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Abstract

Shatsky Rise in the Northwest Pacific is the best example so far of an oceanic plateau with
two potential hotspot tracks emanating from it: the linear Papanin volcanic ridge and the
seamounts comprising Ojin Rise. Arguably, these hotspot tracks also project toward the
direction of Hess Rise, located ~1200 km away, leading to speculations that the two plateaus
are connected. Dredging was conducted on the massifs and seamounts around Shatsky Rise
in an effort to understand the relationship between these plateaus and associated
seamounts. Here, we present new OAr/°Ar ages and trace element and Nd, Pb, and Hf
isotopic data for the recovered dredged rocks and new trace elements and isotopic data for
a few drill core samples from Hess Rise. Chemically, the samples can be subdivided into
plateau basalt-like tholeiites and trachytic to alkalic ocean-island basalt compositions,
indicating at least two types of volcanic activity. Tholeiites from the northern Hess Rise
(DSDP Site 464) and the trachytes from Toronto Ridge on Shatsky's TAMU massif have
isotopic compositions that overlap with those of the drilled Shatsky Rise plateau basalts,
suggesting that both Rises formed from the same mantle source. In contrast, trachytes from
the southern Hess Rise (DSDP Site 465A) have more radiogenic Pb isotopic ratios that are
shifted toward a high time-integrated U/Pb (HIMU-type mantle) composition. The
compositions of the dredged seamount samples show two trends relative to Shatsky Rise
data: one toward lower 143Nd/144Nd but similar 206Pb/204Pb ratios, the other toward similar
143Nd/144Nd but more radiogenic 206Pb/204Pb ratios. These trends can be attributed to lower
degrees of melting either from lower mantle material during hotspot-related transition to
plume tail or from less refractory shallow mantle components tapped during intermittent

deformation-related volcanism induced by local tectonic extension between and after the
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main volcanic-edifice building episodes on Shatsky Rise. The ocean-island-basalt-like
chemistry and isotopic composition of the Shatsky and Hess rise seamounts contrast with
those formed by purely deformation-related shallow mantle-derived volcanism, favoring the
role of a long-lived mantle anomaly in their origin. Finally, new “°Ar/*°Ar evidence indicates
that Shatsky Rise edifices may have been formed in multiple-stages and over a longer

duration than previously believed.
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1. Introduction

One of the outstanding problems with a plume origin model for many oceanic plateaus is
the absence of a link to a post-plateau, time-progressive hotspot track. This is especially true
for the Ontong Java Plateau (OJP), the largest oceanic plateau on Earth. However, Shatsky
Rise in the Northwest Pacific Ocean is the best Pacific example of an oceanic plateau with
two potential hotspot tracks emanating from it: the relatively continuous North Flank-
Papanin ridge and the seamounts trail comprising Ojin Rise (Fig. 1; Sager etal., 1999).
Shatsky Rise is a massive oceanic plateau, covering an area of 4.8x10° km? similar to the size
of California (Sager et al., 1999; Sager, 2005) and consists.of three discrete volcanic edifices
(Fig. 1a): the TAMU Massif, the ORI Massif, and the Shirshov Massif (Sager et al., 1999), that
become younger (Geldmacher et al., 2014; Heaton & Koppers, 2014) and smaller in volume
toward the northeast (Sager et al., 1999), consistent with the southwestward trajectory of
the Pacific plate’s motion from 145-125 Ma (Larson et al., 1992; Kroenke, 1996; Sager, 2007;
Sager et al., 2015). The northeast flank of the Shirshov Massif is truncated by a WNW-
trending graben. Across this graben, Shatsky Rise continues with the prominent NE-SW
oriented Papanin Ridge, which extends to 43°N where it bends eastward, towards the Hess
Rise, a similar large, neighboring oceanic plateau (Fig. 1b). Immediately east of the Shirshov
Massif sprawl the Qjin Rise Seamounts, capping a broad, discontinuous, ESE-trending swell

(Fig.-1; Sager etal., 1999; Nakanishi et al., 1999).

Previous geophysical studies attribute the origin of Shatsky Rise to the interplay of a
mantle plume from the lower mantle with a spreading center triple junction (Sager and Han,
1993; Nakanishi et al., 1989; 1999) but whether or not the melting anomaly continued on to

the Hess Rise, via North Flank-Papanin Ridge or via the Ojin Rise is still speculative. The
4
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decreasing size from TAMU to Shirshov, which tapers into the North Flank and Papanin
Ridge, has been suggested to reflect a waning magmatic activity of the mantle plume that
produced the Shatsky Rise (Sager et al., 1999; Sager, 2005). On the other hand, the Ojin Rise
seamounts emanating from Shirshov could be construed as hotspot track representing the
"plume head to tail" stage of hotspot development (Sager et al., 1999; Nakanishi et al.,
1999). Hess Rise could potentially link to one of these two possible hotspot tracks (Fig: 1b),
leading to speculations that it could represent a second large magmatic outpouring of the

melting anomaly that formed Shatsky Rise about 30-35 my earlier.

Seismic and bathymetric data also reveal the presence of subsidiary volcanic cones
around and on the Shatsky Rise massifs (Sager et al., 1999; Sager et al., 2013; Zhang et al.,
2015). Some of these cones appear to disturb Cretaceous sediments deposited on the
plateau, suggesting that the cones post-date formation of the plateau basement. The data
also reveal a profusion of seamounts to the north and east of the Shirshov Massif and the
presence of northeast-southwest-trending seamounts cutting across the rise between the
TAMU Massif in the south and ORI and Shirshov massifs to the north. One example is
Cooperation Seamount, located between the ORI Massif and TAMU Massif (indicated by
dredge haul D11 on Fig. 1a). Whether or not these and similar features are also part of the
primary volcanism that formed Shatsky Rise is unknown. This study is an initial step toward
understanding the origin and potential relationship of the Shatsky Rise and Hess Rise to the

seamounts associated with them.

We conducted trace element and Nd-Hf-Pb isotopic studies and “°Ar/*’Ar dating of
volcanic rocks recovered by dredging during the Cruise TNO37 of the R/V Thomas G.

Thompson in 1994 (Sager et al., 1995; 1999; Table 1; Fig. 1). This cruise recovered basalts
5
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from two of the seamounts on Shatsky Rise [Cooperation Seamount in the Helios Basin
between Tamu and Ori Massifs (D11), Earthwatch Seamount on the North Flank of Shatsky
Rise (D4)] and two QOjin Rise Seamounts [Victoria Seamount (D2) and Seamount 6 (D1)].
Samples were also recovered from the eastern summit of ORI Massif (D9) and the Toronto
Ridge on TAMU Massif (D13 and D14). The isotopic compositions of two dredged samples
from ORI and TAMU have been reported previously (Mahoney et al., 2005) but theirages
are reported here for the first time. New Nd-Hf-Pb isotopic and trace element data are also
reported for Deep-Sea Drilling Project (DSDP) Sites 464 and 465A samples from Hess Rise,
complementing the sparse available geochemical dataset for these neighboring oceanic
plateaus (Mahoney, 1987; Mahoney et al., 2005). The main goal is to elucidate the
relationship, if any, of the dredged seamounts to Shatsky Rise and whether or not they

represent post-plateau magmatic activity of the proposed plume head that formed the rise.

Our results confirm that the tholeiitic basalts from the northern part of Hess Rise
have similar isotopic compositions to the plateau basalts from the main Shastky Rise massifs,
consistent with double flood basalt event model for the two rises. In addition, both rises
seem to progress from older tholeiitic and isotopically depleted to younger alkalic and
isotopically more enriched volcanism. The transition from plateau to ocean island type
volcanism could be explained by a) decreasing degree of melting with declining temperature
orincreasing depth of melting, or both; b) preferential sampling of enriched components in
a heterogeneous source as the degree of melting declines; and c) sampling of totally
different mantle sources. Our data show that the isotopic range displayed by the seamounts
maybe explained either by low-degree melting of enriched components in the underlying

(post-plateau) upper mantle caused by small voluminous decompression melting at local
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extension zones or by melting from isotopically distinct lower mantle material in the

Shatsky-Hess plume mantle.

2. Sample locations, petrography and major element characteristics

Locations of dredge hauls conducted on seamounts (and selected for this study) are shown
in Fig. 1 and listed in Table 1. Dredges D1 and D2 were conducted on Ojin Rise Seamounts:
D1 was on Seamount 6 near the eastern end of the rise close to the Emperor Seamount
Chain, whereas D2 was on Seamount 8 (Victoria Seamount), one of several seamounts
located to the east of the Shatsky Rise’s Shirshov Massif. Igneous rocks recovered in D1 are
massive, amygdaloidal to glomeroporphyritic pillow fragments. They are highly altered,
with varying degrees of oxidation and chloritization of the groundmass, typical of submarine
alteration. Ferromanganese encrustation and dendrites are common in most speciments,
though less abundant in some..Some rocks have well-defined alteration rinds with less-
altered interiors. Fragments forisotopic and chemical analysis were taken from the visibly
least altered parts.of such samples. A few small fragments of highly to moderately altered
massive aphyriclava from the cores of ferromanganese nodules were recovered from D2.
The volcaniccores are green-gray, mottled with brown-gray discoloration, and contain rare

vesicles (~¥1 mm) filled with clay, ferromanganese oxide, carbonate, or a mixture of the three.

Dredge haul D4 was conducted on Earthwatch Seamount on the North Flank of
Shatsky Rise (between Shirshov and Papanin Ridge) and D11 on Cooperation Seamount
(between the Tamu and Ori Massifs) (Fig. 1; Table 1). The recovered samples consist of

basaltic to trachytic volcanic rocks that are finely vesicular and aphyric to sparsely
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plagioclase-phyric. These rocks contrast with the massive, dense, holocrystalline rocks
consisting of plagioclase * clinopyroxene % olivine (altered to iddingsite) and the coarsely
vesicular, dense, aphyric rocks from D9 on ORI massif, but are similar to the massive but less
dense plagioclase-phyric samples from D13 and D14 from the Toronto Ridge on the TAMU

massif (Sager et al., 1995).

Major element compositions of the recovered dredged samples from cruise TNO37
suggest a bimodal grouping (Fig. 2; data from Tatsumi et al., 1998). One group with MgO0 >4
wt%, consisting mostly of plateau samples from the ORI Massif (Mahoney et al., 2005) and a
sample from Earthwatch Seamount shows a range of basaltic compositions similar to the
drilled Shatsky Rise tholeiites (Sano et al., 2012). The other group with MgO <4 wt%, from
the Earthwatch Seamount, Ojin Rise Seamounts, Cooperation Seamount, Toronto Ridge,
including a few vesicular dredge samples from the ORI Massif, have compositions that range
from trachyandesite to trachyte. Petrographic analysis (Appendix A) revealed that these
samples contain only plagioclase and trace amounts of mafic minerals as phenocrysts,
indicating that their low MgO is likely to be a magmatic feature. The high TiO, contents of
the Ojin Rise Seamounts (2.1-3.0 wt%), Earthwatch Seamount (2.0-4.6 wt%), Cooperation
Seamount (2.0-2:6 wt%), and some Toronto Ridge samples (1.8-2.4 wt% for D13-01 and
D13-02) could likewise indicate that their high Na,O and K,0 contents may partly reflect a
transitional to alkalic nature (Tatsumi et al., 1998). Furthermore, their higher Nb and Zr
contents compared to mid-ocean ridge basalts (MORB) and Shatsky Rise tholeiites plotting
within the Iceland Array in Zr/Y-Nb/Y plot, suggest transitional to ocean island basalts

affinity (Fig. 3).
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Bimodal lithologies were also cored at Hess Rise during DSDP Leg 62 (Fig. 2; Vallier et
al., 1980; 1983; Seifert et al., 1981; Windom et al., 1981). Samples for this study were
selected from igneous rocks recovered at Sites 464 and 465A (see Thiede et al., 1981 and
Vallier et al., 1983). Sixteen centimeters of tholeiitic basalt was encountered below lower
Albian to upper Aptian (~113 Ma) sediments at the base of the hole at Site 464, located at
the deep, elongated northwesterly extension of Hess Rise probably representing older parts
of the plateau (Seifert et al., 1981; Vallier et al., 1983). In contrast, 24 m of trachyte,
interpreted as subaerial lava flows, were cored below late Albian-early Cenomanian (~100-
95 Ma) sediments at Site 465A located at the high crest near the steep southern edge of the
plateau (Thiede et al., 1981; Scott, 1981). Attempts to‘determine the radiometric ages of the
Site 465 drill samples failed but yielded minimum ages of 90-94 Ma consistent with

overlying sediment ages (Pringle and Dalrymple, 1993).

3. Analytical methods

Based on macroscopic observations, the least altered-appearing rock fragments from each
dredge were selected for trace element and isotopic study. Among those selected, the least
altered interior portions of the freshest-looking rocks were reserved for isotopic analysis.
Bulk-sample major elements and Rb, Ba, Nb, Sr, Zr, Y, and Ni abundances were determined
by X-ray fluorescence spectrometry (Figs. 2 and 3) on slabs or fragments of the same rock
used for isotope analysis and were reported by Tatsumi et al. (1998). Major element and
isotope ratio measurements were not always possible on the same rock sample because of

sample size limitations. However, samples analyzed for bulk trace element measurements
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were from the same piece of rock measured for isotopes, except for D2-01, where this was

not possible because of the small size of the rock fragment recovered.

Trace element analyses for seamount samples (Table 2) were conducted at Japan
Agency for Marine-Earth Science and Technology (JAMSTEC) laboratory by inductively-
coupled-plasma spectrometry (ICP-MS) using an Agilent 7500ce (Chang et al., 2002). Trace
element concentrations for the drilled Hess Rise DSDP samples were also determined by
ICP-MS at the Institute of Geoscience at University of Kiel (IGUK) using an AGILENT 7500cs
following the methods outlined in Garbe-Schénberg (1993). Sample preparation details are
described in Appendix B. Analytical precision as estimated from both duplicate digestions
and replicate analyses was better than 1-2% RSD for all elements. Accuracy is estimated
based on international rock standards that were digested and analyzed as unknowns
together with the samples (Table 2). The results of these measurements, such as for BHVO-2,
processed both at JAMSTEC and at IGUK, agree very well within <1% (for Rb, Th, U, Nb, Ta,
La, Ce, Pr, Nd, Eu, Dy, Ho, Lu, Co, and Cu) and <6% (Sr, Zr, Gd, Tb, Y, Er, Tm, Yb, Sc, Ni) of

each other except for Ta, Hf and Pb with 8%, 11%, and 24% differences, respectively.

Isotope ratio measurements for Nd and Pb were conducted on 0.2-0.4 cm chips that
were acid-cleaned and handpicked under the microscrope at both University of Hawaii (UH)
and GEOMAR isotope laboratories (see notes in Table 3 and Appendix B for sample
preparation details for each laboratory). A subset of seamount (TN037-D1-12, TN037-D2-01,
TN037-D4-13, TN037-D11-01) and Hess Rise (464-34R-CC and 465-42R-2, 76-78) samples
were analyzed for Nd and Pb isotopes at UH following the procedures reported previously
for dredged Shatsky Rise samples (Mahoney et al., 2005). For these samples, the

concentrations of Sm, Nd, Pb, U, and Th were determined by isotope dilution on the same
10



209  sample solutions used for isotope ratio measurements (Table 3). Hafnium isotope analyses
210  were carried out on splits of the same set of samples, and Nd, Pb, and Hf isotopes were also
211  measured on additional seamount samples and Hess Rise DSDP drill core samples, at

212 GEOMAR. Analytical procedures are as previously described for drilled Shatsky Rise samples
213 (Heydolph et al., 2014) and are summarized in Appendix B. Sample preparation and cleaning
214  procedures vary but the Nd and Pb isotope results are in excellent agreement; as

215  demonstrated for the drilled Hess Rise samples analyzed in both laboratories (Table 3).

216 Six samples were chosen to be most suitable for argon geochronology analysis,

217  consisting of variably altered trachytes from Toronto Ridge and Cooperation Seamounts and
218  atholeiite from ORI Massif (Table 4). Samples that were prepared for plagioclase analysis
219  were required to have abundant minimally altered plagioclase phenocrysts. Groundmass
220 samples were chosen based on their high crystallinity and significant regions of minimally
221  altered microphenocrysts and mesostasis. Three groundmass (TNO37-D11 and TN037-D9),
222 and three fresh (TN037-D13) to minimally altered plagioclase (TN037-D14), samples were
223 analyzed. The samples were prepared using the methods of Koppers et al. (2011) and are

224  described in Appendix A.

225

226 4. Results

227 © 4.1 °Ar/*°Ar ages

228 The incremental heating technique was used to slowly degas grains in order to remove
229  alteration typically present in the lower temperature steps (e.g. Koppers et al., 2000; 2004).

230  All argon ages were measured relative to the flux monitor standard FCT-NM sanidine

11



231 (28.201 +0.082 Ma, 10; Kuiper et al. 2008) and calculated using the corrected Steiger and
232 Jager (1977) decay constant of 5.530 +0.097 x 10™° 1/yr (20) as reported by Min et al.

233 (2000). In total, 23-44 heating steps were applied for groundmass samples and, for

234  plagioclase, 19-24 steps were used (Table 4; Fig. 4). Groundmass samples displayed

235  discordant ages with the incremental heating patterns revealing significant argon recoil
236  (TNO37 D11-01) or both argon recoil and argon loss (TN037 D11-05; TNO37 D9-04). Both
237  groundmass samples also show relatively high K/Ca at lower temperatures indicating

238  substantial hydrothermal and seawater alteration. Even though the groundmass samples do
239  not provide reliable plateau ages, sample D11-05 exhibits a pseudo plateau (19% *°Ar) at
240  ~122 Ma that is supported by a concordant inverse isochrons age (Figure 4 inset) and an
241 “°Ar/**Ar intercept of 295 # 12 that is within the atmospheric value of 295.5. Since TN037
242  D11-05 also displays argon loss, this would be considered a minimum age. In a similar way,

243  sample TNO37 D9-04 gives a minimum age estimate of ~117 Ma for the ORI Massif.

244 Plagioclase separates were prepared on samples from Toronto Ridge only (Fig. 4).
245 TNO037 D13-02 contained 95% of the **Ar gas in the plateau with an MSWD of 0.80 and

246 provides a confident eruption age for lavas making up Toronto Ridge at 129.42 £ 0.32 Mg,
247  the same as the earlier reported age of 128.2 + 0.5 Ma (Heaton and Koppers, 2014) but

248  corrected using FCT-NM (28.201 Ma, Kuiper et al., 2008). The other two plagioclase analyses
249  displayed argon loss and some minor excess argon at the higher temperature steps. TNO37
250 D14-01A and TNO37 D14-01B are from the same rock, whereby D14-01B is visibly more

251  altered in hand sample than D14-01A, which is reflected in the higher K/Ca ratio patterns
252  (Fig. 4) observed during the incremental heating experiments. TNO37 D14-01A also displays

253  a pseudo plateau reflecting a minimum age of ~121 Ma and contains excess argon in the

12
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higher temperature steps, which is evident in the inverse isochrons diagram of this sample

as well.

In summary, the results provide a confident eruption age for the trachytes that
comprise Toronto Ridge at 129.4 + 0.3 Ma, but the other groundmass dating results only
provide minimum ages due to severe alteration of the samples and presence of excess
argon. However, some insight into the ages of the seamounts may be gleaned from those
discordant analyses, indicating that Cooperation seamount erupted at 2122 Ma and the

late-stage East ORI Massif summit sometime at 2117 Ma.

4.2 Trace element characteristics and alteration assessment

A potential problem of any geochemical study on old submarine samples is the effect
of seawater alteration and concomitant precipitation of secondary authigenic minerals,
especially in highly to moderately vesicular samples. The intimate association of
ferromanganese encrustation and phosphorization has been observed by, for example, Hein
et al. (1993) in equatorial Pacific seamounts and is known to occur on seamounts elsewhere
(Cullen and Burnett, 1986; Jarvis et al., 1994; Wheat et al., 1996). Thus, only samples that do
not show-anomalously high Fe,0s* and MnO and coupled high (=5 wt%) P,0s and CaO
(Tatsumi et al., 1998; Tejada, 1998), indicative of ferromanganese contamination and
phosphorization, were included in this study (Figs. 2-3). Note that for similar moderately to
highly phosphorized dredged rocks from an OJP seamount, Hanyu et al. (2015a) showed
that samples with P,Os below 5 wt% still preserve magmatic trace elements and isotope

compositions.
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Chondrite-normalized rare-earth element (REE) patterns also suggest that most of
the samples included in this study were not significantly affected by incorporation of
phosphates and ferromanganese oxide materials. Both phosphorization and
ferromanganese contamination could lead to elevated REE except Ce and possibly Eu
because of their lower relative contents in these materials (Fig. 5). Accordingly, samples
(e.g., TNO37-D1-10, TN037-D4-01) that show elevated REE coupled with apparently strong
negative anomalies in Ce and Eu, were not considered for isotope ratio determination (Fig.
5; Table 3). Note that most of the Cooperation Seamount samples display coherent rare
earth element patterns with no negative Ce anomalies, similar to the drillcore samples from
Site 465 on Hess Rise (Fig. 5), suggesting their generally fresher nature compared to most
Ojin Rise and Earthwatch seamounts samples. On the other hand, several samples from
both Ojin and North Flank Earthwatch seamount show only very little (D1-05, D1-08, D4-05,
D4-13) to minor (D1-12, D4-12) signs of relict (possibly microscopic) incorporation of Fe-
oxides or phosphates not completely removed by picking and acid cleaning. These samples,
together with the Cooperation Seamount samples, were therefore used for isotopic ratio

measurements.

Considering only samples that display the least altered trace element compositions,
the Earthwatch (North Flank, D4) and Ojin Rise (D1) samples show almost identical
characteristics that contrast clearly with those of Cooperation Seamount (D11) (Fig. 6). All of
the seamounts have enriched mantle compositions distinct from MORB in Zr/Y-Nb/Y
discrimination plot (Fig. 3). Both Earthwatch and Qjin Rise samples have relatively flat rare-
earth element patterns [(Ce/Yb),= 1.02-1.87 and 1.82-2.90, respectively] and only mildly

enriched multi-element primitive mantle-normalized incompatible trace element signatures

14



299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

with slightly depleted HREE (more pronounced for Ojin Rise seamount trachytes) and no
clear Nb-Ta anomaly (Fig. 6). Although the Ojin and Earthwatch seamount samples possess
higher absolute trace element concentrations, their multi-element patterns are identical or
very similar (except for elevated Rb, and U) to Shatsky's Normal type lavas such as found on
Shirshov Massif, the youngest Shatsky massif (Heydolph et al., 2014), and OJP tholeiites
(Tejada et al., 2002), respectively. The Qjin Rise trachytes share the steeper slope in-heavy
rare earth element and slightly humped-back shape of the Shirshov pattern relative to those
of the OJP tholeiites but with higher (Sm/Yb), ( = 2) (Figs. 3, 5-6). On the other hand, the
trace element patterns of the Earthwatch seamount samples are almost parallel with those
of the OJP basalts (neglecting the positive spikes in Rb, U, and La, which are indicative of
relict alteration) and have similar (Nb/Yb),, (Ce/Yb),, and (Sm/Yb), to TAMU and Shirshov
basalts (Fig. 3). Their chondrite-normalized rare earth element patterns are also elevated,
with a sloping trend in light rare earth elements relative to those of DSDP Site 464 Hess Rise
tholeiites, as shown by this and prior studies (Figs. 3 and 5; Seifert et al., 1981; Vallier et al.,

1983).

In contrast, Cooperation Seamount samples show strongly enriched primitive-
mantle-normalized incompatible trace element and REE patterns (Sm/Yb),= 3.1-3.4) similar
to alkalic ocean island basalts or to late stage alkalic rocks dredged from the Manihiki (e.g.,
D3, Ingle et al., 2007; Hoernle et al., 2008; 2009) and Hikurangi (Hoernle et al., 2005; 2010)
plateaus, which are considered part of the Greater Ontong Java plateau event (Taylor, 2006;
Davy et al., 2008; Hoernle et al., 2008, 2009, 2010; Timm et al., 2011). Their chondrite-
normalized rare earth element patterns run parallel and their absolute concentrations are

also very similar to the Hess Rise alkalic trachytes from DSDP Site 465A (Fig. 5; Table 2;
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Seifert et al., 1981; Scott, 1981). Furthermore, their trace element abundances are almost
overlapping (Fig. 6) with those of the Sigana alkalic basalt samples associated with the OJP

tholeiites (Tejada et al., 1996), except for Rb, Nb, and Sr.

4.3 Nd-Hf-Pb isotopes

The very similar trace element and REE patterns observed for the least altered
samples from each seamount indicate that they could be part of similar or the same
respective eruptive flows on each seamount. This is also shown in the measured (present-
day) Nd-Hf and Pb isotopic compositions of samples from each of the different seamounts
(Appendix B and Tables B.1 and B.2). As outlined in Appendix B, we prefer to use the isotope
dilution-derived parent-daughter ratios measured at UH for similar samples (based on
identical or similar trace element patterns) from each location to estimate the age-
correction on measured Nd and Pb isotopic ratios analyzed at GEOMAR (Table 3, Figs. 7 and

8).

Because of the more altered nature of some of the present samples compared with
those used in our previous works, we have used a strong leaching technique (e.g., Mahoney,
1987; Mahoney and Spencer 1991), which was also adopted by Nobre-Silva et al. (2009;
2010), during the earlier part of the study (Appendix B; Tejada, 1998; Tejada et al., 2001).
Strong leaching recovers near magmatic isotope values but also affect Sm, Nd, and Th
concentrations in more altered rocks, which leads to elevated age-corrected Nd isotope
ratios (e.g., Thompson et al., 2008) and **®Pb/***Pb values as reported by Huang et al. (2005).

Based on our own previous works and experience (e.g., Tejada, 1998; Hoernle et al., 2010;
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Heydolph et al., 2014), as well as the results from the few strongly leached samples, we
found that for old and moderately altered rocks, weak leaching on chips before digestion
and determination of parent-daughter ratios on the same sample solution used for isotopic
ratio measurements is the best compromise to derive the original near-magmatic Nd and Pb
isotopic composition. For this reason, we used the isotope-dilution-derived parent-daughter
abundances from powder splits made from acid-cleaned (weakly leached) chips for age-
correction of all the isotope data within the same magmatic suite of rocks (Table 3,
Appendix B). This method is tantamount to applying an average age-correction for each
magmatic suite based on representative samples for each group and results in convergence
in the isotopic data for strongly- and weakly- leached samples for each seamount and less

scatter in isotope plots (Table 3, Figs. 7-8; Appendix B).

4.3.1 Toronto Ridge and ORI Massif, Shatsky Rise (129 Ma)

Isotopic data for Sr, Nd, and Pb for Toronto Ridge on Shatsky Rise were reported previously
(Mahoney et al., 2005) but are age-adjusted here (using standard radiogenic growth
equations) to the new eruption age of 129 Ma. The age-corrected isotopic compositions, are
ena(t) = +9.9, (*°°Pb/***Pb)=18.17, (**’Pb/***Pb)=15.45, and (**®Pb/***Pb);=37.74, which plot
well within the isotopic field of the drilled Shatsky Rise basement and overlap or plot very
close to those of TAMU Massif basement with €yg(t) = +9.0 to +10.5, (206Pb/204Pb)t:18.151—
18.464, (*°’Pb/***Pb)=15.453-14.471, and (***Pb/***Pb),=37.718-37.970 (Heydolph et al.,
2014). Compared to ORI massif dredge sample D9-01B (Mahoney et al., 2005), the Toronto
Ridge trachyte possesses slightly higher enq(t), (*°°Pb/***Pb); and lower (**’Pb/***Pb); (Figs. 7-

8).
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4.3.2 Hess Rise (>110 Ma)

The initial isotopic compositions for Hess Rise (using 110 Ma for age correction)
show two distinct signatures, indicating a significant systematic difference between the
sources of the two DSDP sites 464 and 465A lavas. Site 464 tholeiites yield relatively
depleted isotopic compositions, with (*°°Pb/***Pb)= 18.15-18.29, (**’Pb/***Pb),= 15.48-15.50,
and (*®*Pb/***Pb).= 37.86-37.96, enq(t) = +8.3 to +8.9, and e(t) = +14.5 plotting within the
data ranges reported for the Shatsky Rise plateau in all isotope plots (Figs. 7-8). In particular,
the Site 464 Hess Rise data plot close to those of the ORI dredge sample, TNO37-D9-01B
(Mahoney et al., 2005) and both have isotopic compositions thatare within the range of
normal type basalt from ORI Massif drill Site U1350, with (***Pb/***Pb);= 18.068-18.645,
(*’Pb/***Pb).= 15.437-15.473, and (**®Pb/***Pb),= 37.616-38.103, £y4(t) = +8.7 to +10.0, and

en(t) = 10.4 to +15.0 (Heydolph et al., 2014), except for the slightly higher (**’Pb/***Pb);.

In contrast, Site 465A trachytes are isotopically much more enriched than Site 464
tholeiites, with (*°®Pb/***Pb),= 19.00-19.07, (**’Pb/***Pb),= 15.59-15.60, and (***Pb/***Pb).=
39.24-39.41, e\4(t). = +5.5 to +6.1, and €(t) = +6.8 and plot close to the data fields for
dredged Manihiki tholeiites and Hikurangi alkalic basalts (Mahoney and Spencer, 1991;
Hoernle et al., 2005; 2010; Timm et al., 2011) except for their higher (***Pb/***Pb); ratios
(Figs. 7-8). These isotopic compositions also plot close or within the compositional fields for
Samoan shield basalts in all isotope plots. The low gx(t) and high (*°°Pb/***Pb); of Site 465A
trachytes indicate more affinity with HIMU-type basalts from Hikurangi and Manihiki
plateaus (Hoernle et al., 2005; 2010). For reference, other alkalic rocks from Manihiki
plateaus, as well as the alkalic rock associated with the OJP, also have age-corrected

205p}y /20%pp ratios of greater than 19 (Hoernle et al., 2010; Tejada et al., 1996). The isotopic
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contrast with those of Site 464 tholeiites is much greater than can be expected from
possible effects of crystallization with attendant assimilation of oceanic lithosphere
(presumably with MORB-like isotopic compositions) to form the Site 465A trachytes from

alkalic basalts with the same source as the Hess Rise tholeiites.

4.3.3 Ojin Rise, Earthwatch, and Cooperation seamounts (>120 Ma)

The samples from the Ojin Rise seamounts also show a range of isotopic
compositions with distinct differences between the easternmost and westernmost
seamounts (Figs. 7-8). Sample D2-01 from Victoria Seamount, closest to Shatsky's Shirshov
Massif, has eng(t) = +7.0, (*°°Pb/?°*Pb),=18.32, (**’Pb/***Pb)=15.54, and (***Pb/***Pb),=38.18.
These values are relatively closer to Shatsky Rise than to the Ojin Rise Seamount 6
compositions, especially in Pb-Pb diagrams. The data points plot consistently near the OJP
fields in eng(t) vs. (*°°Pb/?**Pb); and all Pb-Pb isotope diagrams. Trachytes from Seamount 6
have eyg(t) = +6.8 to +10.1, £4(t) = 9.3 to +10.0, (**°Pb/***Pb)=18.65-18.87,
(*’Pb/***Pb),=15.55-15.58, and (***Pb/***Pb),=38.65-38.86, values that are transitional
between those of the isotopically more depleted (predominantly tholeiitic) Shatsky lavas
and the more radiogenic Hess Rise Site 465 trachytes and dredged Manihiki and Hikurangi
alkalic rocks. - These isotopic compositions also plot close to those of the older (80-65 Ma)
Louisville alkalic basalts (Cheng et al., 1987; Beier et al., 2011; Vanderkluysen et al., 2014;
Williams et al., 2014) that show affinity to a focal zone mantle (FOZO; Hart et al., 1992)
inferred to represent a common component in the source of some ocean island basalts and

in both Manihiki and Hikurangi plateaus (Hoernle et al., 2010; Timm et al., 2011).
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Like Victoria Seamount, Earthwatch Seamount data, from the northern flank of
Shatsky Rise, have isotopic compositions of eng(t) = +4.9 to +5.4, exe(t) = +8.2 to +9.7,
(*%Pb/***Pb)=17.95-18.17, (**’Pb/***Pb),=15.55-15.56, and (*°®Pb/***Pb),=37.99-38.14] that
plot close or within the data fields for Ontong Java and Hikurangi plateau basalts, except for
slightly higher (**’Pb/?®*Pb); (Figs. 7-8). Although the lower initial Pb isotope ratios of these
samples compared to Ojin Rise trachytes could be an artifact of a possible over-correction
due to alteration-modified higher parent-daughter ratios, the Pb isotopic composition is
consistent with their (more alteration-resistant) exq(t) and eue(t) values that are also more
OJP-like (Fig. 7). Their isotopic compositions are also consistent with their lower (Sm/Yb),,
(Nb/Yb), and (Ce/Yb)n compared to Ojin Rise seamounts and with their trace element
patterns that are more OJP-like, except for being shifted to higher abundances (Figs. 3 and

6).

In contrast, the Pb isotopic compositions of samples from the Cooperation Seamount,
despite its location at the center of Shatsky Rise, differ markedly from those of the plateau
basalts and Toronto Ridge and are shifted toward the more radiogenic Pb isotopic
compositions of the Ojin Rise Seamount 6 trachytes (Figs. 7-8). Compared to the Seamount
6 data, however; these samples display a smaller range of isotopic compositions, with
(°8pb/?®*Pb).= 38.72-39.02, eng(t) = +7.3 to +8.7, higher (**°Pb/***Pb).= 19.04-19.09 and €u(t)
=+11.6 to +11.7 and lower (**’Pb/***Pb)= 15.54-15.55 for a given (*®Pb/***Pb).. This
composition is more akin to the Jurassic alkalic basalts overlying Jurassic MORB at ODP Site
801 (Castillo et al., 1992; Hauff et al., 2003) except for their higher exs(t) and (**Pb/***Pb)..
The data also plot close or within those of dredged Manihiki tholeiites and Louisville alkalic

rocks.
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5. Discussion

5.1 A Shatsky-Hess connection?

Several lines of geophysical and geochemical evidence suggest a hotspot origin for Shatsky
Rise (Sager, 2005; Heydolph et al. 2014). These include the sheer volume and thickness of its
oldest edifice, TAMU Massif, designated as the single largest volcano on Earth (Sager et al.,
2013) and associated high eruption rate of 1.7 km>/y estimated for this volcanic edifice
(Sager and Han, 1993), which is comparable to that of Deccan and North Atlantic Tertiary
Province flood volcanism (e.g., Richards et al., 1989; Coffin and Eldholm, 1994). Furthermore,
the greater estimated depth of melting and higher degree of melting compared to MORB
(Sano et al., 2012; Husen et al, 2013; Kimura and Kawabata, 2015 ) and the isotopic
composition of several Shatsky basalts (Heydolph et al., 2014, Hanyu et al., 2015b),
combined with the composition of Shirshov basalts plotting within the Iceland Array in Zr/Y-
Nb/Y plot (Fig. 3), suggest'a magma source distinct from the MORB source. A corollary of the
plume initiation model is the prediction of a post-plateau hotspot track of seamounts, as

I”

trace of the “plume tail” that can be linked to a plateau. From Mesozoic plate-boundary
reconstructions, Nakanishi et al. (1989; 1999) concluded that the Shatsky Rise hotspot
formed the Papanin Ridge up to M5 time (128 Ma), after which it diminished in activity,
disappearing entirely for a time shortly after the plate motion direction changed. This
general picture is corroborated by paleolatitude measurements derived from nearby
seafloor, indicating a southward motion of the Pacific plate prior to a change to northward

motion after about 125 Ma (Larson et al., 1992; Sager, 2007). The change in plate motion is

evident in the bend or “hook” of the Papanin Ridge at about 43°N (Fig. 1), which has been
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suggested to imply a link between Shatsky Rise and Hess Rise (Pringle and Dalrymple, 1993;
Kroenke and Sager, 1993; Bercovici and Mahoney, 1994; Sager et al., 1999; Nakanishi et al.,
1999). Some workers suggest the possibility for the presence of two hotspot tracks in the

vicinity of Shatsky Rise (e.g., Nakanishi et al., 1999; Sager et al., 1999) via the Papanin Ridge

and/or the Ojin Rise Seamounts (solid and dashed arrows in Fig. 1b, respectively).

Given a possible link from Shatsky Rise to Hess Rise via either the 43°N Papanin
Ridge bend or the Ojin Rise Seamounts, the two plateaus may have been formed from the
same source. Hess Rise data cluster into two distinct isotopic groups, with the tholeiites
from its northern branch, Site 464, overlapping the compaositional fields for the tholeiitic
Shatsky Rise plateau basalts in all four isotopic systems (Figs. 7 and 8). Although based only
on one drill site and therefore to be treated with caution, this isotopic similarity provides
strong support for the idea of a common source for both plateaus since the Hess Rise
tholeiites do not show any other systematic and consistent compositional similarity with any
other Pacific oceanic plateau or' OIB compositional field in all four isotopic systems (Figs. 7,
8). Site 464 sits on seafloor formed during the Cretaceous Normal Superchron (CNS; 120.4-
83.5 Ma, e.g., Chandler et al., 2015). The age difference of ~30-35 m.y. between the
initiation of Shatsky plateau volcanism (145 Ma, Geldmacher et al., 2014; Heaton and
Koppers 2014) and the minimum age of the Site 464 basement (2110 Ma, Thiede et al.,
1981) (Figs.1, 9; Table 1) based on biostratigraphic dating reflects a similar time lag between
the two main volcanic pulses detected at Ontong Java (e.g., Mahoney et al., 1993; Tejada et
al. 2002; Hoernle et al., 2010). Interestingly, tholeiitic lavas from the two volcanic episodes
on OJP possess similar isotopic signatures (Mahoney et al., 1993; Tejada et al., 2002)

analogous to those of Shatsky and Hess Rise tholeiites, although minor occurrences of
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alkalic dikes having HIMU-type compositions (Tejada et al., 1996; Hoernle et al., 2010) were
also found. A model evolution of a Shatsky Rise mantle source that has previously
undergone 15% melting in the garnet stability field (Sano et al., 2012) and isotopically
evolved ~30-35 Ma thereafter shows isotopic signatures akin to that of Hess Rise mantle
source at 110 Ma (Fig. 10), supporting a genetic link for the two rises. Age-correction of Hess

Rise isotope composition to 145 Ma produced similar results.

Two (or even multiple) episodes of plateau volcanism also have been observed at
other large igneous provinces such as the Broken Ridge-Kerguelen (Coffin et al., 2002) or Rio
Grande Rise/Walvis Ridge-Parana/Etendeka (O'Connor and Duncan, 1990; Rohde et al.
2013) flood basalt pairs. Recent geophysical investigation also suggests multiple phases of
magmatic activity on Manihiki Plateau (Pietsch and Uenzelmann-Neben, 2015). Proposed
models for double or multiple plateau-forming events include separation or stalling of a
starting mantle plume head while crossing the interface between upper and lower mantle
(Bercovici and Mahoney, 1994; Fitton et al., 1997) and secondary instabilities during ascent
(van Keken et al., 1997). The latter may be induced when the upwelling plume contains
dense lithologies (Lin and van Keken, 2005) such as eclogite, which would be consistent with
the presence of entrained recycled material as indicated by the isotopic composition of
some Shatsky Rise lavas (Heydolph et al., 2014; Hanyu et al. 2015b). Alternatively, Hess Rise
could represent a second LIP eruption formed by interaction of the same melting anomaly

with another triple junction (Sager, 2005; Davies et al., 2015; O’Connor and Jokat, 2015).
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5.2 Shatsky-seamounts connection?

The transition from plateau to seamount volcanism is often attributed to the waning
magmatic activity because of declining temperature and depth of melting, resulting in lower
degrees of melting of the same source with no significant change in isotopic composition of
volcanic products with time. This is the case for the Toronto Ridge trachytes that retain
identical isotopic compositions with the TAMU massif tholeiites (Figs. 7-8). The change in
degree of magmatic output may also result in compositional change in volcanic products if
the scale of heterogeneity in the mantle source is smaller than the degree of melting,
resulting in preferential sampling of enriched material by low-degree melts. Alternatively, a
compositional change in volcanic products would also result from sampling of totally
different materials in a mixed or a zoned mantle source. The large contrast between Shatsky
basalt composition and those of the seamounts suggests the latter two possibilities. None
of the seamounts has compositions that can be consistently derived from Shatsky mantle
source in all isotope plots but theirindividual estimated source composition constantly plot
toward the more enriched lower bound composition of Shatsky Rise mantle source at 145
Ma, except for Pb isotopes (Fig. 10). Furthermore, the combined range of seamount isotopic
composition overlaps with the range of the Shatsky Rise data in all isotope plots. The
increase inthe range of isotopic composition with time could suggest less homogenization
of inherent plume heterogeneities caused by decreasing degree of melting (e.g., less
dilution of enriched plume components by large melting volumes; Heydolph et al., 2014) or
melting of axial zone material from the lower mantle (i.e., in a zoned plume mantle model).
The second possibility is similar to a model proposed for Iceland, wherein a mantle plume

originating from the lower mantle that stalls at 670 km discontinuity would contain mostly
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of heated upper mantle envelope that melts first, followed by entrained lower mantle
material along its axial zone (Fitton et al., 1997). This model could also account for the
MORB-like composition of the Shatsky Rise massifs and the more OIB-like signatures of the

seamount trails associated with it.

5.2.1 Cooperation and Ojin Rise seamounts link to plateau volcanism?

The isotopic composition of Cooperation Seamount and the sampled Ojin Rise
seamounts (D1) approach those of Louisville and some Samoan shield basalts (Figs. 7-8)
inferred to represent a focal zone (FOZO; Hart et al., 1992) component, proposed to
represent lower mantle material, which is also suggested as a main component in the
Manihiki, Hikurangi, and possibly Ontong Java, plateau sources (Hoernle et al., 2010; Timm
et al,, 2011; Tejada et al., 2015a). Like the Ojin Rise and Cooperation seamounts, the
numerous seamounts superimposed on the Manihiki and Hikurangi plateaus began to form
about 20 m.y. after the plateau-forming event. The formation of late stage, low volume,
alkalic volcanic structures seems to be a common phenomenon on many (if not most)
oceanic plateaus, e.g.,/at Ontong Java, Manihiki, and Hikurangi plateaus (Beiersdorf et al.,
1995; Tejada et al., 1996; 2015b; Ingle et al., 2007; Hoernle et al., 2008; 2009; 2010; Timm

et al., 2011; Shimizu et al., 2015; Pietsch and Uenzelmann-Neben, 2015).

The transition to a more radiogenic Pb isotopic composition also coincidentally
appears to accompany the second eruption phase in both Shatsky-Hess and OJP. For Hess
Rise, this is evident from the trend of the southern Hess Rise Site 465 trachytes isotopic
compositions [minimum age of ~95 Ma (Pringle and Dalrymple, 1993), ~10 million years
younger than the northern Hess Rise Site 464 tholeiites] toward high integrated U/Pb

(HIMU)-type isotope composition. Likewise, alkalic basalts from the 90 Ma Sigana eruptive
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event on the Ontong Java Plateau and from the 75-82 Ma Manihiki and 67-99 Ma Hikurangi
seamounts also show a HIMU-type (characterized by radiogenic 2°®Pb/***Pb isotopic
composition) affinity, indicating that such a component may have been also present in the
greater Ontong Java mantle source (Tejada et al., 1996; Hoernle et al. 2005; 2010; Timm et
al., 2011). HIMU-type mantle evidently was also involved in producing the older (157 Ma)
ODP Site 801 alkalic lavas (Figs. 7 and 8) and the younger (~120 Ma) Cooperation Seamount
and Marcus-Wake Seamounts to the south (Staudigel et al., 1991; Castillo et al., 1992;
Konter et al., 2008; Shimoda et al., 2011), 10-25 m. y. before and after emplacement of the
TAMU and ORI massifs. Thus, this HIMU-type mantle source'seems to be present in a large
and apparently long-lived thermally and isotopically anomalous region in the South Pacific
(Staudigel et al., 1991), close to where the oceanic plateaus formed, and possibly represent

plume mantle material in the Shatsky Rise source.

5.2.2 North Flank-Papanin link to plateau volcanism?

Papanin Ridge seems to be the clearest morphological link between Shatsky and
Hess Rise (solid arrow-in Fig. 1). Unfortunately, no samples are available from the Papanin
Ridge. However, our data from the Earthwatch Seamount (D4) on the North Flank of the
Shirshov Massif, adjacent to Papanin Ridge, imply the presence of an OJP-like mantle
component (Figs. 7 and 8), suggested to represent near-primitive lower mantle material
(Tejada et al., 2004; Jackson and Carlson, 2011) at the end of Shatsky plateau volcanism. It is
also noteworthy that the sample from Victoria Seamount (D2) located closest to Shirshov
Massif, also possesses isotopic compositions with OJP-like signature in Pb-Pb and Pb-Nd
plots. Together with the northward-decreasing volume of LIP volcanism, the most OJP-like

Shatsky Rise isotopic composition coincides thus far with the smaller and youngest end of
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the rise (North Flank). The trend to more OJP-like signature can be construed as the
transition to lower mantle-like composition during the plume head to tail stage of hotspot
development, favoring the North Flank-Papanin Ridge connection. However, this

interpretation needs to be verified by more and proper samples from the Papanin Ridge.

Alternatively, the trend for the Victoria and Earthwatch seamount compositions to
OJP-like isotopic signature may also indicate contamination of their sources by OJP-plume
mantle upwelling at that time (~120 Ma), just as inferred for the origin of the central Pacific
Basin basalts of similar early Cretaceous age (Janney and Castillo, 1996) and the Cretaceous
Pacific lithosphere beneath the Hawaiian North Arch Volcanic Field (Frey et al., 2000).
However, given the uncertainty in ages and the small number of samples available from
these seamounts, the distinction of whether a'more enriched composition is intrinsic to the
Shatsky source or reflects a basin wide contamination by OJP magmatism cannot be fully
evaluated at this point. Better age control and more geochemical data are required from

fresher samples from these two seamounts.

5.3 Alternative origin for the seamounts

The presence of clusters and linear trails of seamounts around and originating from
Shatsky Rise could also reflect the interaction of plate boundaries with a long-lived mantle
anomaly similar to the South Pacific superswell that may have produced Shatsky-Hess and
later, Ontong Java, Manihiki, and Hikurangi plateaus (Sager, 2005). In some cases, volcanic
elongate ridges or continuous lines of coeval volcanism extending from a region of

intraplate volcanism to a spreading center could develop (O’Connor et al., 1998; 2001),
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which could be the same situation for the Ojin Rise trail of seamounts that emanate from
Shatsky Rise. Most of the seamounts forming Qjin Rise are assembled parallel to magnetic
lineations suggesting they formed along a ridge (Nakanishi et al., 1999; Sager et al., 1999).
They also have small gravity anomalies, which suggest that they formed near a ridge axis
(Sager et al., 1999). In addition, the subcircular morphologies of the Ojin Rise seamounts
(Sager et al., 1999; Nakanishi et al., 1999) are reminiscent of some East Pacificand Mid-
Atlantic near-ridge seamounts (e.g., Batiza et al., 1989). The enriched MORB (E-MORB)-like
trace element abundances, combined with isotopic signatures that trend toward enriched
sources are also consistent with a near-ridge seamount origin for the Ojin Rise seamounts in

the vicinity of a hotspot (e.g., Hoernle et al., 2011; O’Connor et al., 2012).

On the other hand, shallow, deformation-related volcanism could also occur during
plate reorganization (e.g., Line Islands, Sager and Keating, 1984; Musicians Seamounts,
O’Connor et al., 2015) or local extension and may have been responsible for the formation
of younger seamounts between the massive Shatsky Rise massifs, such as the Cooperation
Seamount. However, unlike the purely deformation-related volcanism forming the
Musicians Seamounts, the OIB-like major and trace element compositions of the
Cooperation Seamount (Tatsumi et al., 1998) combined with the more radiogenic Pb
isotopic compositions than MORB require a hotspot-influenced or mixed mantle source
input. Cooperation Seamount lies in a northeast-trending basin bounded by the faulted
flanks of the TAMU and ORI massifs (Sager et al., 1999). The strong linear morphology of
the seamount, which parallels the basin axis and other nearby linear volcanic ridges, also
suggests structural control on its formation. This strong linear nature could be associated

with rifting between the two massifs soon after they were emplaced (Nakanishi et al., 1999;
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Sager et al., 1999). Similar to Ojin Rise and Cooperation Seamount, the high °°Pb/***Pb-
type dredged Manihiki Plateau alkalic rocks were also recovered near the Danger Island
Trough and may have possibly formed in a rifting environment (Ingle et al., 2007; Timm et
al., 2011; Nakanishi et al., 2015). An extensional environment may have promoted small
degrees of melting that tapped the less refractory component in the underlying mantle,

followed by possible mixing with depleted shallow mantle.

5.4 Insights into the formation and mantle source evolution of Shatsky-Hess Rise

The formation of Shatsky Rise is unique in many aspects compared to the Ontong
Java, Manihiki, Hikurangi, and Kerguelen plateaus. Geophysical studies have shown that
Shatsky Rise was built up of discrete volcanoes that progressively become smaller with time
and that each massif may have been constructed within a few million years (Sager et al.,
1999; 2011; 2013; Nakanishi et al., 1999; Sager, 2005; Zhang et al., 2015). Nevertheless,
younger features like basement-top ridges and seamounts also appear to occur on the
volcanic massifs (Sager et al., 1999). Based on our new >°Ar/*°Ar age results from dredged
rocks from Toronto Ridge on TAMU and from the eastern summit of ORI, there is evidence
that the volcanic edifices may have been built in multiple stages and over an extended
period of time, i.e., up to 15 million years (145-129 Ma for TAMU and 134-117 Ma for ORI,
Mahoney et al., 2005; Geldmacher et al., 2014; Heaton and Koppers, 2014) after initial
formation of the massifs. Interestingly, although based only on few data, the isotopic
composition appears to have remained similar throughout the development of each massif
[e.g., TNO37-D14 vs. Site U1437 (TAMU) and TN037-D9 vs. Site U1350 (ORI); Figs 7-8]. Note

that a comparable range in age (118-96 Ma) was also determined on isotopically similar
29



638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

Hikurangi Plateau dredged basalts (Hoernle et al., 2010). This trend contrasts with that of

Hawaiian volcanoes.

As Hawaiian volcanoes migrate over a melting anomaly, they evolve from building a
voluminous shield stage of tholeiitic basalt followed by the post-shield stage formed of
dominantly alkalic lavas (Clague and Dalrymple, 1987), which is thought to be the end of the
shield building stage (Moore and Clague, 1992). After a temporal hiatus, alkalic
rejuvenated-stage lavas may erupt. A diagnostic geochemical feature of this evolution is
that the alkalic lavas are enriched in highly incompatible elements but they have lower
BNd/**Nd and higher 8’Sr/2®sr than the tholeiitic shield basalts (Chen and Frey, 1985;
Gaffney et al., 2005; Fekiacova et al., 2007). The change to late-shield may also occur shortly
before the end of the shield building stage (Moore and Clague, 1992). Whether or not the
younger volcanism on TAMU massif represents the end of the shield-building stage or an
expression of rejuvenated volcanism similar to Hawaiian volcanoes (e.g., Moore and Clague,
1992; Frey et al., 2000) has an implication on the mode and timing of plateau emplacement
and is an interesting question for future investigation. For instance, although the bulk of the
TAMU massif was emplaced at 145 Ma, the presence of younger (133.9+£2.3 Ma;
Geldmacher et al., 2014) flows toward the top of the drilled section at Site U1347 combined
with the almost overlapping age (129.42+0.32 Ma) of the isotopically similar Toronto Ridge
lavason top of the massif suggest continued magmatic activity from the same source at
145-130 Ma. Nevertheless, the volcanic sandstone layers separating the younger flows at

Site U1347 could represent short temporal hiatuses (Sager et al., 2011).

The similar initial source composition and geochemical evolution supports a

plausible connection between Shatsky Rise and Hess Rise, with the latter probably
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representing either a resurgent plume head pulse (Bercovici and Mahoney, 1994) and/or a
triple junction-aided second LIP eruption (Sager, 2005; Davies et al., 2015; O’Connor and
Jokat, 2015). Each of these rises could have evolved from plateau-building stage composed
of isotopically-depleted tholeiites forming the large massifs to post-plateau building stage
consisting of isotopically-enriched trachytes forming the much smaller seamounts, e.g.,
Shatsky Rise to Cooperation-Earthwatch-Ojin seamount and Hess Rise to Site 465A
seamount (Fig. 10). Like Shatsky Rise, a short chain of seamounts of alkaline composition
(Wentworth Seamount Chain, Fig. 1b) extending SE from southern/Hess Rise, i.e. from Site
465, (intersecting with the much younger Hawaiian-Emperor chain), seems to show an age
progression that is consistent with being a classical hotspot track associated with the Hess
Rise (Pringle and Dalrymple, 1993). Although the results of this study cannot unequivocally
provide a direct link between the plateaus'and seamount volcanism, further investigation of
these similar trends of mantle source variation, not only between Shatsky and Hess Rise but
also Ontong Java, Manihiki, and Hikurangi plateaus could lead to a better understanding of

the origin, evolution, and emplacement mode of most Pacific oceanic plateaus.

6. Conclusions

The isotopic similarity between the low- 2%Pb/?°*Pb Site 464 tholeiites from Hess
Rise and the tholeiitic Shatsky Rise plateau basalts are consistent with a common source.
The seamounts, except for the Toronto Ridge, cannot be directly linked to Shatsky Rise. The
presently available data do not allow us to rule out either Cooperation-QOjin Rise or North

Flank-Papanin Ridge connection between the two plateaus. More sampling and data,
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683  particularly from North Flank and Papanin Ridge, are needed to better constrain their

684  relationship with Shatsky Rise.

685 The seamount volcanism could be an expression of source heterogeneity or

686  geochemical evolution of the Shatsky-Hess mantle source with time. The isotopic

687  compositional variation from depleted MORB-like composition to FOZO- or OJP-like to
688  HIMU-like could reflect the transition from the plume head (dominated by entrained
689  shallow mantle) to the plume tail (dominated by lower mantle material comprising the
690 plume axis). Alternatively, the isotopically enriched mantle components may have been
691 tapped during intermittent volcanism over a long-lived mantle anomaly similar to the
692  present-day South Pacific Superswell, interacting with triple junction and tectonic

693  deformation. Further age and geochemical data are needed to fully evaluate these

694  possibilities.

695 New *°Ar/*°Ar age dating confirms that the TAMU Massif of Shatsky Rise may have
696  been built in several stages and over a period of about 15 m.y. The isotopic data from the
697  younger Toronto Ridge reveal that the source composition, however, appears to have

698 remained constant over the entire history of formation of the TAMU Massif.
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Figure captions

Figure 1. a) Bathymetric chart of Shatsky Rise with previous ocean drilling sites and R/V
Thompson expedition TNO37 dredge hauls modified after Sager, et al., 2011. Ages
from *°Ar-°Ar dating (Mahoney et al., 2005; Koppers, 2010; Geldmacher et al., 2014;
Heaton and Koppers, 2014; this study) and range in seafloor magnetic anomalies
(Sager et al., 1999; Nakanishi et al., 1999) are shown. b) Regional overview map with
selected magnetic lineations (dashed lines), location of DSDP drill sites on Hess Rise,
and reconstructed paths of volcanism (hotspot tracks) with assumed ages based on

magnetic data (after Sager, 2005) combined with age data for the Wentworth
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727 Seamount Chain (WC) (Pringle and Dalrymple, 1993). The dashed arrow represents a
728 possible second hotspot track between Shatsky and Hess Rise, following the Ojin Rise

729 Seamount trail (e.g., Sager et al., 1999; Nakanishi et al., 1999).

730  Figure 2. Bivariate plots of selected major element oxides vs. MgO for the TNO37 dredged

731 volcanic rocks (gray symbols; Tatsumi et al., 1998), Shatsky Rise (Sano et al., 2012),
732 and Hess Rise (Seifert et al., 1981). Samples selected for this study are highlighted by
733 the same but colored and bigger symbols.

734  Figure 3. Bivariate plots of Nb, Zr, Nb/Y, Zr/Y and chondrite-normalized Sm/Yb , Ce/Yb and

735 Nb/Yb for the least altered Ojin (D1), Earthwatch (D4), and Cooperation (D11)
736 seamount samples compared with drilled Hess Rise and Shatsky Rise basalts data
737 from the TAMU, ORI, and Shirshov massifs (Seifert et al., 1981; Sano et al., 2012).
738 The Zr-Nb plot and data fields for mid-ocean ridge basalts (MORB), ocean island
739 basalts (OIB), Ontong Java Plateau (OJP) and Iceland are from Fitton and Godard
740 (2004). The plumevs. MORB mantle discrimination plot, Zr/Y-Nb/Y, showing the
741 Iceland Array'is from Fitton et al. (1997).

742 Figure 4. High-resolution incremental heating *°Ar/*°Ar age analyses for the TN037 dredged

743 rocks (left column) and cumulative amount of **Ar released plotted against K/Ca

744 ratios (right column) for Toronto Ridge (top), Cooperation Seamount (middle), and
745 ORI Massif (bottom). The reported “°Ar/*°Ar ages are weighted age estimates and
746 errors on the 95% confidence level including 0.1-0.2% (10) deviations in the J-value.
747 All samples were monitored against FCT-NM sanidine (28.201 + 0.081 Ma, 10; Kuiper
748 et al., 2008). Data are listed in Table 4.
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Figure 5. Chondrite-normalized rare earth element patterns for Hess Rise, Qjin Rise (D1),

Earthwatch (D4), and Cooperation (D11) seamount samples compared to those of
phosphorites (Garnit et al., 2012), and Pacific Fe-oxide rich sediments (Kato et al.,
2011) shown at the bottom panel. Samples without the “D” prefix in their labels are

from Hess Rise drill sites. Chondrite values are from McDonough and Sun (1995).

Figure 6. Primitive mantle-normalized incompatible trace element patterns for Cooperation

Seamount (D11) and least altered Ojin Rise (D1) and Earthwatch (D4) seamounts (top
panel) samples compared to those of Manihiki (Ingle et al., 2007) and OJP (Tejada et
al., 1996) alkalic rocks, most trace element-enriched Shirshov (Sano et al., 2012), and
average Kwaimbaita and Singgalo-type edifice-forming tholeiites inferred to be
products of plume head mantle melting (Tejada et al., 2002). Both the Singgalo and
Shirshov basalts represent the latest plateau-forming eruption products of OJP and
Shatsky Rise, respectively, presumed to show transitional composition closest to
those of the seamount samples. Primitive mantle values are from McDonough and

Sun (1995).

Figure 7. Plots of initial exg(t) vs. ex(t) and (*°°Pb/***Pb), for Hess Rise (circles), Toronto Ridge

(open square), and Ojin (diamonds), Earthwatch (filled squares), and Cooperation
(triangles) seamount samples, together with fields for modern MORBs (White et al.,
1987; Mahoney et al., 1994; Schiano et al., 1997; Chauvel and Blichert-Toft, 2001;
Andres et al., 2002; Escrig et al., 2004; Janney et al., 2005; Agranier et al., 2005;
Debaille et al., 2006; Hamelin et al., 2011 and PetDB database), Shatsky Rise
(Mahoney et al., 2005; Heydolph et al., 2014), OJP (Tejada et al., 2002; 2004; 2013),

Manihiki Plateau (Mahoney and Spencer, 1991; Ingle et al., 2007; Hoernle et al.,
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2010; Timm et al., 2011), Hikurangi Plateau (Hoernle et al., 2010), Nauru Basin
(Castillo et al., 1991); ODP Site 801 Jurassic alkalic basalts (Castillo et al., 1992; Hauff
et al., 2003). Also shown are age-corrected and estimated 120 Ma mantle source
fields (except for Hf isotopes) for Mangaia Group islands (Vidal et al., 1984; Palacz
and Saunders, 1986; Nakamura and Tatsumoto, 1988; Chauvel et al., 1992; Hanyu et
al., 2011), Pitcairn (Eisele et al., 2002), Samoa (Patchett and Tatsumoto, 1980; Hart
et al., 2004), Rarotonga (Hanyu et al., 2011), and Louisville (Cheng et al., 1987; Beier
et al., 2011; Vanderkluysen et al., 2014; Williams et al., 2014) seamounts. The 120
Ma mantle source fields are drawn using the following 147Sm/144Nd and 238U/2°4Pb
values: 0.24 and 5 for MORB source (White, 1993; Mahoney et al., 1998) and 0.20
and 22 for the Mangaia Group source (Chauvel et al., 1992). Abbreviations: MP=

Manihiki Plateau; HP= Hikurangi Plateau; KK= Kroenke-Kwaimbaita; Sg= Singgalo

Figure 8. Initial (*°®Pb/?**Pb); vs. (*°*Pb/?®*Pb); (a) and (**’Pb/***Pb); vs. (**°Pb/***Pb); (b) for

Hess Rise, Toronto Ridge, and Earthwatch, Ojin Rise, and Cooperation Seamount
samples. Symbols, fields and data sources are as in Fig. 7. The Th/U values used for
age-adjustments of Pb isotopic compositions are 2.5 for MORB (White 1993) and 3.2

for the Mangaia Group (Chauvel et al. 1992).

Figure 9. Compilation of ages derived from “°Ar->°Ar and biostratigraphy for Shatsky

(Mahoney et al., 2005; Koppers, 2010; Geldmacher et al., 2014; Heaton and Koppers,
2014; this study) and Hess Rise (Thiede et al., 1981; Pringle and Dalrymple, 1993)
compared to Ontong Java Plateau (Mahoney et al., 1993; Tejada et al., 1996; 2002;
Sikora and Bergen, 2004), Manihiki Plateau (Ingle et al., 2007; Hoernle et al., 2010;

Timm et al., 2011) and Hikurangi Plateau (Hoernle et al., 2010).
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Figure 10. Initial (*°°Pb/?°*Pb),, (**’Hf/*""Hf),, and (***Nd/***Nd); vs. age plots for Shatsky Rise

(Heydolph et al., 2014), Hess Rise, and the seamounts. Also shown are model
evolution curves for OJP, primitive mantle (PM), and MORB sources (from Tejada et
al., 2004), and the evolution band for Shatsky Rise mantle source with the solid curve
representing the average for TAMU Massif data and the width of the band
representing the lowest and highest values derived from all Shatsky Rise data
(Heydolph et al., 2014). Parent-daughter ratios used for Shatsky data (*’Sm/***Nd=
0.2873; *"®Lu/"""Hf= 0.0996; *2U/***Pb= 14.1 and **’Th/***Pb=134.9) were derived by
estimating the source composition using simple modal batch melting equation
assuming 15% melting (Sano et al., 2012) and mineral proportions of 0.60l: 0.20px:
0.15cpx: 0.05gt and 0.150l :0.30px: 0.25cpx: 0.3gt for mantle source and melting
modes, respectively. Partition coefficients used are from Kennedy et al. (1993),
Green (1994) and Hauri et al.(1994) for Lu. Symbols are the same as in Figs. 7-8;
smaller symbols represent the estimated back-tracked (age-corrected) composition
to 145 Ma, with the bars representing the range of composition for each seamount.
Arrows represent the similar source variation trends between Shatsky Rise and Hess

Rise.
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Table 1

Table 1. Dredge locations (from Sager et al., 1995) of TN037 dredges and drill sites on Hess Rise that recovered basement rocks.

Dredge No. Geographic Location Seafloor Age Locality Previous Water
Lat’ N Lon°E Age Data, Ma Depth, m

D1 36°27.02' 169°18.13' 129-125 Ma East Ojin Rise Seamounts, 4267
(M3-M0) Seamount 6

D2 37°37.58' 165°27.52'  135-131 Ma West Ojin Rise Seamounts, 4833
(M10-M5) Victoria Seamount

D4 39°50.26' 163°54.79' 135-131 Ma Shatsky Rise North flank, 4000
(M10-M5) Earthwatch Seamount

D9 36°31.15" 159°11.62' 142-139 Ma Shatsky Rise ORI Massif, 134+1° 3900
(M16-M14) East side of summit

D11 35°15.70' 158°57.05' 144-142 Ma Cooperation Seamount 3760
(M18-M16)

D13 32°39.97" 158°03.79' 150-144 Ma Shatsky Rise, TAMU Massif 133.9+2.3" 2357
(M21-M18) East side, Toronto Ridge 143.1+3.3°

144.4%1.0 (n=4)°

D14 32°39.97' 158°03.79' 150-144 Ma Shatsky Rise, TAMU Massif 144.6+0.8° 2155

(M21-M18) West side, Toronto Ridge 143.7+3.0°
144.8+1.2°

Hess Rise

DSDP Site 464 39°51.64° 173°53.33’ Northwest extension ~113 4637

DSDP Site 465A 33°49.23° 178°55.14° High crest, southern end ~100-98; >90-94° 2161

Notes: Assigned seafloor ages for seafloor magnetic anomalies (Nakanishi et al., 1999) are based on geologic time scale of Ogg (2012).
Previous age data are from biostratigraphy (Thiede et al., 1981) and “’Ar-**Ar dating on Hess and Shatsky (TAMU and ORI) rises: a) Heaton

and Koppers, 2014; b) Geldmacher et al., 2014; c) Mahoney et al., 2005; d) Koppers, 2010; e) Pringle and Dalrymple, 1993.



Table 2

Table 2. ICP-MS trace element concentrations (ppm).

Rb Ba Th U Nb Ta La Ce Pb Pr Sr Nd Sm Zr Hf Eu Gd Tb Dy Y Ho Er Tm Yb Lu Sc Co Ni Cu

East Ojin Rise Seamounts, Seamount 6

TNO037 D1-05 46.1 72.7 1.16 049 131 0.86 29.5 304 0.37 6.03 256 27.0 6.23 153 4.11 2.06 7.34 1.13 6.83 452 1.41 3.98 0.54 3.33 0.51 39.8 17.0 23.3 177
TNO37 D1-08 50.5 84.7 1.29 0.80 16.3 1.03 239 36.3 0.84 5.69 329 26.0 6.42 177 4.66 2.09 6.98 1.13 6.64 389 1.34 3.81 0.53 3.30 0.50 42.3 14.2 23.0 150
TNO037 D1-10 26.0 49.2 1.09 0.68 109 0.78 72.7 26.8 0.62 13.2 257 58.9 125 100 3.14 3.65158 230 139113 297 859 1.17 7.39 117 51.3 103 244 117
TNO37 D1-12 458 83.4 133 050 15.7 1.03 49.0 35.2 227109 338 484105 177 4.77 319124 184 109 76.7 2.25 6.31 0.84 510 0.77 35.6 154 16.6 122
TNO037 D1-13 425 68.0 1.10 0.68 13.0 0.83 68.0 31.9 0.58 865 331 374 7.56 148 3.85 242100 1.44 8.88 85.1 1.97 5.65 0.75 4.64 0.73 34.8 18.8 31.3 165
TNO37 D1-16 50.4 85.8 1.48 0.67 16.8 1.16 54.2 324 1.05115 339 50.2 104 172 516 3.08 11.7 1.70 9.79 68.7 1.99 562 0.75 4.63 0.68 38.9 12.6 15.4 127
Shatsky Rise, North Flank [Earthwatch Seamount]

TNO37 D4-01 453 89.8 1.36 1.87 16.7 1.07 112 35.0 3.13 19.4 305 85.6 175 193 4.98 502 235 3.43 212 195 474 138 1.84 113 1.76 38.2 141 24.7 131
TNO37 D4-05 57.4 776 137 141 148 0.99 28.7 328 0.85 5.95 323 27.2 6.60 171 455 2.24 8.28 1.34 838 579 1.78 525 0.73 4.62 0.72 43.4 121 16.7 91.9
TNO37 D4-11 46.0 859 1.32 1.59 155 1.04 47.7 32.7 0.83 6.67 302 30.1 7.03 179 4.76 2.35 9.05 146 9.39 86.9 2.13 6.47 0.93 6.03 0.99 35.2 14.0 20.2 125
TNO37 D4-12 53.9 59.7 093 1.21 112 0.75 71.7 246 0.7310.3 258 45.1 9.09 130 343 2.7312.7. 186 11.7 112 263 7.69 1.03 6.33 0.99 38.3 9.79 16.7 106
TNO37 D4-13 455 66.3 1.11 1.08 12.3 0.81 26.4 26.7 0.93 6.64 272 30.1 7.29 133 3.69 2.29 8.92 1.40 852 542 1.78 510 0.71 452 0.70 37.2 11.3 145 749
Shatsky Rise, Cooperation Seamount

TNO037 D11-01 53.8 529 6.44 147 67.7 436 48.1 905 2.57 10.6 759 40.5 7.55 282 655 2.38 6.63 1.01 549 26.7 1.05 292 0.39 243 0.36 25.6 26.4 93.7 51.6
TNO037 D11-04 90.8 651 7.85 1.89 815 530 56.8 107 3.84 12.0 591 443 7.94 344 7.73 249 6.74 1.03 558 28.0 1.08 3.07 0.43 2.74 0.43 232389 105 133
TNO37 D11-05 57.0 623 6.31 1.20 66.5 4.40 525 93.3 3.06 11.2 514 43.1 8.03 276 659 2.46 7.22 1.09 6.01 32.2 1.17 3.27 0.45 2.83 0.42 26.6 30.8 64.8 38.2
Hess Rise

464, 34-CC, 10-16 9.69 116 0.35 0.14 45 029 49 13.0 047 2.1 138 106 3.25 112 276 1.20 3.64 0.64 4.09 20.8 0.83 2.33 0.35 2.27 0.33

465, 45-1,99-102 55.4 587 7.60 1.14 112 6.29 60.3 96 5.3113.7 178 49.2 802 701 13.8 2.38 6.35 0.94 519 27.7 1.00 2.80 0.42 2.85 0.44

465, 45-2,113-116 48.4 611 8.20 1.64 113 6.28 60.9 114.7 572 143 199 525 9.03 933 16.1 2.61 7.37 1.13 6.51 35.9 1.28 3.63 0.56 3.86 0.62

BHVO-2,
JAMSTEC 9.46 138 124 043 179 117 153 379 146 537 411 248 6.24 177 4.76 2.10 6.39 0.99 545 24.3 1.02 265 0.35 2.06 0.29 30.3 451 125 134
IGUK 9.33 131 1.23 042 179 1.08 154 37.7 1.81 532 385 25 6.24 174 425 2.12 6.18 0.95 541 255 1 25 033 2 029 314448 119 133

GEOREM 9.11 131 1.22 040 18.1 114 152 375 .16 535 396 245 6.07 172 4.36 2.07 6.24 092 531 26 098 25 0.33 2.00 0.27 32.0 450 119 127
0.04 1 0.06<001 01 060 001 02 03 017 10.01 0.01 11 0.14 0.02 0.03 0.03 0.02 2<001 0<001 0 001 010 0.3 1 7

Notes: ICPMS data for Ojin Rise, Earthwatch, and Cooperation seamounts were obtained at JAMSTEC. ICPMS measurement for Hess Rise was conducted at Institute of Geosciences, University of Kiel (IGUK)
GEOREM = GeoReM preferred values (http://georem.mpch-mainz.gwdg.de/)



Table 3

Table 3. Age-corrected Nd, Hf, and Pb isotope data and isotope dilution parent-daughter element concentrations (in ppm).

Sample No. CONAMN),  ena(t)  CPHFTHE  e®)  CP°POA¥P),  ('Pb/¥Pb),  (*®Pb/”Pb),  Sm Nd Th U Pb

East Ojin Rise Seamounts, Seamount 6 (t ~ 120 Ma)

TNO037-D1-05 * 0.512822 6.8 0.282969 9.3 18.87 15.58 38.86

TN037-D1-08 * 0.512900 8.3 0.282989 10.0 18.67 15.55 38.65

TNO037-D1-12 # 0.512983 9.9 18.71 15.56 38.69 0.1429° 0.8432 0.0205 0.118 0.520
duplicate 0.513003 10.3 18.59 15.54 38.78 0.1391 0.8109 0.0210 0.113 0.283
average 0.512993 10.1 18.65 15.55 38.74

West Ojin Rise Seamounts, Seamount 8 [North Victoria Seamount] (t ~ 120 Ma)

TNO037-D2-01 T 0.512834 7.0 18.32 15.54 38.18 0.2489 1.071 0.0266 0.252 0.561

Shatsky Rise, North Flank [Earthwatch Seamount] (t ~ 120 Ma)

TNO037-D4-05 * 0.512728 4.9 18.17 15.56 38.14

TNO037-D4-12 * 0.282939 8.2 17.95 15.55 37.99

TNO037-D4-13 ¥ 0.512685 4.1 0.282981 9.7 18.09 15.55 38.12 1594 6.942 0.315 0.497 0.570

TNO037-D4-13 # 0.512751 5.4

Shatsky Rise, Cooperation Seamount (t ~ 122 Ma)

TN037-D11-01 + 0.512864 7.6 0.283037 11.7 19.09 15.55 38.72 2930 16.12 3.090 1.130 3.377

TNO037-D11-01 # 0.512922 8.7 19.04 15.54 38.76

TNO037-D11-05 * 0.512863 7.6 0.283033 11.6 19.05 15.54 39.02

TN037-D11-04 * 0.512849 7.3 19.04 15.54 38.85

Shatsky Rise, Toronto Ridge (t ~ 129 Ma)

TNO037-D14-01 Tb 0.512971 9.9 18.17 15.45 37.74 2136 9576 0.669 0.277 1.277



Table 3. Age-corrected Nd, Hf, and Pb isotope data and isotope dilution parent-daughter element concentrations (cont'd).

Sample No, (143,\'1\';)'/144 enal)  (HETTHE,  edt)  (COPBPb),  (PPbA™Ph),  (PPbA™Pb),  Sm  Nd  Th U Pb
t

Northern Hess Rise (t ~ 110 Ma)

464-34R-CC 11 0.512913 8.3 2975  9.875
464-34R-CC #° 0.512946 8.9 18.15 15.48 37.86 0.3175 0.8661 0.141 0.105 0.252
464-34R-CC (10-16) * 0.512935 8.7 0.283124 14.5 18.29 15.49 37.96

duplicate 0.512951 9.0 18.29 15.50 37.96

average 0.512943 8.9 18.29 15.50 37.96

Southern Hess Rise (t = 110 Ma)

465A-42R-2 (76-78) 1 * 0.512782 5.7 10.94  68.7

465A-42R-2 (76-78) # 0.512772 55 19.07 15.59 39.41 3645 1921 3097 1.326 3.268
465A-45R-1 (99-102) * 0.512795 6.0 0.282905 6.8 19.05 15.60 39.33

465A-45R-2 (113-116) *  0.512801 6.1 0.282906 6.8 19.00 15.60 39.24

Notes:

Data are reported relative to standard values for La Jolla Nd of *3Nd/**Nd = 0.511850; for IMC 475, Y®Hf/*""Hf = 0.282163. The total range measured for La Jolla Nd is 0.000008 (0.2 &
units); for JIMC 475-calibrated in-house SPEX monitor, it is 0.000006 over the measurement period. Pb isotope ratios are reported relative to NBS 981 standard values of Todt et al. (1996); the
total ranges measured are 0.012 for 2°°Pb/2%Pb, 0.012 for 2"Pb/***Pb, and 0.038 for 2°®Pb/2**Pb. Isotopic fractionation corrections are described in Appendix | and age-correction used the
isotope dilution data for the parent-daughter ratios, except for Hf data, which used ICPMS values. eyq= 0 today corresponds to “*Nd/***Nd = 0.51263; for *’Sm/***Nd = 0.1960 (Bouvier et al.,
2008), eng(t) = 0 corresponds to “**Nd/**Nd = 0.512465 at 129 Ma, 0.512474 at 122 Ma, 0.512476 at 120 Ma, and 0.512489 at 110 Ma. Within-run errors on the isotopic data above are less
than or equal to the external uncertainties on these standards. Estimated uncertainties on isotope dilution abundances are <0.2% on Sm and Nd, <2 % on Th, <1 % on U, and < 1% on Pb. Total
blanks are negligible: <15 picograms for Nd and <20 picograms for Hf, <5 picograms for U, <3 pg for Th, and 5-30 picograms for Pb. Duplicate analyses were made on separate dissolutions of
powder from re-picked chips of the same sample.
a: from Mahoney, 1987
b: from Mahoney et al., 2005
* handpicked chips cleaned in 2N HCI at 70°C for one hour followed by triple rinse in ultrapure water at GEOMAR
T handpicked chips cleaned at room temperature for 5 min each in MQ water with a few drops of HF-HNO3 mixture added, followed by 6N HCI and then rinsed

in ultrapure water and powdered before digestion at UH
# splits of powderst but further leached ultrasonically with 6N -HCI at room temperature for 5min, repeated until solution is clear and almost colorless at UH (Mahoney, 1987; Nobre Silva et
al., 2009).



Table 4

Sample Information Plateau Normal Isochron Inverse Isochron Total Fusion
Experimeni  Sample ID Dredge Loc. Material Age Type Age 26 PAr K/Ca2s wmswc n N Age 20 A *Ar+20 MSWD Age +20 A/ *Ar+20 MSWD Age 26  K/Ca +2o
Number Lat.  Lon. [Ma] [%] [Ma] intercept [Ma] intercept [Ma]
East Ori Massif
13D04739 TNO37 D09-04 36.52 159.19 Groundmass No Age 23 98.74 £0.16 0.047 =0.000

Cooperation Seamount
13D03297 TNO37 D11-01  35.26 158.95 Groundmass No Age 34 122.69 +0.19 0.375 +0.001
13D04771 TNO37 D11-05  35.26 158.95 Groundmass Minimum Age 122.46 +0.27 19.16 0.779 +0.04 9.31 10 44 122.24 +0.40 301.13 +13.47 1279 12247 +0.36 294.90 +12.14 1045 110.44 £0.16 0.309 *0.001

Toronto Ridige, Shatsky Rise

13D05465 TNO37 D13-02  32.72 158.25 Plagioclase Eruption Age  129.42 +0.32 94.64 0.004 +0.00 0.82 12 19 129.20 +0.55 309.81 +40.44 0.92 129.29 +0.54 307.07 +39.62 0.87 129.44 +0.34 0.004 +0.000
13D03726 TNO37 D14-1A  32.67 158.06 Plagioclase Minimum Age 120.78 +0.44 30.72 0.004 +0.00 0.51 4 24 12253 £2.93 195.22 +165.44 0.48 122.20 £+3.02 214.24 £167.13 0.45 119.70 £0.31 0.004 * 0.000
13D04924 TNO37 D14-1B  32.67 158.06 Plagioclase No Age 22 111.30 £ 0.41 0.004 +0.000
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