ie * eioc-

and Pn was used to define the depth of the Moho.

which during a subsequent inversion of the mantle re-
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fraction Pn was held fixed to investigate the upper

mantle velocities

6. Resolution tests

Prior to the final inversion of the data, a numbei

of synthetic tests have been conducted in ordei to de¬

termine the best combination of inversion paiameters

by analyzing the resolution of different anomalies Al¬

though a few kilometers is probably a good estimate

foi the smallest lesolved anomalies, the target of these

investigations is to unravel larger structures, particu¬

larly those giving insight to the mechanisms that have

formed the Musicians ridges The possible formation

scenanos should be 1 effected in the relation of upper

to lower crust If the ndges were formed by tectonic

uplift m a compressional legime, the crustal thickness

would be unchanged and the Moho would follow the

seaflooi trend A plutomc style of volcanisrn would

thicken the lower crust, while extrusive style leads to

a thickening of the upper crust, followed by a flexural

downbendmg of the lithospheie Additionally there

might be underplatmg of molten material below the

crust with velocities between crust and mantle values

A simulation of a plate flexure and velocity anoma¬

lies in the lower crust is investigated using synthetic

tests With the resolution tests we test if the inversion

method is capable of resolving the upper and lower

crustal structure and ifthe data is sensible to the pres¬

ence of a plate flexure A possible plate flexuie would

not yield a characteristic moiphologic signature, as

the resulting moat would be filled by volcanoclastic

matpT'iai However a tomographic diversion would ie

solve the lower seismic velocities expected here The

velocity model in Figure 6 b was used to calculate

synthetic tiavel times with a source-receiver geometry
and coveiage of travel time picks identical to the real

experiment (Fig 7) Using these synthetic data and

a smooth input model for an inversion should retrieve

the simulated crustal chaiactenstics Random noise

was added to the calculated synthetic travel times us¬

ing the estimated error of the travel time picks in the

real data as standaid deviation (between 0 03 s at

near offsets and 0 12 b at the fai offset traces) The

general velocity structure of the test model in Figure
o b ib taken with minoi simplifications from line 2,

including a plate flexuie and a lower crustal velocity

\e>bion jiot"bs The smooth >npiiT mcdei for rhp sjP-

ilietit lesolution te&t is displayed in i?iguie 6 a, with¬

out aie plaie Ue\ure and witnout anv lower crubtal

velocity anomaly In ootli modelb, the lower ciustai

velocities aie extiapolated to 20 km depth and man¬

tle phases are neglected as described eailiei Figure 8

a displays the difference between the input model for

the synthetic travel time calculation and the start¬

ing model for the mveision, lespectrvely (as shown

in Figure 6 a and b) The model difference consists

of thiee velocity anomalies which aie retneved dui-

ing the mveision The plate flexuie causes two elon¬

gated anomalies of-1 1 km/s, while the lower crustal

anomaly is of almost circular shape with an amplitude

of -0 3 km/s The inversion parameters as well as the

input model derived from the synthetic inversion tests

were also applied to the real data The difference be¬

tween the input model and the final model for profile
2 is displayed m Figure 8 b and was gained after a sep¬

arate mveision of the upper and the lower ciust (with
3 iterations for each domain) All anomalies are re¬

solved clearly in position, shape, and amplitude The

upper crustal anomalies have only slightly lower am¬

plitudes and also are terminated where the coverage

decreases away from the OBH stations There are ar¬

tifacts around profile km 30 and 130, but with only
small amplitudes The ray coverage for the inversion

cells of line 2 is shown in panel c of Figure 8, where

a maximum coverage of up to 1000 hits per cell is

achieved Thus the geometry used during the field

campaign allows to resolve crustal structures beneath

the positions of the OBH stations and with some re¬

strictions also m the line periphery

Subsequent inversion of the mantle îefiaction (Pn)
was conducted while keeping the crustal information

unchanged The resulting velocity update is pre¬

sented m Figure 9 tor line 4 lhe thick lines m the

lower image indicate the deflection of the Moho as

confirmed by mantle reflections during the forward

modeling procedure and held fixed during the man¬

tle mveision The resulting velocity perturbations
show decreased mantle velocities underneath the cen¬

tral volcano, which corresponds to results gained from

forward modeling Testing with different starting ve¬

locities and different Moho depths still yielded the

same result The lowei image displays the ray cover¬

age duimg the mantle inversion, where no deep pen¬

etration is to be expected, as the mantle refraction

travels close along the crust-mantle boundary

The i aiculatcd ticivel tuiitb obtained fiotn the final

inversions aie plotted on the seismic be^tions in rfie

lower ^aneis n F'gureb -i and 5 did jx ept *Oi n nn>

1u^tUitiO"s -in jxeiail bciUbii "ig 'l1 "..i, )f i'iuulpJ
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7. Crustal and upper mantle structure

The final inversion models for all three lines are

presented in Figure 10, where the lowermost image
shows a representative ray coverage (P04) achieved

during the inversion process. A sediment cover is not

recognized along either VER. While the upper and

lower crust as well as the upper mantle is clearly re¬

solved along all three profiles, varying internal struc¬

tures along the lines are revealed. The upper image

displays the crustal model for line 2, where a down-

bending of the upper crust is discernable from the

trend of the velocity contours and the Moho. The

downflexing results in a moat structure adjacent to

the central volcano. It cannot be recognized in the

morphology, because it is filled with volcanic debris

as inferred from the low seismic velocities of less than

3.5 kms*"1 here. A similar flexural structure is also

recognized along profile 4 (Fig. 10 c). This down-

flexing of the oceanic crust results from a top-loading
of the volcanic edifice. The thickened upper crust

along these lines implies a ridge evolution dominated

by extrusive volcanisrn above the pre-existing oceanic

crust. Velocities increase within the upper portion of

the crust from 4.4 kms-1 to 6.5 kms-1 correspond¬

ing to a velocity gradient of approximately 0.9 s_1.

The third line (Fig. 10 b) shows a more complex
structure as may be expected from the presence of

numerous smaller volcanoes around the central vol¬

cano, which is not as large and prominent as along
the other two lines. No clear flexural bending or moat

structure in the upper crust is resolved. It is clearly
evident though that the upper crust; which displays

equivalent seismic velocities, is characterized by an in¬

creased thickness away from the central volcano (Fig.
10 b), which is not the case along the other two lines.

The volcanic edifices show increasing velocities with

depth (up to 5.7 kms-1 for the large central volcanoes

on profiles 2 and 3 and up to 6.2 kms-1 on profile 4,

respectively), as is evident from the upward deflection

of the upper crust velocity contours, which mimic the

seafloor. The lower crust is characterized by a re¬

duced velocity gradient of 0.13 s_1, with velocities

increasing 7.1 kms-1. Along profile 3, the lower crust

displays some thickening, as along the other two lines,

however, here the zone of thickening is broader than

on profiles 2 and 4, where a deflection of the Moho ib

maiîijv rpctn^tpd" tri fha ^ir^a 'iiide^iieatb die ^ent^ti

\olc3iio iNFig. i0 a and cj. Based on the inversion

models an extrusive dominated type of volcanisrn is

inferred iui uie luubicicuib, uiiougn neconoarj aicrusive

proce&ses ma\ not be ruled out. Even though reduced

mantle velocities are revealed in a small area under¬

neath the ridge centers (Figs. 9 and 10), underplat-

ing is insignificant here, as the seismic data do not

show any supplementary reflections near the Moho

reflection that may be related to a layer of material

underplated beneath the crust. The Moho reflections

identified during the forward modeling process (bold
lines in Fig. 9) are restricted to the flanks of the thick¬

ened portion of the crust and cannot be identified in

the central part where lowered velocities have been

inferred. Reflection phases caused by underplating
are to be expected here and have been found e.g. at

Ninetyeast Ridge, Gran Canaria, and Hawaii [Greve-

meyer et al, 2001; Ye et al, 1999; Watts and ten

Brink, 1989]. Figure 11 shows a global compilation
of different hotspot related volcanic edifices with an

identical scaling. All of these were located directly
above a hotspot at the time of their formation and all

of these show possible signs of underplating, though
different models have been proposed for Hawaii and

Canary. For comparison, the Musicians, which are

of much smaller size, are displayed at the bottom.

Most of the larger volcanic reliefs show indications

for intrusive volcanisrn, whereas extrusive processes

seem to be influential in the evolution of the Musi¬

cians. The different structure of the Musicians VERs

is related to a different formation process, where the

volcanoes where not formed on top of a hotspot, but

rather in between an off-axis plume and the spreading
center.

8. Discussion

The inferred extrusive-type volcanisrn dominant

during the formation of the Musicians seamounts is

also supported by the rough morphology of the ridges.
The rugged topography implies that the ridges were

created by a number of consecutive eruptions with a

low effusion rate over a longer period of time. The

narrow width of the ridges (approximately 15 km) in¬

dicates an off-axis magma source, which is confined in

a narrow constructional lineament [Small, 1995]. In

particular the number of small volcanic cones between

the ridges has in earlier papers been seen as an indi¬

cation that the Musicians were built by magma that

erupted preferably through pre-existing fractures in

the vicinity and parallel to the Murray FZ [Lowrie
^ t, lit.. J.JÔÎ). OaCtCt (il(U 1 I GltLVG^. L-^UI , 1 * fllOtC. 1.7. >L.i.

This, however, is contradicted b"* two obser1. étions,

the formation of the VERs is terminated at the Mur¬

ray fracture zone and not increased as would bp ex¬

pected. Within the 130 km wide Murray FZ. several



isolated volcanoes have erupted, but do not show an

obvious connection to the major faults scarps The

formation of en-echelon ndge segments as observed

along e g the Italian Ridge (Fig 2) has been m-

teipreted for other ridges to be caused by deforma¬

tion processes resulting in tensional cracks [ Winterer
and Sandwell, 1987, Geh et al, 1998, Vlastelic et al,

1998] However, m the Musicians province the filling
of tensional cracks should form en-echelon ridges m

the major fracture zones, which are not recognized
here A possible process to create the observed en-

echelon segments m the study area may be associated

to cracks propagating away from volcanic centers m

a regional stress field with tension vectors oblique to

the spreading direction [Kopp and Phipps Morgan,

2000]

Secondly, from satellite altimetry data it is obvious

that the Pioneer FZ and the Muiray FZ bhow an al

most perfect parallelity over the northern Musicians

province (line 'A' and 'B' m Figure 3) Smaller fiac-

ture zones m the stress field between the large promi¬

nent fractures should follow this trend, and so should

the Musicians VERs if they erupted along smaller

fractures as proposed by e g Epp (1984) and Sagei
and Pringle (1987) However, as seen in Figure 3,
the Musicians deviate by about 8° from the general
fracture zone trend between the Murray and Pioneer

FZ In the south, the emplacement of the ridges along
pre-existing fractures is also unlikely, even though the

deviation of the Musicians trend from the overall di¬

rection of the fracture zones here is not as signifi¬
cant as in the north While the fracture zone trend

thäiigeb from south of the Murray FZ to north of it,

as indicated by the extrapolated trend m Figure 3,

this is not the case for the trend of the Musicians

VERs, which implies that a conjunction between the

Musicians emplacement and the existence of larger
or smaller fracture zones m the area is not given

However, the alignment of all Musicians ndges sug¬

gests a common evolution A possible explanation
would be their emplacements above a subhthosphenc
melt flow directed fiom the Euterpe hotspot track

to the Pacific-Farallon spreading center As a bub-

hthospheric melt flow would be driven by buoyancy
and thus follow the strongest gradient of Iithospheric
thickness it would always bhow a perpendicular on-

entation to the spreading tenter This is supported by
un^ uDbeivatiOn that tue ivîu.sn.iaiio v ERb air pointing
o^ards a M-S onented opieadmg center *o . h>' c.st

of the Musicians province (Fig 31 which ib coinci¬

dent with the last obsened magnetic anomah after

the Cietaceous 'quiet' zone (M34 corresponding to 84

Ma m Fig 3) and is onented m a N-S direction This

observation does not contradict the fact that the Mu

sicians aie not paiallel to the major fracture zones,

as these will not evolve perpendicular to the spread¬

ing centei m a phase of oblique spreading Oblique
spreading is inferred from changes m spreading di¬

rection which aie manifested m the splitting of the

fracture zones into extensional relay zones of an en-

echelon staircase pattern observed for example along
Mendocino FZ between 140°W and 165°W [Flueh et

al, 1999]

The magmatic feeding of spreading centers by

neighboring mantle plumes over hundreds of kilome¬

ters has been suggested by a number of authors [ Vogt,
1971, Morgan, 1978, Epp, 1984, Schilling et al, 1985]
Fiom the existence of at least two guyots m the study
aiea (Fig 2), constraints on the distance of the Pa¬

cific Faiallon spreading center to the Musicians ridges

may be drawn The flat top Rossini Seamount on the

Italian Ridge lies m a water depth of 2 7 km (Fig
2) From the standard seafloor subsidence assuming

2500 m water depth at the spreading center (Par¬
sons and Sclater, 1977), it is inferred that B„ossmi

Seamount erupted on 1 7 Ma old seafloor Guyot 2

on Bach Ridge erupted on 0 2 Ma old oceanic litho¬

sphère Clague et al [2000] propose that flat top

seamounts may also form from collapsing calderas,
which are subsequently filled and subdued However,
the Vance, President Jackson or Taney seamounts

shown by Clague display a strikingly different mor¬

phology compared to the Musicians, with an orga¬

nized structure consisting of single volcanoes with

ring-formed calderas lining up to an entire seamount

chain In contrast, the Musicians guyots have a much

more irregular shape and all volcanoes are connected

by diffuse ridge volcanisrn and do not form isolated

structures We believe that the Musicians flat tops

were built by eiosional processes m shallow watei

depths neai the spreading axis

The digital magnetic isochrone map of Muellei et

al
, [1997] suggests a seaflooi age of 107 Ma undei-

neath Rossini Seamount near the western termina¬

tion of Italian Ridge An evolution of Rossini clobe

to the bpreadmg axis would thus imply that Rossini

Seamount must be older than the oldest dredged bäm

pies from the Musicians province (maximum 96 Mai

\s thi& it, unlikely, we piopobe an alternative lecon

itTliCTlOn of tne oeifiOOl a'idP>ileo,til the MuteUldilb

formed rlnrmcr \\\ç> Pîpfftrpnnc V-m e.i ^r\-nr. iT7]-n^]-> "il1

explain the neai spieadmg axis location of the gu>



ots at the time of their formation. The geometry

of the Musicians offers a second, independent strong

age constraint on the tectonic history of the West¬

ern Pacific: the reconstruction is based on the mor¬

phological geometry in the Musicians province, where

the Euterpe hotspot trail ends abruptly in the north.

The absence of a hotspot track north of the Mendo¬

cino FZ has been explained by the large offset across

the fracture zone and the subduction of the Farallon

plate [Sager and Pringle, 1987]. The oldest Musi¬

cians seamount is located just south of the Pioneer

FZ with an Ar-Ar determined age of approximately
96 Ma implying that this is the time at which the

hotspot crossed the Pioneer FZ. Prior to this time,

Euterpe produced seamounts on the Farallon plate.
The Pioneer FZ however displays a much shorter off¬

set of ~200 km compared to Mendocino FZ. This

is also evident from the surface traces of the frac¬

ture zones, where plate reorganizations result in large

relay zones and a splitting of the fault from a sin¬

gle trace into a number of oblique sub-parallel tracks

along Mendocino FZ, while 'simple' kinks compensate

the changes in plate motion along the short-offset Pi¬

oneer FZ [Flueh et al, 1999]. As prior to 96 Ma

the Pacific-Farallon spreading center north of the Pi¬

oneer FZ must have been located westwards of the

hotspot track, while being placed eastward of the

hotspot trail on the Pacific plate south of the Pio¬

neer FZ, the hotspot must have crossed the Pioneer

FZ in a small 'window' determined by the ~200 km

offset. Only this geographic setting explains the ab¬

sence ofthe hotspot track north of the Pioneer FZ and

its simultaneous presence today on the Pacific plate.

This observation puts a geographic constraint on the

location of the spreading center with regards to the

hotspot track at 96 Ma. From this follows that the

spreading center was located at a distance between

0 and 200 km east of the hotspot track. From the

dating of magnetic anomalies [Atwater and Severing-
haus, 1989] the first position of the spreading center

after the Cretaceous 'quiet' zone is known (M34 at 84

Ma). Interpolation then yields the approximate for¬

mer positions of the spreading center in the Musicians

province at the time of the VER emplacement (Fig.
12).
The observed guyots offer a second independent

constraint on this reconstruction. Rossini seamount,

wiiicn was interred to have been empiaceti on 1.7

Ma crust, fits adequately to the new reconstruction,

where it would be placed on approximately 2 Ma

old crust. Judging from the height of the second

guyot, which is located toward the eastern end of

Bach Ridge, it must have been created on 0.2 Ma

old crust. The reconstruction would place it on ca.

0.5 Ma old crust. Thus for both flat tops a mean

error of less than 0.5 Ma is inferred for the tectonic

reconstruction.

Sager and Pringle [1987] proposed a tectonic model

for the formation of the Musicians, which involves a

long section of Farallon plate that protruded into the

Pacific plate. A change in spreading direction at ap¬

proximately 90 Ma, as evidenced by the extensional

relay zones along the neighboring fracture zones, in¬

duced the eruption of hotspot magma along fractures

and cracks caused by the resulting tensional defor¬

mation. The corresponding change in the fracture

zone trend to a staircase pattern has an approximate
distance of 290 km to Rossini seamount. Assum¬

ing a spreading rate between 4.4 cm/a [Mueller et

al., 1997] and 7.4 cm/a (this study) this implies that

Rossini must have been built on 6.6 Ma or 3.7 Ma old

crust, respectively, which would have subsided too far

for the flat top volcanoes to form and stands in con¬

tradiction to the 1.7 Ma Computed from the depth of

the eroded top. Another important aspect that can¬

not be explained by the model proposed by Sager and

Pringle is the observation that the ridges terminate at

the hotspot track. This geometry is best explained by
a model based on hotspot-ridge interaction.

Based on the newly acquired geophysical data pre¬

sented here a possible evolution scenario for the Mu¬

sicians VERs has been developed and is displayed in

Figure 13. The Euterpe hotspot was close enough to

the Pacific Farallon spreading center that melt could

flow beneath the lithosphère to the spreading axis and

feed it. The Euterpe mantle plume leaves a regular
hotspot track on the Pacific plate. It marks the exact

western termination of the VERs, which develop on

top of a melt flow channel from the hotspot to the

spreading center. Hotspot-ridge interaction has been

shown to cause the development of aseismic ridges like

Ninetyeast Ridge or Cocos Ridge by the production
of thickened crust where hotspot melt contributes to

the production of crust at the spreading center. In

principle, this mechanism may also apply for off-axis

hotspots erecting an aseismic ridge as described by

Morgan (1978) with a distinct azimuth which equals
the sum of the absolute plate motion over the hotspot
and the relative plate motion along the spreading di¬

rection. However, in this scenano an abeibimc ridge
wrniirl tj^y3 -^rj onentifi^îi -ns lririlca^ed ^^ The ^tip¬

pled line in Figure 13, which significantly differs from
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the trend of the observed VERs. The location and

geometry of the Musicians ridges rather imply that

they were built all the way on top of the melt chan¬

nel, the shortest path between hotspot and spreading
center and perpendicular to the spreading axis, as dis¬

cussed above. The eastern termination of the VERs

is then given by the former position of the spreading
axis at the time of the volcanic ridge emplacement

(Fig. 12). Between 96 Ma and 84 Ma, the distance

between hotspot and spreading center was progres¬

sively increased by the southeastward movement of

the spreading center, resulting in an increasing W-
E extension of the VERs until the distance between

the hotspot and the spreading center grew too large
for a magma flow to develop south of Italian Ridge
at 91 Ma. An evolution of the Musicians VERs by
interaction of the Euterpe Hotspot and the Pacific-

Farallon spreading center also explains the observa¬

tion that ridge formation is re-initiated south of the

Murray FZ: due to the offset across the Murray FZ,
the spreading center was at 81 Ma again close enough
to the hotspot for VERs to form between them (Fig.
12). As expected here, the VERs again show increas¬

ing lengths to the south.

Not only in the case of the Musicians has it been

observed that aseismic ridges in the vicinity of spread¬

ing centers resulting from hotspot-ridge interaction

often do not follow the azimuth predicted by Morgan

[1978], though plume-ridge interaction seems to play a

major role in their evolution [Morgan, 1978; Schilling,

1985; Small, 1995]. Numerical models by Ito [1997]
infer a maximum possible distance of plume-ridge in¬

teraction, which scales with plume source volume flux

and ridge spreading rate, implying that there is an

upper limit to the hofspot-spreading center separa¬

tion as is proposed for the Musicians. The plume
affects the ridge in a number of ways: the geochem-
ical signature shows signs of plume enrichment (as
reported for e. g. lead isotope ratios [Kingsley and

Schilling, 1998]) and could additionally affect the to¬

pography and crustal thickness in the vicinity of the

ridge [Mata et al, 2000]. This also depends on the

effectiveness of the melt channeling as there seems

to be a difference in the amounts of plume material

reaching the ridge axis for different ridge-hotspot sys¬

tems [Mata et al.. 2000] The area over which the

ridge is affected by the plume is 125-200% as broad

ab I lie maximum plume udge separation, so that tne

excess plume melt is distributed o-»«' a large segment

of the ridge and possibly does not cause changes in

topography or crustal thickness [Ito et al.. 1997]. We

propose that this scenario applies to the Musicians.

The VERs are terminated to the east at the assumed

former position of the spreading axis where the excess

melt is distributed along-axis. This explains why no

'Morgan-type' aseismic ridges following the predicted
azimuth (stippled line in Fig. 13) are observed here.

For the Western Easter Salas y Gomez seamount

chain focused flow along an approximately 70 km

wide channel towards the EPR has been proposed by

Kingsley et al. (1998). Their Pb isotope investiga¬
tions are not compatible with a passive radial melt

mixing here. The observation of a neovolcanic gap

close to the EPR may be associated with counterac¬

tive flow away from the EPR or by a capturing and

focusing of the plume material by the upwelling sys¬

tem of the ridge [Kingsley and Schilling, 1998]. As

the former position of the Pacific Farallon plate with

regards to the Musicians VERs may be inferred from

the formation depths of the guyots in the study area,

a similar volcanic gap in the Musicians province is

unlikely, implying that the maximum length of the

VERs corresponds to the maximum hotspot-ridge in¬

teraction distance as discussed by Ito et al., (1997).

9. Conclusions

The Musicians volcanic elongated ridges were formed

by plume-hotspot interaction on top ofsublithospheric
melt channels between the Euterpe hotspot track and

the Pacific-Farallon spreading center. This model is

supported by the geometry, ages, and bathymetry of

the investigated volcanoes. The Musicians volcanoes

form coherent volcanic ridges, which show a mostly
extrusive style of volcanisrn as inferred from the tomo¬

graphic investigations of the newly acquired seismic

data presented here. Crustal thickening is recognized
in oceanic layer 2 rather than in layer 3. Although
reduced seismic velocities in the upper mantle were

recorded, these could not be associated with under¬

plating here. The extrusive mode of formation stands

in contrast to the seismic structure of many aseismic

ridges, where crustal thickening is mostly accommo¬

dated by intrusive underplating of high-velocity lower

crust. The progressively increasing lengths of the Mu¬

sicians VERs from north to south are a distinct fea¬

ture of this volcanic province From < his morpholog¬
ical geometry a maximum hotspot spreading center

separation ot approx. <±üü itm. over which subiithc-

spheric plume-ridge interaction occurred, i? observed.

Another important aspect of this studv is the recogni¬

tion of two independent age constraints for the Pacific
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ciust during the Cretaceous 'quiet' zone From the

existence of guyots m the Musicians province the foi-

mer location of the Farallon-Pacific spreading center

may be inferred Its position at 96 Ma just south of

the Pioneer FZ may additionally be derived from the

unique geometrical setting heie, which yields a 'win¬

dow5 of maximum 200 km width for Euterpe hotspot
to pass from underneath Farallon plate, where its

tiack east of the spieading center was ultimately de-

stioyed, to the Pacific plate, where it was located west

of the ridge Assuming that the Musicians VERs de¬

veloped m conjunction with Euterpe hotspot, as is

highly likely due to the western termination of the

ridges at the hotspot track, a tectonic reconstruction

of this area of the Pacific dunng the Cretaceous 'quiet'
zone has been developed which differs by up to 10 Ma

from the isochrone age map by Muller et al

The proposed formation scenario may be appli
cable to a number of aseismic ridges observed near

spreading centeis Along the Eastern teirmnation of

the Foundation Cham, which approaches the PAR, a

change m fabric from the isolated seamounts caused

by the passing of the Pacific plate over the Founda¬

tion plume to a broad region of en-echelon ridges sim¬

ilar to the Musicians VERs is observed [O'Connor et

al, 1998] The Tuamotu Isles east of Tahiti form the

subaerial trace of en echelon ridges, which may repre¬

sent fossil VERs m the Central Pacific [Searle et al,

1995] Another example for a volcanic ridge formed

on top of a subhthosphenc plume flux is the western

Easter Salas y Gomez seamount chain as proposed by

Kingsley [1998], where none of the seamounts are as¬

sociated wuh any of the apparent fracture zones, as

is the case for the Musicians VERs
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Figure 1. Location map of the Musician seamounts north of the Hawaiian chain. The 327° trending Cretaceous

Euterpe hotspot track marks the western boundary of the volcanic province. No evidence for volcanism is found

north of the Pioneer fracture zone. The Musician volcanic elongated ridges (VERs) trend in an E-W direction.

The Murray fracture zone splits the study area in a northern volcanic regime and a southern volcanic area. The

increasing length of the ridges from north to south in the two volcanic areas is a unique feature of this province
and together with the abrupt termination of the ridges at the hotspot track has been explained by hotspot-ridge
interaction which forms a melt channel in between Euterpe and the fossil Pacific-Farallon spreading center to the

east. Geophysical investigations were conducted along the northern Italian Ridge and the southern Bach ridge.

Wide-angle seismic data were acquired along four profiles and are complemented by high-resolution bathymétrie

data.

Figure 2. High resolution bathymétrie images of the two most prominent ridges in the Musician volcanic province.
The swath data is underlain by predicted bathymetry from satellite altimetry data (Sandwell and Smith, 1997) (b
and d). The coherent ridges are up to 400 km long and are characterized by distinct volcanic cones and en echelon

segments. In the side view displayed in a and c at least one guyot along Italian Ridge and Bach Ridge, respectively,
is recognized. From the height of the erosional flat-tops the distance of the guyots to the Pacific-Farallon spreading

ridge at the time of their formation may be inferred and yields an independent constraint for the age of the Pacific

crust.

Figure 3. Interpolated fracture zone trends between Pioneer and Murray Fracture zones (A and B) deviate by
about 8° from the trend of the Musician VERs. Thus their origin cannot be associated with the apparent fracture

zones. Thick black lines indicate magnetic anomalies before the Cretaceous quiet zone. M33 and M34 correspond
to approximately 75 Ma and 84 Ma, respectively.

Figure 4. Seismic wide-angle sections for OBH09 of Line 02 (upper images) and OBH30 of Line 03 (bottom
images). The lower displays illustrate the calculated traveltimes on top of the seismic data which are shown in the

upper displays. Clear phases from the lower crust (Pic) and mantle (Pn) to offsets reaching 100 km are observed

on a number of stations. The pronounced morphology of the volcanic province is also recognized in the seismic

arrivals. The tomographic inversion applied to the data employs primary as well as secondary arrivals to include a

maximum of traveltime information. Successive inversion of different offset ranges recovered the crustal velocities

using a top-to-bottom approach.

Figure 5. Seismic wide-angle sections for OBH35 and OBH47 of Line 04 across Bach Ridge. Please refer to Figure
4 for display information. 12 to 14 instruments were deployed on each profile discussed in the text.

Figure 6. The upper image displays the input starting model for the inversion using crustal arrivals. Morphology
information from the profiles is included in the starting model, which assumes a standard oceanic crust. As mantle

phases were omitted during this stage of the inversion, the model displays a crust of infinite thickness. The

calculated inversion of the crustal arrivals is displayed in the lower image and is used as the input model for the

synthetic data calculation. The inversion model displays a flexural downbending of the crust centered beneath the

volcanic edifice and a velocity anomaly in the lower crust.

Figure 7. Synthetic travel time picks were generated using the source-receiver geometry and bathymetry of the

experiment. Coverage of the travel time picks is identical to the real experiment. The synthetic data are used for

resolution tests to verify if the crustal characteristics of the test model displayed in Fig. 6b may be retrieved with

the experiment layout. The smooth input model for the synthetic resolution test is displayed in Fig. 6a. Both

models are used to image the crust and thus neglect any mantle phases.
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Figure 8. a) displays the difference between the input models for the synthetic travel time calculation and for

the inversion, respectively, as displayed in Fig. 6 a and b. The model difference is characterized by three velocity

anomalies, which must be retrieved by the inversion process. The plate flexure causes two elongated anomalies of

-1.1 km/s. A lower crustal anomaly of almost circular shape has an amplitude of-0.3 km/s. The difference between

the input model and the final model applied to the real data of line 02 is displayed in b), where all anomalies are

clearly resolved in position, shape, and amplitude. The lowermost image displays the ray coverage achieved for the

inversion cells of profile 02 with a maximum coverage of 1000 hits per cell.

Figure 9. The mantle refraction Pn was inverted while keeping the crustal information unchanged. The velocity

update is displayed in the upper image. The position of the Moho (indicated by the thick black lines in b) is

inferred from forward modeling of the mantle reflections and is kept fix during the mantle inversion. Decreased

mantle velocities are observed underneath the central volcano and were always retrieved for different starting
velocities and Moho depths. Panel b) displays the ray coverage during the mantle inversion.

Figure 10. Final inversion models for all three profiles and corresponding residuals. Line 02 and 04 display a

flexural downbending of the crust. The thickened upper crust along all profiles is indicative of extrusive volcanism

above the pre-existing oceanic crust. The lower crust displays a decreased velocity gradient compared to the

upper portion and a deflection of the Moho underneath the central volcano. Clear evidence for underplating is

not observed on any of the lines. Residuals were computed using crustal phases. The lower panel shows the ray

coverage along profile 04.

Figure 11. Global compilation of different hotspot related volcanic structures. All examples are scaled identically.

Separation between upper and lower crust along all models is based only on velocities. Intrusive volcanism and

underplating are characteristic for these volcanic provinces, which were located above a hotspot at the time of their

formation. The Musicans are displayed at the bottom. They show much smaller dimensions and a dominated by
extrusive volcanism. Their formation is linked to hotspot-ridge interaction, as they evolved between the Euterpe

hotspot and the Pacific-Farallon spreading center.

Figure 12. Proposed tectonic reconstruction based on geomorphological observations in the study area north of

the Hawaiian seamount chain. The northwestward trending line is the track of the Cretaceous Euterpe hotspot

with its age progression indicated in Ma. The hotspot crossed the Pioneer fracture zone at approximately 97 Ma.

Its track north of the FZ has been destroyed with the subduction of the Farallon plate. The former position of

the Pacific-Farallon spreading center is indicated by the stippled lines and has been inferred from the crossing
time of Euterpe over Pioneer FZ and from magnetic anomalies before the Cretaceous 'quiet zone'. The position
of guyots with respect to the spreading center yields a second, independent age constraint. The spreading center

progressively moved away from Euterpe hotspot from north to south, until being shifted closer to the hotspot again
by the offset across the Murray FZ. The Musicians VERs were formed between the hotspot and the spreading
center, which explains their progressively increasing lengths and their westward termination at the hotspot track.

When the distance between Euterpe and the spreading center grew too large at 93 Ma, formation of the VERs

stopped, but was re-initiated south of the Murray FZ.

Figure 13. Formation of the Musicians VERs between the Euterpe hotspot and the Pacific-Farallon spreading
center. When the hotspot was close enough to the ridge that melt could flow beneath the lithosphère to the

spreading axis and feed it, volcanic elongated ridges developed on top of the melt channel. Their orientation is

perpendicular to the spreading center and thus differs from the azimuth of an aseismic ridge originating at the

spreading center. The latter shows an orientation as indicated by the stippled line resulting from the sum of the

relative plate motion and the motion of the hotspot (indicated by the dark hotspot track and the arrows at the

soreadm0" ridge. f
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