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Oceanic plateaus are large igneous provinces formed by extraordinary eruptions that create thick oceanic
crust, whose structure is poorly known owing to the lack of deep-penetration seismic data. Multichannel
seismic (MCS) reflection and wide-angle refraction data allow us to show Moho structure beneath a
large part of the Shatsky Rise oceanic plateau in the northwest Pacific Ocean. Moho reflectors in the
two data sets can be connected to trace the interface from the adjacent abyssal plain across much
of the interior. The reflectors display varied character in continuity, shape, and amplitude, similar to
characteristics reported in other locations. Beneath normal crust, the Moho is observed at ~13 km depth
(~7 km below the seafloor) in MCS data and disappears at ~20 km depth (~17 km below the seafloor)
beneath the high plateau. Moho at the distal flanks dips downward towards the center with slopes of
~0.5°-1°, increasing to 3°-5° at the middle flanks. Seismic Moho topography is consistent with Airy
isostasy, confirming this widely-applied assumption. Data from this study show that crustal thickness
between the massifs in the interior of the plateau is nearly twice normal crustal thickness, despite the
fact that this crust records apparently normal seafloor spreading magnetic lineations. The Moho model
allows improved estimates of plateau area (5.33 x 10° km?) and volume (6.90 x 10° km?), the latter
assuming that the entire crust was formed by Shatsky Rise volcanism because the massifs formed at
spreading ridges. This study is unique in showing Moho depth and structure over an extraordinarily large
area beneath an oceanic plateau, giving insight to plateau structure and formation.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

continuity where P-wave velocities increase abruptly from crustal
values (<72 kms~!) to mantle values (>8.0 kms~') (Rohr et

The geometry of the Mohorovici¢ discontinuity (also known as
Moho) is important for understanding crustal structure and thick-
ness, the degree and style of isostatic compensation, and magmatic
flux from mantle to crust (Steinhart, 1967). The structure of the
Moho is still poorly known at most places on Earth because of
the scarcity of deep penetration seismic data. Whereas the Moho
depth is often inferred by assuming a model of isostatic compen-
sation based on the topography of surface features (e.g., Kearey et
al., 2009), seismic measurement is the only direct way to measure
Moho structure and assess the validity of isostatic models.

When crustal thickness is on the order of tens of km, our
knowledge of the seismic Moho comes primarily from wide-angle
seismic refraction (Braile and Chiang, 1986; Mooney and Brocher,
1987). The seismic Moho is defined as a first-order velocity dis-

* Corresponding author.
E-mail address: jzhang@scsio.ac.cn (J. Zhang).

http://dx.doi.org/10.1016/j.epsl.2016.02.042
0012-821X/© 2016 Elsevier B.V. All rights reserved.

al., 1988; Holbrook et al, 1992). The seismic Moho may not
correspond to the petrologic Moho, which is the boundary be-
tween non-peridotitic crustal rocks (with gabbroic composition)
and olivine-dominated mantle rocks (with peridotitic composition)
(Mengel and Kern, 1992; Nedimovic et al., 2005). The advantage of
wide-angle refraction for plumbing the Moho is that it can often
be inferred from travel time and amplitude differences between
the mantle and crustal phases. In some situations, Moho depth can
also be estimated directly from seismic waves reflected from the
Moho (PmP arrivals) (Holbrook et al., 1992). A drawback of this
technique is that only a smoothed version of the Moho geometry
is inferred from refraction data.

Near-vertical incidence multichannel seismic (MCS) profiling is
usually designed to image upper crustal structure, but sometimes
reflections from the Moho are observed. MCS data have the advan-
tage of delineating Moho geometry in greater detail than provided
by refraction data. Typically the Moho is observed where the crust
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is thin, such as areas of normal oceanic crust (e.g. Kent et al., 1994;
Aghaei et al., 2014). In areas with thick crust, such as continental
crust, seamounts, and oceanic plateaus, the Moho reflection is sup-
pressed by attenuation unless powerful seismic sources are used.
Moho reflections are often intermittent because the near-vertical
incidence of seismic waves limits the imaging efficiency at great
depths (Mutter and Carton, 2013). Hence, a combination of MCS
and wide-angle refraction data can produce a more comprehen-
sive seismic model of the crust than with one method alone (e.g.
Mjelde et al., 1993; Gallart et al., 1995; Lizarralde and Holbrook,
1997).

Oceanic plateaus are large submarine mountains, many of
which were formed by extensive basaltic volcanism (Coffin and
Eldholm, 1994). Wide-angle seismic refraction surveys reveal that
they have anomalously thick crust, typically 20-40 km in thick-
ness (Gladczenko et al., 1997; Korenaga, 2011; Charvis and Operto,
1999; Gohl and Uenzelmann-Neben, 2001; Parsiegla et al., 2008;
Korenaga and Sager, 2012; Pietsch and Uenzelmann-Neben, 2015).
Such thick crust is often compensated nearly completely by Airy
isostasy (Sandwell and MacKenzie, 1989). This is because large
loads on the lithosphere exceed its yield strength (Watts and Ribe,
1984), particularly when plateaus are formed on the thin litho-
sphere at or near mid-ocean ridges (Coffin and Eldholm, 1994;
Sager, 2005).

Shatsky Rise, located in the northwest Pacific Ocean, ~1500 km
east of Japan, is one of the largest oceanic plateaus. Until recently,
its crustal structure was poorly known owing to the lack of mod-
ern deep-penetration seismic data. New marine seismic data were
recently acquired on two cruises in 2010 and 2012 aboard R/V
Marcus G. Langseth (MGL1004, MGL1206). During the 2010 cruise,
wide-angle seismic refraction data were collected by ocean bot-
tom seismometers (OBS) over the Tamu Massif, the largest edi-
fice within Shatsky Rise (Fig. 1), allowing the construction of a
tomographic cross section showing the maximum crustal thick-
ness of ~30 km (Korenaga and Sager, 2012). On both cruises,
two-dimensional MCS reflection profiles were collected over the
southern half of Shatsky Rise, giving a detailed picture of the up-
per crustal structure and showing that Tamu Massif is a massive,
single shield volcano with low flank slopes (Sager et al., 2013;
Zhang et al., 2015). MCS profiles over Ori Massif, the second largest
volcano within Shatsky Rise (Fig. 1), show a similar structure
(Zhang et al., 2015). In this paper, we combine MCS and OBS Moho
observations from these seismic data to reveal a more complete
view of crustal structure beneath the plateau. Shatsky Rise exhibits
nearly zero free-air gravity anomaly (Sandwell and Smith, 1997),
implying isostatic equilibrium. Thus, the plateau Moho structure
is expected to show crustal thickening consistent with the Airy
mechanism of isostatic compensation, an assumption that can be
tested with the seismic MCS data in this study.

2. Formation and evolution of Shatsky Rise

Shatsky Rise has a reported area of 4.8 x 10° km? and con-
sists mainly of three large volcanic highs, Tamu, Ori, and Shirshov
massifs, and a low ridge, Papanin Ridge, extending from its north
side (Fig. 1; Sager et al., 1999). Elevations are 3-4 km above the
surrounding seafloor, which lies at ~6-5.5 km water depth. The
shallowest point is ~1950 m water depth at the summit of Toronto
Ridge, a late stage eruptive feature that rises from the top of Tamu
Massif (Sager et al., 1999).

Because it is situated exactly at the junction of two Meso-
zoic magnetic lineation sets, the Japanese and Hawaiian lineations
(Larson and Chase, 1972), Shatsky Rise must have erupted at a
triple junction, likely with a ridge-ridge-ridge geometry (Hilde et
al.,, 1976; Sager et al., 1988; Nakanishi et al., 1999). Initial Shatsky
Rise eruptions began with Tamu Massif, which was emplaced just

after the time of adjacent magnetic chron M21 (Nakanishi et
al,, 2015) (149 Ma, here and elsewhere using the time scale of
Gradstein et al. (2012) for magnetic lineation ages), which is con-
sistent with radiometric dates of 144.6 + 0.8 Ma (Mahoney et al.,
2005) and 144.4 4+ 1.0 Ma (Heaton and Koppers, 2014) from basalt
cores recovered, respectively, at Ocean Drilling Program (ODP) Site
1213 on the south flank of Tamu Massif and Integrated Ocean
Drilling Program (IODP) Site U1347 on the east flank (Fig. 1).
Toronto Ridge is ~15 Myr younger than the Tamu Massif shield
(Heaton and Koppers, 2014) and other similar ridges and para-
sitic cones occur on the Shatsky Rise massifs (Sager et al., 1999),
implying post-shield building volcanism, but it appears that this
late-stage volcanism was small in volume and did not greatly post-
date the main edifice. Thus, the crustal structure of Shatsky Rise
probably did not change appreciably after the primary eruptions.

Magnetic anomalies show that the age of the seafloor becomes
younger to the NE and the axis of Shatsky Rise coincides with
the triple junction until chron M1 (126 Ma) (Fig. 1). This age
progression implies that Ori and Shirshov massifs and Papanin
Ridge were emplaced progressively along the triple junction path
after it moved NE away from Tamu Massif (Sager et al., 1999;
Nakanishi et al., 1999). Tamu Massif may have formed rapidly,
within a period of 3-4 million years or less (Sager and Han, 1993;
Heaton and Koppers, 2014); however, based on the span of mag-
netic anomalies, it took ~23 million years for the entire ~2000 km
length of Shatsky Rise to form.

Shatsky Rise is mostly covered by thin pelagic sediments of
<~300 m (Ludwig and Houtz, 1979), except for thick sediment
accumulations up to ~1 km thickness that are limited to the sum-
mits of the massifs (Sliter and Brown, 1993; Sager et al., 1999).
Basaltic lava flow samples were recovered from Shatsky Rise at
ODP Site 1213 (Shipboard Scientific Party, 2001; Koppers et al.,
2010) and at IODP sites U1346, U1347, U1349 and U1350 (Sager
et al., 2010, 2011), confirming the volcanic nature of this oceanic
plateau.

3. Data and methods

Prior to the two recent seismic cruises, no digital, deep pen-
etration seismic data had been collected over Shatsky Rise. Two
OBS refraction lines (Korenaga and Sager, 2012) were obtained over
Tamu Massif and twelve MCS reflection profiles, totaling 3350 km
in length (Zhang et al, 2015), were recorded over the south-
ern half of Shatsky Rise (Fig. 1). Both refraction and reflection
data were acquired using a source array with 36-airguns (vol-
ume 108.2 L), but with 162-m and 50-m shot spacing, respec-
tively. The refraction data were analyzed by joint reflection and
refraction travel time tomography, defining crustal structure be-
neath center of Tamu Massif (Korenaga and Sager, 2012). For the
reflection study, a 6-km-long, 468-channel streamer (hydrophone
array) with a 12.5-m group interval was used as the receiver.
The streamer and airgun array were towed in 9 m depth be-
neath the sea surface, with a 172-m offset from the source to
the first channel. The raw data had a primary energy frequency
range of 2-206 Hz. The reflection data were processed into time
sections with common MCS processing steps, resolving the up-
per crustal structure to depths of 1-4 km (Sager et al., 2013;
Zhang et al., 2015). All digitized interfaces (seafloor, igneous base-
ment and the Moho) were picked in phase with the maximum
positive amplitude of the reflection.

Although a Moho reflector was commonly observed in the MCS
profiles with standard processing, these data were reprocessed us-
ing constant velocity stacks (CVS) to enhance these reflections. CVS
is a processing method that uses a constant velocity for the en-
tire time domain to stack the CMP traces, whereas normal CMP
stacking uses a depth-dependent velocity model from semblance
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Fig. 1. Bathymetry and tectonic map of Shatsky Rise with seismic track lines. Bathymetry is from satellite-predicted depths with 500-m contours (Smith and Sandwell, 1997).
Heavy red lines show magnetic lineations with chron numbers labeled for reference (Nakanishi et al., 1999). Heavy lines show MCS reflection profiles collected by R/V Marcus
G. Langseth on cruises MGL1004 and MGL1206. White lines denote seismic sections that display the Moho reflection, whereas blue lines are those that do not. Letters identify
sections discussed in the text. Heavy gray lines with numbers 1 and 2 are OBS refraction lines (Korenaga and Sager, 2012). Thin black lines show seismic reflection profiles
collected during cruise TNO37 (Klaus and Sager, 2002). Filled red circles show locations of ODP and IODP drill sites mentioned in the text. Inset depicts the location of Shatsky
Rise relative to Japan and nearby subduction zones (toothed lines) and the wider magnetic pattern. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

velocity analysis. Because the Moho reflection is deep, weak in am-
plitude, and intermittent, it is difficult to obtain an optimal stack-
ing velocity for the Moho by examining the semblance. What is
more, velocities within the thick crust cannot be analyzed by this
method because no coherent reflectors are observed in the middle
and lower crust. CVS thus has the advantage of simplicity, but it
also improved the visibility of the Moho reflector in seismic sec-
tions. We tested a range of plausible velocities (3000-5000 ms~!
with a 100 ms~! step length) for CVS stacking to find the value
that provided the clearest image (4000 ms~!). CVS can highlight
the reflectivity of a particular horizon, at the expense of degrading
the image quality of structures above, which may not be prop-
erly stacked by CVS. As a result, CVS cannot be used as standard
seismic reflection imaging for a complete section. For imaging the

deep, isolated Moho reflectors, however, this approach is simple
and practical.

The Moho was interpreted as the deepest visible reflector in
MCS reflection profiles. It typically appears as the only coherent
reflection in a section otherwise devoid of such signals. Although
there is no independent verification that this reflector is the Moho,
there is no other plausible interpretation for the reflection at the
observed travel-times. Furthermore, interpretation of this reflection
as Moho is consistent with OBS refraction data as described below.

To compare results from OBS refraction and MCS reflection data
and to generate composite crustal structure sections, refraction
Moho depths were taken from the seismic tomography model of
Korenaga and Sager (2012), whereas MCS reflection Moho depths
were calculated from reflector two-way travel time with assumed
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Locations shown in Fig. 1.

velocities for the water column, sediment and igneous crust of
1500 ms~!, 2000 ms~! and 6575 ms~!, respectively. The latter
value has the greatest effect on calculated MCS Moho depth. It
was determined by minimizing the RMS misfit between observed
(OBS) and calculated (MCS) Moho depths; the minimum RMS mis-
fit is 0.48 km, and the 20 (~95%) confidence limits on the average
crustal velocity are estimated as +439 ms~'. In addition, this av-
erage crustal velocity matches well with the velocity-depth profile
from Korenaga and Sager (2012). For MCS reflection sections in the
absence of refraction data (lines E-H, E-F, C-F, M-D, M-L, Fig. 1)
or where the refraction data and reflection data do not overlap
(line C-D, Fig. 1), the same velocities were used to calculate Moho
depths from two-way travel time.

In order to compare Shatsky Rise Moho structure to Airy iso-
static compensation, the expected Airy Moho depth (assuming
100% compensation) was calculated from the observed depth of
the igneous basement. Knowing h, the height above the abyssal
plain depth, the thickness of the crustal root, r, was calculated
as: r=h(p: — pw)/(pm — pc), where p. is the average density
of oceanic crust, p, is water density, and o5 is mantle den-
sity. Reference values for determining h and r were determined
from the observed average basement depth (5.8 km) and aver-
age Moho depth (12.8 km) in the adjacent abyssal plain west

of Tamu Massif. The density contrast ratio (o — Pw)/(Pm — Pc)
is the multiplier that converts height h to root thickness r. We
used a ratio of 6.15 to calculate Airy Moho depths, which was
determined by minimizing the average misfit where the Airy-
calculated and seismic-observed Moho depths overlapped in all
seismic lines (Figs. 2-8). The minimum RMS misfit is 2.33 km,
with the 95% confidence limits on the density contrast ratio of
+1.64. Using the water density of 1000 kgm—> and the mantle
density of 3300 kgm~3, the ratio of 6.15 implies the crustal den-
sity of 2980 kgm—3. Using the empirical density-velocity relation
of Carlson and Herrick (1990), this crustal density would corre-
spond to the P-wave velocity of ~7.3 kms~!, considerably higher
than the aforementioned average crustal velocity of ~6.6 kms1.
There are at least two possible explanations for this discrepancy.
First, the average density is a simple arithmetic mean, but the
average velocity is a harmonic mean, so it is biased to the lower-
velocity upper crustal section. Second, the empirical relation of
Carlson and Herrick (1990) is based on laboratory measurements
of samples collected from the oceanic crust and ophiolites, so it
may not be applicable to thick oceanic plateaus. These possibili-
ties can be quantified by a joint consideration of seismic data and
gravity (e.g., Korenaga et al., 2001), and it will be explored else-
where.
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To determine the crustal thickness distribution of Shatsky Rise,
we need to estimate Moho depths and exclude the sediments atop
igneous basement. For Moho depths, we used our seismic Moho
observations along the reflection and refraction profiles shown
in this paper. Where Moho was not observed seismically, we
calculated Airy isostatic model-predicted Moho depths based on
satellite-predicted bathymetry (Smith and Sandwell, 1997). To ex-
clude sediments, there are other seismic lines available in regions
of the massif summits where sediments are thick (Zhang et al.,
2015), so it was possible to determine the igneous basement depth
and to use this horizon as the top of the calculated volume. For
other areas where sediments are thin and seismic data are few or
unavailable, we used an average sediment thickness of 300 m to
estimate the depth of the basement.

Given the crustal thickness distribution of Shatsky Rise, we can
calculate the area and the igneous crustal volume of Shatsky Rise.
We created a 1-min-spacing grid of longitude and latitude rang-
ing from 152° to 170° E and 29° to 45° N, respectively, which
contains the entire rise. In this Moho grid, we assumed that the
plateau crust was inside the contiguous area where the crust ex-
ceeds a thickness of 7 km. At each grid node, the basement depth
and sediment thickness were used to calculate Moho depth based
on the aforementioned formula.

4. Results
4.1. Reflection Moho characteristics
Reflection Moho is frequently observed on MCS profiles over

Shatsky Rise, but it is not observed everywhere. Specifically,
the MCS line segments containing the Moho reflection are lo-

cated on the lower flanks of the massif and on the surround-
ing seafloor (Fig. 1). In the summit areas, where the crust is
thickest (Korenaga and Sager, 2012), Moho reflections are not ob-
served.

Moho reflectors are highly variable in (Figs. 2-8): (1) segment
length, ranging from several to tens of kilometers; (2) shape, rang-
ing from flat to curved or mounded; and (3) strength, ranging from
sharp and high amplitude to weak or absent. In general, the Moho
reflectors are discontinuous, with gaps of a few kilometers be-
tween segments, becoming weaker approaching the center of the
massifs. However, adjacent individual reflectors can be connected
by following their trend to infer the large-scale structure of the
Moho.

4.2. Seismic Moho under Shatsky Rise

4.2.1. Tamu Massif

At Tamu Massif, discontinuous Moho reflectors are observed be-
neath the lower flanks, starting from a depth of ~10 s two-way
travel time (TWTT) (~13 km), and dipping towards the middle
of the massif with shallow slopes of ~0.5°-1° beneath the distal
flanks. At a distance of ~150 km from the center, the dip increases
to ~3°-5° before flattening beneath the center of the massif. The
Moho disappears at a depth of ~11 s TWTT (~20 km), where mul-
tiples occur (lines A-B, E-H, E-F, C-F and C-D, Figs. 2-6). In the
seismic time sections, the Moho appears nearly flat (e.g., Fig. 2),
within a narrow range of travel times (10-11 s TWTT) because of
velocity pull-up in the rising volcanic mountain.

When the surface topography is rough due to the occurrence of
secondary cones (Zhang et al., 2015), the Moho usually disappears
(e.g. SP 1500, 2000 on line A-B, Fig. 2; SP 3800 and 4600 on line
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E-H, Fig. 3; SP 6500 on line E-F, Fig. 4; SP 2000, 3000, 5000 on line
C-F, Fig. 5; SP 1500, 3200 on line C-D, Fig. 6), probably because the
surface cones scatter or attenuate the seismic signal.

MCS reflection images do not show the Moho near the cen-
ter of Tamu Massif. Fortunately, two refraction lines (lines 1, 2;
Fig. 1) cross the center of this mountain and show the Moho struc-
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ture beneath the thickest part of the massif (Korenaga and Sager,
2012). The MCS data are complementary and can be combined to
generate a complete composite Moho profile across the massive
structure (Figs. 2, 6).

The maximum crustal thickness (~30 km) occurs beneath the
buried shield summit (Korenaga and Sager, 2012; Sager et al,,
2013) on Line A-B at 490 km (Fig. 2). Although Toronto Ridge (at
410 km) is the shallowest basement peak, it does not correspond
to the thickest part of the crust, consistent with the interpreta-
tion that this ridge is a late-stage feature and the shield summit
was the center of shield-building volcanism (Sager et al., 2013;
Zhang et al., 2015) and is thus supported mostly by lithospheric
strength.

A similar crustal structure is observed on Line C-D, a ~900 km
profile along the SW-NE axis of Tamu Massif, perpendicular to Line
A-B (Figs. 1, 6). The seismic Moho on this profile is not as com-
plete as that on Line A-B because the refraction profile is short
(Korenaga and Sager, 2012). The refraction Moho shows a narrower
root than on Line A-B, but this may be an artifact of the short
length of the refraction profile. In addition, the northeast end of
Line C-D, which is within the interior of Shatsky Rise, shows a
crustal thickness of ~13 km.

4.2.2. Ori Massif

Beneath Ori Massif, like Tamu Massif, the Moho reflection is ob-
served at the lower flanks (Line M-D, Fig. 1). On this profile, two
profile segments (M-M’ and D-D’, Fig. 7) on the western and east-
ern ends of Ori Massif show a few weak Moho reflectors that dip
~5° towards the center of the Massif and disappear around the
time of the multiples. The continuity of the Moho appears differ-

ent on either side with Moho beneath segment M-M’ being more
continuous than that beneath segment D-D’. Owing to the short
length of the seismic profile, no observations of Moho were gath-
ered in the abyssal plains adjacent to Ori Massif (Fig. 7). At the
ends of this profile, the crustal thickness is ~12-13 km.

Line M-L, which crosses the southwestern flank of Ori Mas-
sif and the Helios Basin, between Ori and Tamu massifs, displays
Moho reflectors on both ends of the line (Fig. 8). At the western
end of line M-L, the Moho declines ~3° towards the center of Ori
Massif, reaching a depth of ~11.3 s TWTT (~22.5 km) before fad-
ing around the multiples. Unlike Fig. 7, the mirror Moho reflection
in Fig. 8 is poorly observed on the east side of Ori Massif, even
though the surface topography is smoother than the west side and
less scattering would be expected. Additionally, a strong Moho re-
flector dips ~5° away from Ori Massif beneath Helios Basin, the
basin separating Ori Massif from the north flank of Tamu Massif
(Fig. 8). This reflector dips towards the center of Tamu Massif, so it
is likely part of the root of that feature. Interestingly, the observed
Moho depth implies thickened crust (~12 km) beneath this basin,
so it is not floored by normal ocean crust, despite the occurrence
of seafloor spreading magnetic anomalies within (Nakanishi et al.,
1999).

4.3. Airy isostatic Moho

Although the Airy isostatic Moho was calculated using a simple
model of oceanic crust with constant densities (i.e., no horizon-
tal density contrasts), it matches well with the seismic reflection
and refraction Mohoin most places (Figs. 2-8), with a RMS misfit
of 2.33 km. This broad agreement shows that the observed seis-



150 J. Zhang et al. / Earth and Planetary Science Letters 441 (2016) 143-154

shot point
2000 shot point

s W m 6000
7 igneous crust D’ _20km D
(basement; ~—West 0ol
6 -6
ook
f,,i 7 igneous crust~ 7
p b
Es
g 9
210
2
o)
E 11
12
13
0
0 M s¢eaﬂoor —~— West D
57 -5
(km) ) ? f
igneous crust
10 (basement) Ori Massif ~10
154 MCS reflection 15
; Moho
20 x Airy '5°5tat\'\:';i‘°ff_zo
= '
25 25

Fig. 7. MCS reflection images and crustal structure of line M-D, across Ori Massif.
Top panel shows MCS reflection images of segments M-M’ and D-D’, which display
the Moho reflection. Bottom panel shows crustal structure of line M-D. Locations
shown in Fig. 1. Other plot conventions as in Fig. 2.

mic and inferred Moho locations support the idea that the depth
of this horizon is determined by Airy isostasy. Two notable ex-
ceptions are the summit of Tamu Massif along line A-B (Fig. 2)
and the eastern half of line E-F (Fig. 4). The line A-B mismatch
probably occurs because of the difference between primary crustal
construction and later modifications. Toronto Ridge (at 410 km in
Fig. 2) is a secondary volcanic feature (Sager et al., 1999, 2013;
Heaton and Koppers, 2014; Zhang et al., 2015) that is probably
supported mostly by crustal strength, rather than root buoyancy.
It causes an overestimation of root depth underneath because the
root is calculated based on the Airy assumption that the root re-
flects surface topography. In addition, the thick sediment pond
(maximum ~1 km thickness) located between ~430 and 480 km,
causes an overestimation of root depth by implying thicker crust.
Another mismatch occurs on the southern half of line E-F (Fig. 4).
The calculated Airy isostatic Moho fits the reflection Moho on the
western side but not the eastern side, where the calculated Airy
Moho is 2-2.5 km too deep, implying anomalously higher mantle-
crust density contrast ratio. The discrepancy implies something
must be different on the eastern side of the line from the west-
ern side. A similar discrepancy with smaller amplitude is also seen
at the end of line C-F (Fig. 5), and one possible explanation is
that there exists some extra buoyancy, other than the crustal com-
ponent, around the waypoint F. This waypoint corresponds to the
beginning of Shatsky Rise formation, so melt migration might have
been inefficient, resulting in frozen gabbroic veins within the shal-
low mantle. Another possibility is that what is identified as the
MCS reflection Moho on the east half of the line C-F is actually
the base of the pre-existing crust, and there may be crustal under-
plating beneath it because there seems to be sub-Moho reflectivity
at SP 6750 (Fig. 4).

shot point
SOIOO 40|OO 30|00 20|00
5Im —— West __ 50km L 5
> igneous crust
6 _(basement) seafloor [ 6
S .
a7 7
< 1
E 8 8
29 2
o
210 10
2 .
o 11+ 11
E ]
12 : +12
134 13
0 50 (km) 100 150 200
0 1 1 1 0
M —~— West seafloor L
5 e e 5
kmy| ! : % :
_|igneous crust . Tamu' |
10 (basement)  Ori Massif Massif 10
Helios Basin
157 Airy isostatic -5
Moho ‘
20 20
25 reflection Moho 25

Fig. 8. MCS reflection images and crustal structure of line M-L, on the southwest
flank of Ori Massif and across Helios Basin. Top panel shows MCS reflection image.
Bottom panel shows crustal structure. Location shown in Fig. 1. Other plot conven-
tions as in Fig. 2.

4.4. The area and volume of Shatsky Rise

Because the observed Moho fits the Airy calculation well in
most places, we used this assumption to calculate predicted Moho
depths and crustal thickness across the Shatsky Rise environs
(Fig. 9). The crustal thickness can be used to estimate the lateral
boundary of Shatsky Rise, which is necessary to determine the area
and volume of the plateau. The western part of line A-B (Fig. 2)
extends into the normal abyssal basin, where the acoustic base-
ment and Moho appear flat, indicating the crust beyond Shatsky
Rise. This occurs at around SP 12600 and corresponds to a crustal
thickness of ~7 km. By using this 7-km thickness as the boundary
of the rise (the outer edge of the colored area in Fig. 9), the area
of Shatsky Rise was calculated to be 5.33 x 10° km?. Excluding
sediment cover (see Data and Methods section), the total volume
estimate of Shatsky Rise crust is 6.90 x 10% km?>.

5. Discussion
5.1. Moho reflectors

In the MCS reflection data presented here, the Moho reflectors
are observed on the lower flanks of Tamu Massif and on the sur-
rounding seafloor, whereas the Moho reflectors are not observed
beneath the central parts of the massifs, where the crust is thickest
(Korenaga and Sager, 2012). There is a tendency for the Moho to be
more continuous and clearly observed on the periphery of Shatsky
Rise, as compared with the lower flanks of massifs in the interior.
The absence of Moho reflections beneath the centers of the mas-
sifs may result from two factors. One explanation is that strong
multiples mask the Moho reflectors in these areas (e.g. Figs. 2, 4).
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Another is that the seismic signal is attenuated with greater depth
in the crust and the return is too weak to be observed.

MCS reflection data in this study show Moho reflectors that are
highly variable in length (continuity), morphology, and strength
(amplitude). This variability is similar to that observed both at
mid-ocean ridges and over normal oceanic crust (Kent et al., 1994;
Mutter and Carton, 2013; Aghaei et al., 2014). Two explanations
for Moho variability are suggested by Mutter and Carton (2013).
One is that the real Moho structure varies from an abrupt verti-
cal discontinuity to a broad gradient zone. The other explanation
is that scattering in the crust results in variable imaging conditions
at the Moho level, so that the variability is apparent and does not
correspond to structural complexity of the Moho. In the Shatsky
Rise MCS reflection profiles, we often observe that the Moho is ab-
sent beneath secondary cones or large faults (e.g. Fig. 5). Where
the upper crustal topography is smooth, we often observe con-
tinuous Moho reflectors. This correspondence suggests that Moho
reflections are affected by near-surface structure. Although this re-
lationship is generally true for Shatsky Rise MCS data, there are
exceptions. For instance, at SP 1100 of Fig. 5, the upper crustal
topography is horizontally layered, but no Moho reflectors are ob-
served. Scattering within the upper oceanic crust, therefore, cannot
completely explain the absence of the Moho reflector. In the lower
crust, the rough topography of Moho itself may also scatter acous-
tic energy, i.e., a Moho that is structurally complex may not give
coherent reflection, resulting in an incoherent Moho reflector, as
was observed on Juan de Fuca ridge flanks (Nedimovic et al., 2005).

5.2. Moho structure below Shatsky Rise

As observed on Shatsky Rise MCS reflection lines, the Moho
bounds a deep crustal root. Line A-B (Fig. 2) is a remarkable pro-
file across the center of Tamu Massif showing a complete profile
of Moho structure from combined MCS reflection and refraction
data. It is unique to show Moho depth and structure over an ex-
traordinarily large area beneath a large oceanic plateau, because
other large oceanic plateaus are lack of comparable MCS studies,
which only discuss shallow structures like sediments and igneous

basement. The Moho is horizontal beneath the abyssal plain ocean
crust, but shows a slight dip at the edges of the massif towards
the massif center. At mid-massif flanks, Moho dip increases before
flattening again beneath the plateau center. Interestingly, the zones
of steeper Moho occur beneath prominent escarpments, which are
thought to represent down-to-basin normal faults (Zhang et al.,
2015), suggesting a possible connection. The faults have been ex-
plained by differential subsidence of the plateau center and flanks,
with the center sinking less owing to underplating (Ito and Clift,
1998). Perhaps the rapid increase in crustal thickness causes the
lower flanks and mid-flanks to experience different subsidence
rates. At odds with this interpretation, the refraction velocity pro-
file (Korenaga and Sager, 2012) shows no high velocity zone in
the lower crust beneath the massif summit that would imply un-
derplating, instead, high velocity zones occur near the zones of
steeper Moho dip (Korenaga and Sager, 2012), suggesting it is the
flanks that are anomalous.

The crustal structure of Shatsky Rise is consistent with Airy
isostasy. This observation confirms inferences from gravity data,
which show small free air anomalies over Shatsky Rise (and other
oceanic plateaus) (Sandwell and Mackenzie, 1989). Although this
result was expected from gravity studies, the MCS data directly
confirm the Airy model, which is based on crustal and mantle
density assumptions that are rarely tested by direct observation.
Shatsky Rise was built on young oceanic lithosphere with little
rigidity, so the plateau formed in isostatic equilibrium with a deep
crustal root.

Moho data show that the crust within the interior of Shatsky
Rise between Tamu and Ori massifs is unusually thick. Our Moho
reflections on lines G-D and L-M (Figs. 6, 8) show a thickness
almost twice that of normal oceanic crust thickness (~13 km
vs. ~7 km) in these locations. This thick crust has clearly been
affected by excess volcanism. This is an important observation
because previous studies have shown that these areas contain
identifiable magnetic anomalies recorded by seafloor spreading
(Nakanishi et al., 1999; Sager et al., 1988, 1999). These authors
speculated that the crust between massifs is essentially normal
and much of the plateau height in the interior may be ponded sed-
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iments. Our data imply that the crust is significantly thicker than
normal. Weakening this interpretation is the fact that we only have
two lines that image the plateau interior between massifs. Never-
theless, there is no reason to think the locations between Ori and
Tamu massifs are different from other locations within the plateau.

5.3. Area and volume of Shatsky Rise

Prior estimates of the area and volume of Shatsky Rise were
simplistic, using a particular bathymetry contour to define the
edge of the plateau and the Airy isostasy assumption to calcu-
late crustal thickness. Using a bathymetry contour to delineate the
edge is problematic because deeper contours around Shatsky Rise
are not closed, so it is necessary to extrapolate where depth con-
tours depart from the shape of the plateau. A better estimate can
be made using crustal thickness, derived from Airy calculations.
Moreover, with the new seismic data as confirmation for crustal
thickness, area and volume estimates can be more reliable.

Sliter and Brown (1993) estimated the area of Shatsky Rise
above the 5000-m bathymetry contour as 7.50 x 10° km?, whereas
Sager et al. (1999) calculated an area of 4.80 x 10° km? using the
same contour. The reason for the great difference is unclear be-
cause both estimates are not documented well. Our estimate of
5.33 x 10° km? is more accurate because it uses a crustal thickness
to define the model edge, rather than extrapolated depth contours.

For an indication of the precision of our estimate of the edge
of Shatsky Rise, using 7 km thickness, we note that increasing the
threshold crustal thickness to 7.5 km (an increase of 7%) results
in a ~8% decrease of area and ~5% of volume. Thus, the estimate
of area and volume is not greatly affected by our choice of the
threshold thickness.

Calculating the crustal volume of Shatsky Rise, it is necessary
to make an assumption about pre-existing crust. One approach is
to assume that the volcanic structures were emplaced atop normal
oceanic crust (e.g., Sager et al., 1999). This method is appropriate
for intraplate volcanoes. An alternative method is to assume that
the volcanic edifices were formed by volcanism at the ridge crest,
forming thickened oceanic crust. For the former, we subtract the
7 km thickness of the normal oceanic crust from the total volume,
but for the latter, the entire volume of the crust is assumed to
be part of Shatsky Rise. Using the entire crust, the total volume is
6.90 x 10% km?, but excluding 7-km-thick pre-existing crust, the
volume is reduced to 3.17 x 10° km?>. The latter figure can be con-
sidered the “excess” magmatic emplacement and corresponds to
the estimate given by Sager et al. (1999). Recent dating of basaltic
rock samples cored from Sites 1213 and U1347 give ages that are
close to that the underlying magnetic lineations (Mahoney et al.,
2005; Heaton and Koppers, 2014). It is thus clear that the Shatsky
Rise edifices formed very close to the spreading ridge crest. Given
that the magma sources for both volcanoes (Shatsky Rise and the
mid-ocean ridge) were so close that they probably cannot have
been distinguished, the distinction between Shatsky Rise volcanoes
and the oceanic crust may be inappropriate, and the larger volume
estimate is more appropriate.

The calculated volume of Shatsky Rise can be used to estimate
the volume of source mantle for the Shatsky Rise volcanism. Husen
et al. (2013) estimated 20-23% of partial melting for rocks cored
from Shatsky Rise. Assuming 20% partial melting, the volume of
the source mantle must have been 3.5 x 107 km?, which corre-
sponds to a sphere with a radius of ~200 km.

6. Conclusions

MCS reflection data show extensive Moho reflectors beneath
Shatsky Rise oceanic plateau. The Moho reflectors are highly

variable in: (1) length, ranging from several to tens of kilome-
ters; (2) shape, ranging from flat to curved or mounded; and
(3) strength, ranging from sharp and strong to weak or absent,
similar to Moho observations in other settings. Moho reflectors
are discontinuous, but individual reflectors can be connected into
long, piecewise-continuous horizons by tracing along their trend.
The Moho reflectors are observed mainly beneath the lower flanks
of the oceanic plateau; those closer to the center of the massifs
are weaker, and the Moho reflection is absent beneath the thick-
est crust, probably because of greater attenuation with depth and
masking by multiples.

The Moho reflectors are shallow (~7 km) beneath normal crust
near the distal flanks of Shatsky Rise massifs and dip downward
towards the center of the massif from all directions. The dip is
slight beneath the distal flanks (0.5°-1°) but increases to 3°-5°
beneath the middle flanks. Moho depths from MCS reflection data
can be matched with those from refraction data beneath Tamu
Massif, providing a complete Moho profile across the massif with a
maximum thickness of ~30 km at the center. Moho profiles show
that crust between Tamu and Ori massifs, within the interior of
Shatsky Rise, is almost twice as thick as normal oceanic crust, indi-
cating excess volcanism despite the recording of coherent magnetic
lineations by this crust.

The Shatsky Rise Moho geometry is consistent with nearly com-
plete Airy isostasy. Although this result was expected from gravity
studies, the MCS data directly confirm the Airy model, which is
based on assumptions about crustal and mantle density. Shatsky
Rise was built on young oceanic lithosphere with little rigidity,
so the plateau formed in isostatic equilibrium with a deep crustal
root.

Based on observed and calculated Moho, including the rise with
crustal thickness over 7 km, the spatial extent of Shatsky Rise was
estimated with a total area of 5.33 x 10° km? and a total volume of
6.90 x 106 km>. The latter estimate assumes that the entire crust
was formed by Shatsky Rise volcanism because the massifs formed
at spreading ridges.
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