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9 ABSTRACT

10 | Weln this study we combine seismological and GOCE satellite gravity

11 | information withby using a Bayesian-like technique, ferwith the aim of inferring
12 | the density structure of the Pacific- (90°N 90°S) (121°E 60°W) lithosphere and
13  upper mantle.

14 | Werecover a 1° x 1° 3-D density model, down to a300 km depth, which explains
15 | gravity observations with a variance reduction of 67.41%. -The model, with an
16 | associated a posteriori standard deviation-ranging-between2-6-and-754-keg/m?3,

17 | provides a significant contribution to understanding the dynamicprocesses—of

18 | the-eceaniclithesphere-evolution of the Pacific platelithosphere and answer to

19 | some debated geodynamic questions.
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Our methodology enables us to combine the recovery of density parameters with

the optimum density-vs, scalings. The latter account for both seismological and

gravity observations in order to identify the regions characterized by chemically-
induced density heterogeneities which add to the thermally-induced anomalies.
Chemically-modified structures are found west of the East Pacific Rise (EPR) and
are of relevant amplitude both below the north-western side of the Pacific Plate,
at the base of the lithosphere, and up to 100 km depth beneath the Hawaiian and

Super Swell regions, thus explaining the anomalous shallow regions without

invoking as the sole justification the thermal buoyancy. Coherently with the

chemically modified structures, our results a) support a lighter and more

buoyant lithosphere than that predicted by the cooling models and b) are in

favor of the hypothesized crustal underplating beneath the Hawaiian chain and
beneath the volcanic units in the southern branch of the Super Swell region. The

comparison between calculated mantle gravity residuals and residual

topography suggests a) a lateral viscosity growth associated with the increasin

thickness and density of the Plate and b) correlate well with sub-lithospheric

mantle flow from the EPR towards west, up to the Kermadec and Tonga Trench

in the south and the Kuril-Kamchatka Trench in the north.

1. INTRODUCTION
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The topography of the Earth’s surface is explained by the combined« -

effects of shallow processes such as erosion or sedimentation, and deeper ones
such as isostatic compensation and the upward push/downward pull associated
with a convective flow in the mantle (Richards and Hager, 1984). The latter
effect, known as dynamic topography, has been evaluated in a number of studies,
where models of mantle density are defined on the basis of seismic tomography,
and used to predict the associated mantle flow (Forte, 2007, Boschi et al., 2010,

Déavila and Lithgow-Bertelloni, 2013, Flament et al., 2013)._Yet, given the number

of dynamic processes that affect the topography, researchers still haven’t

reached a consensus about the term “dynamic topography” and the absence of a

detailed knowledge of the thermal and chemical structure of the Ilithosphere,

effectively limits the possibility to discriminate among a number of different solutions.

As an example, the bathymetry of the young ocean floor (<80 Ma) is compatible with

that of the thermal boundary layer of the convecting mantle, and, in this respect, the

subsidence of oceanic lithosphere with age should be included in the definition of

dynamic topography. On the other side, ocean floor older than ca. 80 Ma appears to

flatten compared to the two main boundary-layer cooling models (McKenzie

1967, Stein and Stein, 1992, Parker and Oldenburg, 1973), which have been

produced to explain the observed variation of heat flow and oceanic depth with

age. Additionally, due to its long and complex tectonic history, the dynamics of the

continental lithosphere cannot be explained by a boundary layer theory.

models—of-dynamiectopographyGoal of this paper is to obtain means for constraining
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convective circulation of the sub-lithospheric mantle of the Pacific Plate through the

analysis of the physical parameters of the oceanic lithosphere. The Pacific region is a

natural laboratory for oceanic plate tectonics and it contains not only relatively
large areas of old seafloor, but also numerous hot spot tracks, that may have a

role in transporting heat to the bottom of the thermal boundary layer. As

recalled above, numerous studies have found that seafloor older than 80 Ma

reaches depths several hundred meters shallower than would be predicted by

the two main lithospheric cooling models (McKenzie, 1967, Stein and Stein,

1992, Parker and Oldenburg, 1973) and no general consensus has vet emerged

on a single mechanism of heating that can explain all available observations.

Several recent studies have continued to refine these early interpretations of a

seafloor depth-age relationship. Proposed explanations include constant heat flux

from below (Doin and Fleitout, 1996), thermal rejuvenation by hotspots (Smith and

Sandwell, 1997), small-scale convection (e.g., Afonso et al., 2008), dynamic support

by mantle flow (Kido and Seno, 1994: Zhang et al., 2012), and departure from the

topography predicted by thermal boundary layer theory due to radioactive heat

production within the mantle (Jarvis and Peltier, 1982).

In any case, the sophistication and complexity of numerical approaches to

determine the role of mantle-lithosphere interactions in shaping surface

topography, cannot exempt researchers from studying and reconstructing the

fine-scale structure of the lithosphere.

Seismically derived models of lithosphere suffer from incomplete ray coverage

or limited data resolution, especially above oceans, where seismic stations,

almost exclusively land based, are concentrated at the borders of the seafloor.

For example, on the basis of the surface wave tomography of the Pacific mantle,
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Ritzwoller et al. (2004) have suggested that old lithosphere does not follow half-

space cooling, however the spatial resolution of their tomography does not
enable them to rule out that there may be a flattening effect of hotspot chains

and oceanic plateaus.

On the other hand, surface observables such as gravity fields and geoid, which
are directly dependent on the structure of the underlying distribution of mass,
and recently benefit from the information released by space gravity missions
such as GRACE and GOCE, are far superior in terms of spatial resolution, but still

have to overcome the inherent non-uniqueness of any potential field method

(Blakely, 1995).
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In gravity analyses, errors can occur if internal boundaries (chemical or phase)

with density contrasts, or the Earth’s viscosity structure are not appropriately
considered—H:_if a low viscosity zone lies between an upwelling mass and the
Earth’s surface, the rising mass will then be relatively inefficient at warping the
surface and will be largely compensated for from below, through the

deformation of deeper density discontinuities (Mc Nutt, 1998).

An integrated—tomegraphyattempt to integrate seismological and gravity

observations in the Pacific area is given by the global model of Simmons et al.

(20103}). which simultaneously considered seismic observations and a large suite
of convection-related geodynamic constraints to obtain a three-dimensional (3-
D) model of mantle density, shear wave speeds, and compressional-wave speeds.
The results enabled Simmons et al. (2010) to simultaneously reconcile dynamic
topography and gravity, to a wide extent (72%). They succeeded in
distinguishing the thermal from the compositional contribution to both seismic
velocities and densities. However, the resolution of the model is still not
sufficient for continental studies (approximately 2.5° x 2.5° x 75 to 240 layer
thickness). In terms of the Pacific Plate, the model does not discriminate the
boundary layer between the lithosphere and the asthenosphere, which could
help to resolve what happens to lithosphere plates older than 80 Ma.

In this paper we test the possibility of using integrated approaches, which
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151 consider both seismic and gravity constraints, in order to recover a high-
152 | resolution 3B3-D density model of the upper mantle and the lithosphere of the
153  Pacific Region, with a lateral resolution of 1° x 1°, down to a 300 km depth and

154 | useitas a proxy for dynamic topography.

155 Density anomalies are recovered using the inversion approach of« | Formatted: Indent: First line: 1.2¢
cm

156 | Sequential Integrated Inversion (SII; (Tondi et al., 2000)), which has reeently

157  been parallelized to allow for a large data set and a large number of parameters

158 | (Tondi et al,, 2012). We applyrthis-appreachtospecify an initial mean 1-D density

159 | model within a volume of 179° x 177° x 300 km that is updated to a 3-D density

160 | model (179 x 177 x 17 model parameters) through the combined use of the

161  surface waveform tomography of the Pacific upper mantle (Maggi et al., 2006)
162 | and thefirsta gravity model from the ESA Earth’s explorer GOCE (Gravity -field

163 | and Ocean Circulation Explorer) mission (Drinkwater et al, 2003). ln—what

164 | foellows,—wefirst—explain—hew to—obtainAssuming that the density—meodel
165 | fremEarth’s lithosphere is the inversionpreocedure—We-then-deseribe-howupper

166 | cold thermal boundary layer of a convecting system, the thickness of the

167 | lithosphere in our model is determined with Miiller et al., (2008) isochrons and,

168 | where this information is not available, or is in contrast with the above physical

169 | assumption, we assign the depth where we observe a decrease in the depth-

170 | density curve of our final 3-D density model (hereinafter referred to as SII-p).

171 | The gravity field predueced—bycalculated for the 3-D—densitySll-p structure,

172 | -limited to the depth of the lithosphere, enables us to recover both the residual

173  topography and the mantle residual gravity anomalies. Finally, we show that an
174  estimation of the correlation matrix between the residual topography and the

175 mantle residual gravity anomalies gives a proxy of the regions where the
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seblitheophosie mamntle deneitg conbeiboies o oneloen fomeeasboconvective

circulation of the sublithospheric mantle contributes to surface topography. In

order to observe the added value of our approach, results obtained with the SII-

p structure and those recovered from the density model, directly converted from

seismic data are compared. The a posteriori standard deviation associated with

the updated density parameters enables the reader to quantify the reliability of

the results. Additionally, a fully 3-D map of the p-vg, scaling relationships will

help to better understand and interpret the interplay among the geodynamic

features and processes that occur beneath and on top of the Pacific Plate.

2.DATA AND METHODS

2.1. The gravity database

The GOCE mission provides independent estimates of the Earth’s gravitational
field, thus improving the present knowledge of low and medium frequencies and
reducing systematic effects (bias and trend) at a local scale. To obtain free-air
gravity anomalies from the GOCE mission data, we used the fourth release of the
time-wise spherical harmonic expansion (Pail et al. 2011). This is a GOCE-only
solution (no GRACE data are included) complete up to degree and order 250. The
global commission error at this maximum degree is 3.93 mgal (Figure 1), while
the omission error computed from EGM2008 degree variances (Pavlis et al.
2012) is 13.77 mgal. Consequently, the GOCE-only solution is combined with the
EGM2008 ultra-high resolution global gravitational model, which is also based
on ground and altimetry data, as well as a GRACE model (Mayer-Giirr 2006).

Details on the combination weighting strategy, which is only driven by the
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coefficient error variances, are given in Gilardoni et al—., (2013:). Using this
model the commission error up to the maximum degree of 2190 is about 4.01
mgal, as the omission error is practically negligible.

Once the spherical harmonic coefficients have been chosen and the«
contributions of the normal potential have been removed (Heiskanen and Moritz
1967), free-air gravity anomalies in spherical approximation are computed by a

classical synthesis operation, i.e.

GM N R n+2 n
Ag(gaa){’,r): R2 Z[rj (n_l)ZTannm(w’ﬂ’)

n=2

-~
M=
—

GM N R n+2 n
Ag((o,l,r) = 2 Z[) (n_l) zTannm(w’ﬂ’)
R =2\ T m=-n (1]

where (¢, A, r) are the spherical coordinates of grid points over the reference
ellipsoid, GM is the gravitational constant by the Earth’s mass, R is a reference
Earth radius, Ynum are the spherical harmonics of degree n and order m, and Tnm
are the coefficients of the series truncated at the maximum degree N. A map of
the computed gravity anomalies from the combined GOCE-EGM2008 model is
shown in Figure 32(a).

The availability of a topography/bathymetry dataset in resolutions up to-+
1 arc minute (ETOPO1, Amante and Eakins, 2009) enables us to calculate the
Bouguer gravity map with a Bouguer density correction of 2670 kg/m3 on land
and a correction of -1640 kg/m3 to correct for bathymetry (Caratori Tontini et al.
(2007)). The Bouguer gravity anomalies, shown in Figure 32(b) are used as
gravity observations for the optimization of the density parameters. On the basis
of the estimated commission error, the a-priori gravity data error is set at 4.0

mGalmgal for all the measurements (the square root of the diagonal elements of

Formatted: Indent: First line: 1.2¢
cm

Formatted: Lowered by 14 pt

Formatted: Lowered by 14 pt

Formatted: Indent: First line: 1.2¢
cm




224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

ng)'

2.2. Design of a 3-D density model

Ourintegrated-appreachThe Sequential Integrated Inversion (SII, Tondi et+

al,, 2012) involves finding the maximum of a likelihood function (L) that relates
density earthEarth structure (p) to our gravity observations (g) and our seismic
velocity structure (v) through three types of information: -(i) gravity data, (ii)
information from the analysis of a seismological data-set (Av), and the (iii)
information on the physical correlation between the density and the velocity

parameters (o, Cmm):

Lédgdprdv)(A g, Ap, Av)

1 1
= expi—3 Ee (-21ag-Gaprcilag-Gapl]
xexp{—i{d—p—&d—y}%dﬁ—&éy}}{—%[Ap— aAv]TC;l}n[Ap—aAv]}
(2)

The resulting SII algorithm allows the iterative estimation of the update (Ap) to
the starting density model (po):
Ap=(GTCqg G+ City) ™' (GTCogAg + aChn,Avy—223)_ (3)

where G is the matrix of the partial derivatives of the gravity observations (g =
[g1, g2, ...gn], n € [1,N]) relativewith respect to the density model parameters (p®
= [p1, p2, ... pm], mE [1,M]), Cg is the square diagonal covariance matrix of the
gravity data uncertainties, -Cmm is the covariance matrix that takes irinto account
the error propagation from the velocity to the density model, Ag = (g°8s - gt¥jg)
the i-th model predicted gravity response};, o = [o1, 02, ...om], m€ [1,M] the

velocity-density gradient vector, in the same parametrization as the model, Av, =

10
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(v - v9), the velocity parameter adjustment vector of dimension M.

The flow chart in Figure 2,3 schematically summarizes the processing steps of
the inversion procedure. AceerdinglyAccording to Maggi et al, (2006), our
starting velocity model (v9) is the superposition of the average crustal part of the
3SMAC (Nataf and Ricard, 1996) 3-D earthEarth model and the smoothed
version of the 1B1-D vy, profile from PREM (Dziewonski and Anderson, 1981).
The model covers the whole Oceanic plate (90°N 90°S) (121°E 60°W) up to a
depth of 400 km and is parametrized with a rectangular grid with a spatial
resolution of 1° x 1° x 17 layers of variable depth.

The first-fi=1)-seismic update (A#}AvY,) is recovered from the regional surface
waveform tomography of the Pacific upper mantle, obtained using an automated
multimode surface waveform inversion technique on fundamental and higher
mode Rayleigh waves (Maggi et al., 2006). Considering the proved relationships
between the isotropic shear-wave velocity and the density parameters
[Kozlovskaia et al., 2004), only the isotropic shear-wave speeds have been

considered.-Contextually,

With regard to the starting density model (p®), it is obtained from the starting

velocity model (v9) is-transformed-into-the starting density-medel-{po}-through
an g p-wspriori vsy-p depth-dependent relationship. In order to ensure the
optimum choice of physical relationships between the seismic yelocities and bulk
densities:
1. We assume a node-dependent linear relationship: pm = otmVm + Bm, i.e. with
a-priori information; we can use different relationships (correlation
coefficients a and P) for different model parameters; hence a fully 3-D

p—vs scaling relationship;

11
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2. Through a slight modification of equation (3), the gradient of the

relationship, a, is now inverted and optimized independently for each
model parameter:

Om = (GTC:(D?glG(VA0 + AVm))! (GCqg) (4)

[ Formatted: Superscript

. The Cmm matrix takes into account the error propagation from the velocity

to the density model:
o(pm) = Vmo(am) + amS(Vi) + 6(Bm)  (5)

where 6(vn) is the seismic a priori model variance (0.05 km s-1), weighted
with the standard deviation associated with the path-averaged velocities,
o(am) and o(Bm) are the uncertainties in the coefficients of the scaling pm-
vm relationship. To control the amount of variation and to allow for
correct changes in the parameter values, various tests were performed
through the optimization process. The values on the main diagonal of Cnm
(under the assumption that there is no correlation between the errors in
each node) are chosen for an optimum trade-off between the data
variance and the solution variance. Very small values of Cmm correspond
to high values of C;;},, hence representing over-regularized solutions
where the density model remains close to the seismic model. Taking into

account the g posteriori_seismic medelreselutionstandard deviation

matrix (in_Figure 4 (a) are shown the mean diagonal elements);

extensively analyzed in Maggi et al., {2006}};). higher o(om) and o(Bm)
uncertainties are assigned below a depth of 200 km:_(Figure 4 (b)). This
enables the complementarity of the seismological and gravity data sets to

be exploited, and reliable solutions to be obtained also below the seismic

12
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depth resolution.
EerAs for our initial p-wsy-vd,,, — pY relationship, we use a scaling profile
derived from the empirical Birch’s law (Birch, 1964). The widespread success of
Birch’s law can be ascribed to its virtual coincidence with, and hence
linearization of, a power law derived from lattice dynamics over the density
minerals vary in our model. In addition, for our depths, the general trend of the
pyrolite models (Cammarano et al., 2005), which are the best approximation of
the composition of the Earth’s upper mantle, does not differ much from the trend
of the 1-D Birch relationship. Birch’s law concerns P-wave velocities; our p-#xy
v, — pY, depth-dependent relationships are the regression lines drawn

through the plot of the two variables extracted from his tables._ However, as

studied by Simmons et al., (2009), a simple 1-D velocity-density scaling implies a

direct relationship among seismic velocities, temperatures and density material.

As this simplified view of density heterogeneity is clearly not correct, to account

for additional dependencies on a wide range of factors, such as the presence of

fluids or compositional variations, we allow the density-velocity scaling to vary

laterally during the inversion, through (4), thus creating a fully 3-D relationship

between the density and the shear-wave velocity model.
To proceed with the SII, we use the transformed-3-D grid of our starting density
values-inthe Earth’s volume 0f 178°x 176°x 300 kmmodel (p2,) to calculate the

predicted gravity response g and the partial derivatives of each gravity

Abchd
each density model parameter pm:-G _K;&Z)%}
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_(6)

o[z ™

Residuals between the observed_(Fig. 2 (b)) and the calculated gravity field (Ag)

nm

are used as input for the inversion algorithm in (3). We then optimize the
starting_density-wsysy scaling relationships {em}(@),) and the starting density

values {pm}(p% ). with (a},).and Ap}, (Figure 4 (c)) respectively.

At the same time, we calculate the gravity data misfit and the a posteriori
standard deviation associated with the updated density parameters. The gravity

data misfit is expressed as the rms of the gravity residuals for each observation:

Sioptegttiey |3N. (o8~ gh)"
rms = \Jl ———— 2 1(gN 91) (7)
where (g9%° — g},).is Ag, as expressed above.

The a posteriori standard deviation; associated with the updated density

parameters; (pl, = pi-' + Apl),is calculated as:

e,

aloviyh {—1—%%%[1 - (Var(g(n)) %)] (m=1,..M)

(i=the current

iteration) (8) “

which is the propagation of uncertainty from the velocity- to the density model,
weighted with the final gravity variance reduction Var(g(n)), and the information
provided by the gravity data (d,,,, the diagonal elements of the gravity kernel
(GTCg'glG)). -The procedure is repeated, following the flow chart in Figure 23,
until a satisfactory fit to the observed datasets (data misfit) is achieved-{. The

higher the uncertainty in the input information, the lesser the number of

iterations needed to obtain a model that satisfies both the datasets (however,

14
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342  usually not more than 2-3 iterations).
343

344  2.3. Residual topography and mantle residual gravity anomalies

345 To recover the residual topography, the effects of the isostatic lithosphere< Formatted: Indent: First line: 1.2t
cm

346  are estimated with Panasyuk and Hager’s (2000) algorithm and subtracted from
347  the observed elevation (ETOPO1, Amante and Eakins, 2009). We assume that
348 isostatic compensation is achieved within the lithosphere. Isostatic
349 compensation can be achieved because both continental and young oceanic
350 lithosphere essentially floats (mature oceanic lithosphere becomes increasingly
351 denser than the asthenosphere and eventually sinks at subduction zones) on a
352 | relatively inviscid substrate (viscosity ef-one order of magnitude lower than that
353 | of the upper mantle}:), i.e. the weak peridotite of the asthenosphere (Zhou, S.,
354 and Sandiford, M., 1992). Changes in the buoyancy or elevation of the lithosphere

355 are accommodated by the displacement of the asthenospheric mantle in a finite

356 | length of time, related to its effective viscosity—The-rebeund folewingthe
357 | removal-of the PleistoceneLaurentide —icecap—showsthat the time scales
358 | appropriatefor-this-isestatic respense-are-ofthe-, in the order of 104-105 years.
359 | The existenceassociation of large—lateral temperature—gradients—in—the
360 | eceanieEarth’s lithosphere leads—to—significant—herizental density—gradients:

361

362 | surface-elevation-ofthe-oceaniclithosphere-through-akind-efwith the upper cold
363 | thermal isestasy—In—erder—to—identifyboundary layer of a convecting system

364 | (Schubertetal., 2001) enables us to select the depth of the lithosphere in our SII-

365 | p model,. For each 1-D xy density depth profile we consider Millerthe depth

366 | recovered from Muller et al., {1997} isechrons(2008) isochrones as a guide, and;
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where-this-infermatien-is-netavailable; we opportunely adjust the value in order

to assign thea depth point where we observe a—deereasean inversion in the

SH-p}density gradient.

The mantle residual gravity anomalies are estimated as the differences between
the gravity field produced by SII-p limited to the depth of the lithosphere and the
observations.

An-estimation-ofFollowing the steps sketched in Figure 5, we estimate the-«

correlation matrix between the residual topography and the mantle residual

gravity anomalies—gives. We believe that a graphical representation of the

diagonal values of this correlation matrix may be a proxy of the regions where

the sublithospheric mantle density contributes to surface topography. We base
our assumption on the papers of Pekeris (1935) and Richards and Hager (1984),
which have shown that the viscous mantle flow that is driven by the thermal
density contrasts is responsible for the long-wavelength gravity anomalies
observed at the surface. They demonstrated that the gravitational effects of
surface deformation caused by the thermally driven flow is opposite in sign and
comparable in magnitude to that of the driving density contrast. -It is therefore
reasonable to expect that sublithospheric density contrasts have effects on the
surface topography if a negative correlation is found between the residual
topography and the mantle gravity residuals. This means that we can rule out

compensations due to a low viscosity region at the base of the lithosphere.

3. RESULTS

Depth sections of the resulting SII-p density model, up to 300 km, after the+

16
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first iteration, are plotted in Figure 4-(a}-as-a-percentage-deviation-with-respeet

srththe deonoine conaisetan poens bebieen D0 ond JE A e a0 () 05 a
percentage deviation with respect to the mean model of each layer (Figure 6 (b)).

The optimization of the p-vg, correlation coefficient in P3PRIRenabled us to

obtain the 3-D map of lateral variations in the angular coefficients of the p-vgy
coupling with respect to the 1-D thermal relationships (temperature variations
are the dominant cause of density variations), and to select the regions
characterized by density compositional signatures (Simmons et al., 2010, Tondi
et al.,, 2012b). Figure 7 shows our interesting results. First of all compositional

variations presumably only affect to densities at the lithosphere-asthenosphere

boundary (LAB), as chemically-induced density anomalies show up graduall

from the Eastern to the North Western Pacific plate and do not extend below 200

km in depth. Additionally, important anomalies are observed mostly west of the

East Pacific Rise (EPR) and are particularly emphasized at depth, beneath the

northwestern part of the lithosphere.

The gravity data field reproduced by the resulting density model is shown

in Figure 8. We obtain a gravity data misfit of 66.73 mgal (with respect to 321.16

mgal of the seismological model scaled into a density model) and a gravity data
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417 | variance reduction of 67.41% (with respect to 31.58% of the seismic model). A

418 | comparison between the observed (Fig. 2 (b)) and the reproduced gravity data

419 | field (Fig. 8) evidences a good reproduction of the pattern of the Bouguer

420 | anomalies, with a uniform underestimation of densities within the Pacific Plate

421 | that is probably explained by the uncertainties in the recovered p-vsy

422 | relationship (Figure 9) and that cannot affect our next inferences.

423 | The a posteriori standard deviation, associated with the density parameters

424 | (Figure 10), ranges between 2.6 and 75.4 kg/m3. Higher reliability of the density

425 | model, associated to smaller values of standard deviation, is obtained within the

426 | Pacific Plate, from 100 to 200 km depth. Further iterations do not improve the
427 | results, while they decrease the fit to the seismological data.The-SH-p-medel
428
429
430

431

432

433 The

434 | The identified thickness of the isostatic lithosphere in the Pacific plate ranges

435 | from 8 km in the EPR to 120 km depth in the Philippine Sea (Figure 11 (a), (b

436 c)). including about 11 layers of the SII-p model.

437 | The possibility to have available density information every 1°, enabled us to use

438 | detailed density profiles to calculate a) the differences between the produced

439  gravity field of the 3-D lithospheric density structure and the observations, i.e.

440 | the mantle residual gravity,—shewa—streng negative—mantlegravity-anemaly
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to pesitive-be subtracted from topography-residuals:

2 o d e
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We-—test/bathymetry. Hence, we have tested the sensitivity of both the

calculated residual-tepegraphy-and-the-mantle residual gravity anomalies;-_and

the residual topography to (4i) the lithosphere depth uncertainty; derived from
the provided standard deviation associated with the Miiller et al., (39972008)
isochrones, and to (2ii) the chosen density model-{: the SII-p model (Figure 6 (a))
and the seismological velocity model transformed into a density model through
the initial p-vg, depth-dependent relationship}-.

The mantle residual gravity related to the SII-p model (Figure 11 (d), (e

shows a negative anomaly characterizing the whole Pacific plate with a gradient

of 500 mgal between the eastern and the western coast. With regard to the SII

nonisostatic topography (Figure 11 (g), (h), (i)), it is characterized by general

positive values in the Pacific plate, which generally increase in the north-western

side and reach up to +3 km in the North West Pacific basin and in the Philippine

Sea. Important positive values are also found along the EPR. On the other hand,

continental regions are overcompensated.

Our sensitivity analysis shows that the variation in the depth of the lithosphere
(Figure #11 (a), (b) and (c}3;)). as expected, particularly affects the residual

gravity, by lowering or increasing the mantle gravity residual anomalies (Figure

7)) -and Eigure 8-(a) b} {e-Thell (d), (e), (f)): a thinner lithosphere

results in higher residual gravity anomalies. On the other side, the residual

topography associated with the Pacific plate_(Figure 11 (g), (h), (i)) is slightly

affected by the uncertainty associated with the depth of the lithosphere, but the

range of variations of the anomalies is more important when considering a

thicker lithosphere (Figure 711 (i}, Eigure-8-(f)).
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We-ebserve-more-positive-mantleMantle gravity residuals withexpressed by the

SII-p density-model (Figure 712 (d), (e), (f)), are generally more negative with

respect to the—model—directly—transfermed—froem—those produced by the
seismological model with—theBireh—relationship-(Figure 12 (a), (b), (c)).

Therefore this implies that SII-p density-model has a lighterdenser lithosphere:

Conversely-on-theside-of the, density increasing with depth, with a Ap from 40
to 170 kg/m3. As a consequence, residual topography,there-isa-stronger-positive
signalfer associated to the seismic model eonverted-into-a-densitrmeodel(Figure
812 (d), (e), (f3-)).shows a stronger positive signature with an average Ah of 1.5

km.
The analysis of the negative correlation between the residual topography and the
mantle residual gravity; which, following Pekeris (1935) and Hager et al., (1985),

should be—a—proxyferidentify the regions where the contribution of mantle

circulation in supporting the long-wavelength topography; is active, enabled us

to draw the pictures shown in Fig. 913 (a) to (f})._for both the seismic and SII

density models. Correlation is calculated for the xy grid of the 3-D model as:

_ (hres_(m'{' U(hres))
(Gres—(Grest 0(gres))

(9)

p

where hres is the residual topography and gres is the mantle residual gravity, both

weighted over the mean (h,.;_and g,.,.) and the standard deviation (o (h,.) and

0(gres)) in order to be comparable quantities. Fig. 5 shows the main steps we

have followed to obtain our results.

oAs shown in

Figure 13, the Lithesphere-depth-uncertainty-and-te-the-chosen-density model-

The-density-medel used in the calculation of (9) has a largersignificant impact in
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determining the amplitudewidth of the area of the Pacific region affected by

dynamic topography. If we use the density model; directly transformed from the
seismic model, the influence of mantle flow on the surface topography {Eig-9-{a}
{b){e}))is-extendedextends from the Peru-Chile trench to the Tonga trench in
the South Pacific and from the west coast of the USA to the Philippine Sea in the

North Pacific: (Figure 13 (a), (b), (c)). On the other hand, if we use the densitySII-

0 model-reeesrered fromn the combined fmersion of coimelocionl oo d comnariee

data,theestimated contribution of mantle flow to the surface bathymetry {Eig-9
) e))-is limited mostly to the eastern side of the Pacific plate; (Figure 13
(d). (e). (f)). and is more consistent with the features—of-the-geoid height{Fig

1Blows (Figure 14). In addition, the tweo-medels-show-a-different-contribution

oflithospheric depth uncertainties contribute in enlarging (when the lithospheric

depth is smaller) or reducing (when the lithospheric depth is greater) the

residualregion affected by dynamic topography-and-the-mantle residual-gravity

We wish to note that our results rely on a starting tomography model (Maggi et
al., 2006) which is undoubtedly limited by both spatial resolution and the used
methodology. However, as studied in Tondi and de Franco (2006), the interplay
with gravity information eenstrains—the—resultcan efficiently constrain and
complete the seismic information. Additionally, the methodology enables us,
through an assessment of the gravity residuals-enables—us, to become aware of
the model inconsistencies—and—ef—under—or—over-estimated—densities—A
comparisen—between—the—observed—and—the—. As evidenced above, gravity
residuals reproduced gravity—data—field—evidences—enlyby Sll-p model show a

slight uniform underestimation of densities belewbeneath the Pacific Plate, that
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do not alter the oceanic-erust—whichisprobably-due-tointerdipendence among

the unecertainties—indifferent regions of the reecevered-p-vs—relationshipmodel,

and thatecannetaffectas a consequence, our inferences.

4. DISCUSSION

4.1 The Sl density model of the Pacific lithosphere and upper mantle

veloeities{The most prominent large-scale feature of the shallower pattern of
density anomalies, up to 150 km in depth (Figure 6 (a)), is a progressive increase
in density values across the Pacific plate from East to West, consistent with the

lithospheric age (Muller et al., 2008). At depth, as visualized with the help of

density isosurfaces (Figure 15), the high density/velocity anomaly reduces and is

gradually replaced by a uniform lower density anomaly which encompasses the

subsurface of all the plate. The reliability of these results is supported by the

calculation of the a posteriori standard deviation associated with the density

arameters (Figure 10), which evidences an excellent anomaly recovery in the

Pacific plate between depths of 100 and 200 km, where the model is well

constrained by both seismological and gravity information. This enables us to
evaluate, with confidence within that depth interval, both the recovered density
parameters and the deviation of the optimized angular coefficient of the p-vg,

relationship, with respect to the a priori Birch coefficient.

Within the lithospheric depth, the progressive reduction of the positive

density anomaly (Fig. 6 (a)) correlates well with the increase of a chemically-

induced density anomaly (Fig. 7), which at 150 km depth becomes particularly

22



541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

important beneath the northwestern part of the lithosphere and may help to

explain some inconsistencies between geodetical and seismological

observations. In fact, almost all seismological studies (Forsyth, 1977, Zhang and

Tanomoto, 1991, Maggi et al., 2006) show that lithospheric seismic velocities, the

thickness of the seismic lithosphere and the seismic velocities, in the low-

velocity zone below the lithosphere, all increase continuously with age when

averaged over isochrons, and do not flatten out for older lithosphere in the same

way that geoid and gravity observations do. Eig-11}-enable-us-to-analyze-the new

non-thermal density anomalies at the base of the lithosphere may reduce the

weight of the lithosphere in that part of the model and explain the modest impact

n the gravi n id m remen

Mid-ocean ridges, the western and the southern parts of North America+« {

continent and the central Australian Proterozoic region below the Alice Springs

rogeny (Kenn nd Iaffaldano, 201 re char riz n iv nsi
anomalies. Unlike the results of the tomographic inversion (Maggi et al., 2006

and in line with Dunn and Forsyth (2007), the negative density anomaly beneath

the EPR is only slightly visible at shallower depths, becoming important between

200 and 250 km and disappearing at 300 km, thus confirming that convection is

largely driven by cooling from above. No compositional contribution is observed

from the analysis of the p-vg, _angular coefficient (Fig. 7), thus indicating that all

anomalies are thermally induced heterogeneities. Positive density anomaly

structures separated by negative density anomalies characterize the subsurface

f convergent pl ndari Aleutian Trench, Mariana Trench, Kuril Trench
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Kermadec Trench) and the subduction zones of Japan and Tonga-Kermadec,
down to a depth of 300 km and below. The negative density anomalies probably

reflect upward intrusions of arc magmas and/or fluids from hydrous partial

melts in the mantle wedge. This is justified by the fact that the fluids control the

pore fluid pressure and thus play an important role in the nucleation of

interplate megathrust earthquakes, as well as large crustal earthquakes, which

are typical in the arc and backarc areas (Zhao et al., 2002). At a depth of 200 km
and below, positive density signatures of the continental cratons of Australia and
North America are clearly visible.

In order to have a comprehensive insight of the contribution of the

compositional heterogeneities to the overall density field of the Pacific plate, and

extrapolate the contribution of the gravity data to the seismic model, the

recovered SII density values have been plotted against the seismological shear

velocities (Figure 9). It is evident that the general trend of the SII p-vsy

relationships follows the 1-D Birch relationships, which is the same as the
general agreement between the upper mantle density anomalies and the velocity
structures observed by the tomographic inversion of Maggi et al, (2006).

However;-en—the-basis—of the-assigned-covarianee—matrix, the SII optimization

procedure increases the value of the a priori a coefficient (the gradient of the p-

vgy relationship), within the limits of 10% - 40%-—Lewer-values-are-assigned%

that, with the help of Figure 7, we localize to the parameters that belong to the

continent-and-highervaluesto-the-oceanic lithosphere and to the upper mantle
structures below the eceaniePacific plate.-As-aresultof the general-inerease-in
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thanPREM between-50-and-220-km-(Fig—4-{b}}- These results are consistent with

the findings of Simmons et al., (2009) of a positive residual density anomaly
beneath the eastern Pacific Ocean extending from Antarctica to Alaska, which
does not have a thermal origin. Additienally,—as—Lowered scaling factors are
observed by—Ekstrémwithin @ and  DPziewenski—{1998}below  the
preseneecontinental lithosphere, but in this case, higher values of an

underestimated—radial-anisetropy—anemaly—beneath—the Pacifieplate—leadsa

posteriori standard deviation suggest us to differences-between-the Vsprofilesof

two—groups—of-data—ene—consisting—of -observationsevaluate this result with
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As a result of the general increase in density parameters related to the

area of the Pacific plate, our 1-D mean density model, unlike the starting 1-D
p model directly transformed from seismic data, is higher than PREM between
50 and 220 km (Fig. 6 (b)). The contribution of gravity information, may have
corrected the density values that are linked to observations with primary

sensitivity to vg, (e.g. the Rayleigh waves) that, as observed by Ekstrom and

Dziewonski (1998), in the presence of an underestimated radial anisotro

anomaly beneath the Pacific plate, are of significant smaller amplitude, with

respect to parameters obtained from observations with primary sensitivity to
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vsy(e.g. Love waves).

N

2. The

42-Theresidual-topegraphy-and-the mantle residual gravity anomalies and the

residual topography of the Pacific Plate

As discussed in the-Intreduetion,McNutt (1998), the high viscosity of the
plates shieldsmay shield surface geologic processes from convective forces

below {MeNutt—1998)and explain the deviations of ocean depth or seafloor

topography from the prediction of a cooling half-space model. As a result, the

residual topography;_(Figure 11 (g), (h), (i) and Figure 12 (d), (e), (f)). which is

estimated on the basis of the properties-efisostatic height and the density within

and beneath the lithosphere, would have a marginal contribution compared to

the mantle gravity residuals (Figure 11 (d), (e). (f) and Figure 12 (a), (b), (c))

which depend on the deeper density anomalies. The-ebserved-As this is what we

observe, we presume that the imbalance between the intensities of mantle

gravity residuals and the residual topography, which is—highlighted-abeve-all

withwe observe especially for the SII-p model, reveals-theplausible-is due to a

lateral viscosity inereasegrowth, associated with the_increasing thickness and
density of the Pacific platePlate, from the EastPacifie RiseEPR towards west, up
to the Kermadec and Tonga Trench in the south and the Kuril-Kamchatka Trench

in the north:_(Figure 6 and Figure 15). However, although_in the Northwestern

Pacific the surface uplift is presumably shallower than the mantle upwelling,

because it only compensates for a part of the mass deficit, and-the-netresidual

thelithesphere—it—stillthis occurrence does not explain the conjunction of
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anomalous height of seafloor topography, the lack of a heat flow anomaly and the

net geoid low observed in the regienregions around the Hawaiian Swell and

South Pacific Superswell {Fig-10).—Super Swell (Figure 14).

Following McNutt (1998) and Mc Nutt and Bonneville (2000), who suggested

that the discrepancy between the heat flow and depth of the lithosphere could

imply that the origin of the SuperswellSuper Swell is non-thermal (e.g. the

convecting material beneath is low density by virtue of its mineralogy rather

than its temperature), we used-ourresultsto-test-this-hypothesis-Optimizing the

compositional—variationsuse our results on the optimization of the p-vgy,

correlation coefficient (Fig. 7) to test this hypothesis. On the basis of our results

and—de—not—extend—below 200-—km—in—depth—Thus, Mc Nutt's hypothesis is

plausible, as chemically-induced density anomalies can be observed all along

subducting slabs, beneath the-Superswellboth the Hawaiian and the South Pacific

Super Swell, and in the structure of the lithosphere between the Aleutian Trench
and the Fiji North Plateau in the northwestern edge of the Plate. These
observations are partlyalso justified by the fact that perturbed phase relations

among mantle minerals are expected within the thermal environment of

subducting slabs (Bina et al., 2001} The-impertantanomalies-observed-beneath
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the compositionally-induced density anomaly beneath the surface of both the

SuperswellSwells, may explain why the measured average heat flow is not

resolvably different from other Pacific values, even—theugh—the-in spite of the

presence of the topographic highs.

With regard to the geoid (Fig. 14), a semi continuous belt of lows surrounds the

Pacific, including isolated minima in the Indian Ocean, Ross Sea and northeast

Pacific. No corresponding negative anomalies are observed in the free-air and/or

Bouguer gravity map and, as a consequence, no information is given by our study

in this regard. As studied by Spasojevic et al., (2010), the geoid lows are

correlated with high-velocity anomalies near the base of the mantle and low-

velocity anomalies in the mid-to-upper mantle, hence they are not constrained

by our density model.

A mass deficit up to depth of 150 km (Fig. 6), correlated with calculated positive

residual topography (Fig. 11 h), 1)) and observed positive geoid anomaly (Fig.
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14) is instead reconstructed by our model beneath the Hawaiian chain.

Following Cadio et al., (2012) the average depth of the seaflooronthe Superswell

is—consistently—shallower—compensating density anomaly, might indicate

compensation within the asthenosphere such as by dynamic uplift, which is

unfortunately not confirmed by our proxy of dynamic topography (Fig. 13). On

the contrary, we are in favor of the presence of crustal underplating, that, as

suggested by Leahy et al, (2010), and previously identified by the deep-

enetrating marine refraction study of Watts et al., (1985) indicates that the

Hawaiian Swell is partially supported by shallow chemical buoyancy which can

be conveniently associated to the recovered compositional anomaly (Fig. 7).

The geoid in the Super-Swell region, that following Adam and Bonneville (2004)

covers an area between latitudes 10°N and 30°S and longitudes [130-160]°W,

shows two different features: a positive anomaly in the northern branch, that

becomes progressively negative towards the South. Correlated positive to

negative density anomalies are reconstructed up to 100 km depth and below the

lithosphere (Fig. 15). The analysis of the negative correlation between the

residual topography and the mantle residual gravity evidences that in this region

is active the contribution of mantle circulation in supporting the long-

wavelength topography. This is particularly evident with the seismic model. With

the SII model, the mantle support is of limited amplitude and more relevant in

the northern part of the Swell (Fig. 13). As studied by Adam et al., (2014

dynamic topography is sensitive both to the viscosity profile and to the

tomographic models. As suggested above, results support the presence of a

lateral viscosity growth, associated with the increasing thickness of the Pacific

plate. Hence we favor the presence of a low viscosity asthenosphere beneath the
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South Pacific superswell, accordingly to the study of Adam et al., (2014). The

presence of density compositional variations reduces the negative correlation

between residual topography and the mantle residual gravity and this explains

the differences of the results obtained with the seismic and the SII models.

Density compositional variations, especially important in the Southern branch of

the Swell, are also consistent with the hypothesized underplating beneath the

Marquesas swell (McNutt and Bonneville, 2000). Surface topography of the

Superswell region may then by explained by the joint contribution of dynamic

topography and crustal underplating which offers another source for the

buoyancy of the Swell and justifies the measured heat flow (Veselov and Lipina,
1982), which is not resolvably different from other Pacific values.

3. CONCLUSIONS
The exploitation of the information provided by the seismological and

satellite gravity data, enabled us to contribute to the determination of a-high

resolution-density-erustal-important physical and geological information within

the lithospheric and upper mantle structure of the Pacific, down to a-300 km

depth.-Os

The recovered parameters on a uniform 1° x 1° grid , such as 1) the densities

compatible with both seismological and gravity observations—n—addition—a

realistie relationship-was—obtained_and 2) the phase relationships between the

isotropic shear-wave velocity and the density structure,frem—which_enabled us

to extract useful and novel information on_a) the thickness of the lithosphere, b)

the thermally and chemically-induced density anomalies, ean—then—be

the residual topography, d) the mantle gravity residuals, e) the
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766 | dynamic topography and f) midplate swells for the whole Pacific region. This

767 | information eewldshould help_to reconcile some incompatible descriptions of the

768 | oceanic lithosphere of the Pacific-plate—.

769 Unlike the results of the-tomographic inversion, and-inline-with-Dunnand« | Formatted: Indent: First line: 1.2t

cm

770 | Eersyth{2007)-the pesitivenegative density anomaly beneath the EastPacifie

771 | Riseis-slightlyvisible- EPR are chemically induced at shallower depths, becemes

772 thus

773 | confirming that the overall upwelling is passively driven by plate motions.

774 | Additionally, with respect to the seismological studies, we observe that {1) the

775 | Sll-p model shows a lighter lithosphere, {2}—pesitive—flanked—by—negative

776

777 | Paeifieplate;{32) a wide area of strong positive flankeddensities strengthened

778 by strong negative chemically-induced density anomalies is revealed between
779  the Aleutian Trench and the Fiji Plateau in the northwestern edge of the Pacific

780 | plate, £3) both the Hawaiian and the Super Swell are characterized by density

781 compositional variations that may support the hypothesized crustal

782 | underplating, 4) the proxy of the contribution of mantle flow to the surface

783 | bathymetry is Himited-mostly-to-the-easternsideconcentrated beside the western

784 | flank of the EPR and decreases progressively towards the western Pacific Plate,

785 | 5) the features of the recovered mantle gravity residuals evidence a lateral

786 | viscosity growth, associated with the increasing thickness of the Pacific Plate,

787 | from the EPR towards west, up to the Kermadec and Tonga Trench in the south

788 | and the Kuril-Kamchatka Trench in the north, [Formatted: Font color: Auto

789  From these results, we conjecture that the cooled layer of mature lithosphere

790 thickens with age as suggested by the dispersion of Rayleigh waves with oceanic
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paths (Zhang and Tanimoto, 1991. Maggi et al., 2006). However, from a depth of
70 to 150 km, pressures and temperatures chemically modify the composition of
the lithospheric layer. This chemically-modified structure is lighter and more
buoyant than the predicted cooling models, which reconciles gravity
observations that do not show an increasing gradual negative gradient
progressing towards the north-western side of the Plate. In addition, the
existence of non-thermal sources of buoyancy at the base of the lithosphere,
below the northwestern side and along the eastern boundary of the Pacific plate,

also justifies the fact that the conducted heat flux stabilizes to a constant value of
50 to 60 m—W—mz_% after 25- or 30 million years (Stein, 1995) and does not vary

significantly compared to other Pacific values, although the depth is different.
Presumably, after this time, phase relations among mantle minerals start to be
perturbed and the direct relationship between the convective material beneath

and its temperature is progressively lost._Coherently with the observed

chemically modified structures, results support also the hypothesis that midplate

swells are not entirely explained by thermal and dynamic surface uplift from

rising mantle plumes, but by a joint contribution of volcanic underplating and

mantle flow.
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Figure captions

Fig. 1. Latitude-dependent standard deviation of the GOCE-only model

commission error [mgal].

Fig.

and—veleeity2: (a) Free-air gravity anomalies from 128,880 points of the

combined GOCE-EGM2008 model over the study area (degree 2190). b) Bouguer

anomaly map of the Pacific Plate recovered from (a). See paragraph 2.1 for

details.

Fig. 3:. Flow chart of the inversion procedure, including optimization of density

and velocity.

Fig. 4. Comparison among (a) 128,880-free-airthe mean diagonal elements of the

a posteriori seismic standard deviation, (b) the assigned mean diagonal elements

of the Cmm_covariance matrix (takes in account the error propagation from the

velocity model to the density model and (c) the mean density update of the first
iteration (Aph)

Fig. 5. Sketch of the followed steps to recover (d) the diagonal values of the< —

correlation matrix between the residual topography and the mantle residual
gravity anomalies fremproduced by the eembined-GOCE-EGM2008SII density
model-ever. As an example, (a) a vertical slice through the study-area{degree
2190} Minimum—valuerecovered model (30° N) is -340,29-—mgal—maximum
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1059 | walweanalyzed. The method used to determine the depth of the lithosphere is

1060 | 523,80-mgal—{b)Beuguerexplained in the text. Following Pekeris (1935) and

1061 | Hager etal., (1985), (d) the negative correlation between (b) the mantle residual

1062 | gravity anomaly map-efthe Pacific Plate recoveredfrem-{a)and (c) the residual

1063 | topography, may identify the regions where the contribution of mantle

1064 | circulation in supporting the long-wavelength topography is active.

1065
1066 | Fig. 4:6. Depth sections of the p percentage perturbations in (a) our optimized« — | Formatted: Widow/Orphan
control, Adjust space between
) o Latin and Asian text, Adjust space
1067 | Sl-p model-{a}. Model perturbations are expressed as percentage deviations between Asian text and numbers

1068 | with respect to (b) the mean density value of each layer-pletted-in-{b}. In the

1069 f—'Hast—-—(each section}, the main tectonic units are indicated._In (b) the depth

1070 | interval of the lithosphere in 1-D SII-p, PREM and seismic model (Maggi et al.

1071 | 2006) are shown. The area of the Pacific Superswell, identified by Adam and
1072 | Bonneville (2005), is superimposed on each section.

1073
1074 | Fig.

1075 | Eigure-57. Depth sections of the lateral differences in the optimized angular
1076 | coefficient a with respect to the a priori Birch coefficients (0.72 for 50 km depth,
1077 | 0.34 from 100 to 200 km depth). The area of the Pacific Superswell, identified by
1078 | Adam and Bonneville (2005), is superimposed on each section.

1079
1080 | Fig. 8. Bouguer anomaly map reproduced by SII-p model in Fig. 46 (a). Gravity

1081 | misfit with respect to observations in Fig. 32 (b) is 66.73 mgalsmgal and variance

1082  reduction is 67.4%.
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Fig. 9. Density values from the recovered SII-p model in Fig. 6(a), plotted against

the velocity values from the seismological model and compared to Birch law

regression lines (black solid lines), our vy, — p9, starting relationship .

Fig. 10.

Eig—6. Depth sections of a-posteriori percentage standard deviation on SII-
p model. Standard deviation takes into account the propagation of uncertainty
from the velocity to the density model, weighted with the final gravity variance
reduction Var(gi};g(n)), and the information given by the gravity data—lmages

relative (eq. (8)). In each section, the standard deviation values are referred to

the mean-ofthe31-D SII-p model, imaged in Fig. 46 (b}-ateach-depth-indicated:).

In the first -—(section}l the main teeteniealtectonic units are indicated.

Fig. 711, (a), (b) (c) Calculated lithospheric thickness of the Pacific region,

gravity anomalies (background density is adjusted in order to magnify the

contrast between ocean and continents) calculated assuming the SII density

model and the lithospheric depth in (a), (b) and (c). {e}—{h}—{i)Residual

(g). (h), (i) Residual topography of the Pacific region, calculated assuming the SII-

p density model and the lithospheric depth in (a), (b) and (c).
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The area of the Pacific Superswell, identified by Adam and Bonneville (2005), is

superimposed on each section.

Fig. 812, (a), (b) (c) Mantle residual gravity anomalies calculated assuming that

the seismic model has been transformed into a density model —through the
starting p;vSV depth-dependent relationship and the lithospheric depth in Fig.
711 (a), (b) and (c).

[(d), (e), (f) Residual topography of the Pacific region, calculated assuming the
seismic model transformed in a density model through the starting p-vSV depth-

dependent relationship -and the lithospheric depth in Fig. 711 (a), (b) and (c).
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The combined inversion of seismological and GOCE gravity data:
New insights into the current state of the Pacific lithosphere and

upper mantle

Rosaria Tondil, Maddalena Gilardoni%, Mirko Reguzzoni?
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Bologna, Italy

2DICA, Politecnico di Milano, P.zza Leonardo da Vinci 32, 20133 Milano, Italy

ABSTRACT

In this study we combine seismological and GOCE satellite gravity information by
using a Bayesian-like technique, with the aim of inferring the density structure of
the Pacific (90°N 90°S) (121°E 60°W) lithosphere and upper mantle.

We recover a 1° x 1° 3-D density model, down to 300 km depth, which explains
gravity observations with a variance reduction of 67.41%. The model, with an
associated a posteriori standard deviation, provides a significant contribution to
understanding the evolution of the Pacific lithosphere and answer to some
debated geodynamic questions.

Our methodology enables us to combine the recovery of density parameters with
the optimum density-vg, scalings. The latter account for both seismological and
gravity observations in order to identify the regions characterized by chemically-
induced density heterogeneities which add to the thermally-induced anomalies.
Chemically-modified structures are found west of the East Pacific Rise (EPR) and
are of relevant amplitude both below the north-western side of the Pacific Plate,
at the base of the lithosphere, and up to 100 km depth beneath the Hawaiian and

Super Swell regions, thus explaining the anomalous shallow regions without
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invoking as the sole justification the thermal buoyancy. Coherently with the
chemically modified structures, our results a) support a lighter and more
buoyant lithosphere than that predicted by the cooling models and b) are in
favor of the hypothesized crustal underplating beneath the Hawaiian chain and
beneath the volcanic units in the southern branch of the Super Swell region. The
comparison between calculated mantle gravity residuals and residual
topography suggests a) a lateral viscosity growth associated with the increasing
thickness and density of the Plate and b) correlate well with sub-lithospheric
mantle flow from the EPR towards west, up to the Kermadec and Tonga Trench

in the south and the Kuril-Kamchatka Trench in the north.

1. INTRODUCTION

The topography of the Earth’'s surface is explained by the combined
effects of shallow processes such as erosion or sedimentation, and deeper ones
such as isostatic compensation and the upward push/downward pull associated
with a convective flow in the mantle (Richards and Hager, 1984). The latter
effect, known as dynamic topography, has been evaluated in a number of studies,
where models of mantle density are defined on the basis of seismic tomography,
and used to predict the associated mantle flow (Forte, 2007, Boschi et al.,, 2010,
Davila and Lithgow-Bertelloni, 2013, Flament et al., 2013). Yet, given the number
of dynamic processes that affect the topography, researchers still haven’t
reached a consensus about the term “dynamic topography” and the absence of a
detailed knowledge of the thermal and chemical structure of the lithosphere,
effectively limits the possibility to discriminate among a number of different solutions.

As an example, the bathymetry of the young ocean floor (<80 Ma) is compatible with
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that of the thermal boundary layer of the convecting mantle, and, in this respect, the
subsidence of oceanic lithosphere with age should be included in the definition of
dynamic topography. On the other side, ocean floor older than ca. 80 Ma appears to
flatten compared to the two main boundary-layer cooling models (McKenzie,
1967, Stein and Stein, 1992, Parker and Oldenburg, 1973), which have been
produced to explain the observed variation of heat flow and oceanic depth with
age. Additionally, due to its long and complex tectonic history, the dynamics of the
continental lithosphere cannot be explained by a boundary layer theory.

Goal of this paper is to obtain means for constraining convective circulation of
the sub-lithospheric mantle of the Pacific Plate through the analysis of the physical
parameters of the oceanic lithosphere. The Pacific region is a natural laboratory for
oceanic plate tectonics and it contains not only relatively large areas of old
seafloor, but also numerous hot spot tracks, that may have a role in transporting
heat to the bottom of the thermal boundary layer. As recalled above, numerous
studies have found that seafloor older than 80 Ma reaches depths several
hundred meters shallower than would be predicted by the two main lithospheric
cooling models (McKenzie, 1967, Stein and Stein, 1992, Parker and Oldenburg,
1973) and no general consensus has yet emerged on a single mechanism of
heating that can explain all available observations. Several recent studies have
continued to refine these early interpretations of a seafloor depth-age
relationship. Proposed explanations include constant heat flux from below (Doin and
Fleitout, 1996), thermal rejuvenation by hotspots (Smith and Sandwell, 1997), small-
scale convection (e.g., Afonso et al., 2008), dynamic support by mantle flow (Kido
and Seno, 1994; Zhang et al., 2012), and departure from the topography predicted by

thermal boundary layer theory due to radioactive heat production within the mantle
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(Jarvis and Peltier, 1982).

In any case, the sophistication and complexity of numerical approaches to
determine the role of mantle-lithosphere interactions in shaping surface
topography, cannot exempt researchers from studying and reconstructing the
fine-scale structure of the lithosphere.

Seismically derived models of lithosphere suffer from incomplete ray coverage
or limited data resolution, especially above oceans, where seismic stations,
almost exclusively land based, are concentrated at the borders of the seafloor.
For example, on the basis of the surface wave tomography of the Pacific mantle,
Ritzwoller et al. (2004) have suggested that old lithosphere does not follow half-
space cooling, however the spatial resolution of their tomography does not
enable them to rule out that there may be a flattening effect of hotspot chains
and oceanic plateaus.

On the other hand, surface observables such as gravity fields and geoid, which
are directly dependent on the structure of the underlying distribution of mass,
and recently benefit from the information released by space gravity missions
such as GRACE and GOCE, are far superior in terms of spatial resolution, but still
have to overcome the inherent non-uniqueness of any potential field method
(Blakely, 1995). Additionally, in gravity analyses, errors can occur if internal
boundaries (chemical or phase) with density contrasts, or the Earth’s viscosity
structure are not appropriately considered: if a low viscosity zone lies between
an upwelling mass and the Earth’s surface, the rising mass will then be relatively
inefficient at warping the surface and will be largely compensated for from
below, through the deformation of deeper density discontinuities (Mc Nutt,

1998).
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An attempt to integrate seismological and gravity observations in the Pacific area
is given by the global model of Simmons et al. (2010), which simultaneously
considered seismic observations and a large suite of convection-related
geodynamic constraints to obtain a three-dimensional (3-D) model of mantle
density, shear wave speeds, and compressional-wave speeds. The results
enabled Simmons et al. (2010) to simultaneously reconcile dynamic topography
and gravity, to a wide extent (72%). They succeeded in distinguishing the
thermal from the compositional contribution to both seismic velocities and
densities. However, the resolution of the model is still not sufficient for
continental studies (approximately 2.5° x 2.5° x 75 to 240 layer thickness). In
terms of the Pacific Plate, the model does not discriminate the boundary layer
between the lithosphere and the asthenosphere, which could help to resolve
what happens to lithosphere plates older than 80 Ma.

In this paper we test the possibility of using integrated approaches, which
consider both seismic and gravity constraints, in order to recover a high-
resolution 3-D density model of the upper mantle and the lithosphere of the
Pacific Region, with a lateral resolution of 1° x 1°, down to a 300 km depth and
use it as a proxy for dynamic topography. Density anomalies are recovered using
the inversion approach of Sequential Integrated Inversion (SII; (Tondi et al,
2000)), which has been parallelized to allow for a large data set and a large
number of parameters (Tondi et al, 2012). We specify an initial mean 1-D
density model within a volume of 179° x 177° x 300 km that is updated to a 3-D
density model (179 x 177 x 17 model parameters) through the combined use of
the surface waveform tomography of the Pacific upper mantle (Maggi et al,,

2006) and a gravity model from the ESA Earth’s explorer GOCE (Gravity field and
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Ocean Circulation Explorer) mission (Drinkwater et al., 2003). Assuming that the
Earth’s lithosphere is the upper cold thermal boundary layer of a convecting
system, the thickness of the lithosphere in our model is determined with Miiller
et al., (2008) isochrons and, where this information is not available, or is in
contrast with the above physical assumption, we assign the depth where we
observe a decrease in the depth-density curve of our final 3-D density model
(hereinafter referred to as SlII-p). The gravity field calculated for the SII-
p structure, limited to the depth of the lithosphere, enables us to recover both
the residual topography and the mantle residual gravity anomalies. Finally, we
show that an estimation of the correlation matrix between the residual
topography and the mantle residual gravity anomalies gives a proxy of the
regions where the convective circulation of the sublithospheric mantle
contributes to surface topography. In order to observe the added value of our
approach, results obtained with the SII-p structure and those recovered from the
density model, directly converted from seismic data are compared. The a
posteriori standard deviation associated with the updated density parameters
enables the reader to quantify the reliability of the results. Additionally, a fully 3-
D map of the p-vg, scaling relationships will help to better understand and
interpret the interplay among the geodynamic features and processes that occur

beneath and on top of the Pacific Plate.

2. DATA AND METHODS

2.1. The gravity database

The GOCE mission provides independent estimates of the Earth’s
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gravitational field, thus improving the present knowledge of low and medium
frequencies and reducing systematic effects (bias and trend) at a local scale. To
obtain free-air gravity anomalies from the GOCE mission data, we used the fourth
release of the time-wise spherical harmonic expansion (Pail et al. 2011). This is a
GOCE-only solution (no GRACE data are included) complete up to degree and
order 250. The global commission error at this maximum degree is 3.93 mgal
(Figure 1), while the omission error computed from EGM2008 degree variances
(Pavlis et al. 2012) is 13.77 mgal. Consequently, the GOCE-only solution is
combined with the EGM2008 ultra-high resolution global gravitational model,
which is also based on ground and altimetry data, as well as a GRACE model
(Mayer-Giirr 2006). Details on the combination weighting strategy, which is only
driven by the coefficient error variances, are given in Gilardoni et al., (2013).
Using this model the commission error up to the maximum degree of 2190 is
about 4.01 mgal, as the omission error is practically negligible. Once the
spherical harmonic coefficients have been chosen and the contributions of the
normal potential have been removed (Heiskanen and Moritz 1967), free-air
gravity anomalies in spherical approximation are computed by a classical

synthesis operation, i.e.

Ag(p, A.r) = GRM Z(?j =31, ¥, (p.2)
n=2 m=—n (1)

where (¢, 4, r) are the spherical coordinates of grid points over the reference
ellipsoid, GM is the gravitational constant by the Earth’s mass, R is a reference
Earth radius, Yum are the spherical harmonics of degree n and order m, and Tum
are the coefficients of the series truncated at the maximum degree N. A map of

the computed gravity anomalies from the combined GOCE-EGM2008 model is
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shown in Figure 2(a).

The availability of a topography/bathymetry dataset in resolutions up to
1 arc minute (ETOPO1, Amante and Eakins, 2009) enables us to calculate the
Bouguer gravity map with a Bouguer density correction of 2670 kg/m3 on land
and a correction of -1640 kg/m?3 to correct for bathymetry (Caratori Tontini et al.
(2007)). The Bouguer gravity anomalies, shown in Figure 2(b) are used as
gravity observations for the optimization of the density parameters. On the basis
of the estimated commission error, the a-priori gravity data error is set at 4.0

mgal for all the measurements (the square root of the diagonal elements of Cgg).

2.2. Design of a 3-D density model

The Sequential Integrated Inversion (SII, Tondi et al, 2012) involves
finding the maximum of a likelihood function (L) that relates density Earth
structure (p) to our gravity observations (g) and our seismic velocity structure
(v) through three types of information: (i) gravity data, (ii) information from the
analysis of a seismological data-set (Av), and the (iii) information on the physical

correlation between the density and the velocity parameters (o, Cmm):
L(Ag, Ap, Av) = exp{—%[Ag —GApITC; [Ag - GAp]}
xexp{—%[Ap— aAv]TC;l,ln[Ap—aAv]} (2)
The resulting SII algorithm allows the iterative estimation of the update (Ap) to
the starting density model (po):
Ap=(GTCxgG + Cri) ™' (GTCqgAg + aChiAV)  (3)
where G is the matrix of the partial derivatives of the gravity observations (g =

[g1, g2, ...gn], n € [1,N]) with respect to the density model parameters (p® = [p1,
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P2, ... pmM], m€ [1,M]), Cg is the square diagonal covariance matrix of the gravity
data uncertainties, Cmm is the covariance matrix that takes into account the error
propagation from the velocity to the density model, Ag = (g°8S - g') the i-th model
predicted gravity response, o = [a1, o2, ...om], m€ [1,M] the velocity-density
gradient vector, in the same parametrization as the model, Av = (v - v0), the
velocity parameter adjustment vector of dimension M.

The flow chart in Figure 3 schematically summarizes the processing steps of the
inversion procedure. According to Maggi et al., (2006), our starting velocity
model (v?) is the superposition of the average crustal part of the 3SMAC (Nataf
and Ricard, 1996) 3-D Earth model and the smoothed version of the 1-D vy,
profile from PREM (Dziewonski and Anderson, 1981). The model covers the
whole Oceanic plate (90°N 90°S) (121°E 60°W) up to a depth of 400 km and is
parametrized with a rectangular grid with a spatial resolution of 1° x 1° x 17
layers of variable depth.

The seismic update (AvY,) is recovered from the regional surface waveform
tomography of the Pacific upper mantle, obtained using an automated
multimode surface waveform inversion technique on fundamental and higher
mode Rayleigh waves (Maggi et al.,, 2006). Considering the proved relationships
between the isotropic shear-wave velocity and the density parameters
[Kozlovskaia et al, 2004), only the isotropic shear-wave speeds have been
considered.

With regard to the starting density model (p?), it is obtained from the starting
velocity model (v°) through an a priori vs,-p depth-dependent relationship. In

order to ensure the optimum choice of physical relationships between the
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seismic velocities and bulk densities:

1. We assume a node-dependent linear relationship: pm = dmVm + Bm, i.e. with

a-priori information we can use different relationships (correlation
coefficients a and ) for different model parameters; hence a fully 3-D

p—vs scaling relationship;

. Through a slight modification of equation (3), the gradient of the

relationship, o, is now inverted and optimized independently for each
model parameter:

am = (GTCZLG(V0 + Avm)) 1 (GTCZlg)  (4)

. The Cnm matrix takes into account the error propagation from the velocity

to the density model:
6(pm) = VmS(am) + amG(Vm) + 6(Bm)  (5)

where 6(vm) is the seismic a priori model variance (0.05 km s1), weighted
with the standard deviation associated with the path-averaged velocities,
o(am) and o(Pm) are the uncertainties in the coefficients of the scaling pm-
Vm relationship. To control the amount of variation and to allow for
correct changes in the parameter values, various tests were performed
through the optimization process. The values on the main diagonal of Cum
(under the assumption that there is no correlation between the errors in
each node) are chosen for an optimum trade-off between the data
variance and the solution variance. Very small values of Cmm correspond
to high values of C,;},, hence representing over-regularized solutions
where the density model remains close to the seismic model. Taking into

account the a posteriori seismic standard deviation matrix (in Figure 4 (a)
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are shown the mean diagonal elements); extensively analyzed in Maggi et
al., 2006), higher o(am) and o(Pm) uncertainties are assigned below a
depth of 200 km (Figure 4 (b)). This enables the complementarity of the
seismological and gravity data sets to be exploited, and reliable solutions
to be obtained also below the seismic depth resolution.
As for our initial vQ,,, — pJ, relationship, we use a scaling profile derived from
the empirical Birch’s law (Birch, 1964). The widespread success of Birch’'s law
can be ascribed to its virtual coincidence with, and hence linearization of, a
power law derived from lattice dynamics over the density range 2.5-4.0 g/cm3
(Chung, 1972), within which the rocks and minerals vary in our model. In
addition, for our depths, the general trend of the pyrolite models (Cammarano et
al.,, 2005), which are the best approximation of the composition of the Earth’s
upper mantle, does not differ much from the trend of the 1-D Birch relationship.
Birch’s law concerns P-wave velocities; our vd,,, — pS depth-dependent
relationships are the regression lines drawn through the plot of the two
variables extracted from his tables. However, as studied by Simmons et al,,
(2009), a simple 1-D velocity-density scaling implies a direct relationship among
seismic velocities, temperatures and density material. As this simplified view of
density heterogeneity is clearly not correct, to account for additional
dependencies on a wide range of factors, such as the presence of fluids or
compositional variations, we allow the density-velocity scaling to vary laterally
during the inversion, through (4), thus creating a fully 3-D relationship between
the density and the shear-wave velocity model.
To proceed with the SII, we use the 3-D grid of our starting density model (pJ,) to

calculate the predicted gravity response g and the partial derivatives of each

11
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gravity measurement g, (where n are the [1,N] gravity observations) with

respect to each density model parameter pm:

G= [agn

NxM
0pm nm]

(6)

Residuals between the observed (Fig. 2 (b)) and the calculated gravity field (Ag)
are used as input for the inversion algorithm in (3). We then optimize the
starting density-vsy scaling relationships (a2,) and the starting density values
(pS,), with (al,) and Apl, (Figure 4 (c)) respectively.

At the same time, we calculate the gravity data misfit and the a posteriori
standard deviation associated with the updated density parameters. The gravity

data misfit is expressed as the rms of the gravity residuals for each observation:

obs 2

obs __

where (g g;l) is Ag, as expressed above.

The a posteriori standard deviation associated with the updated density

parameters (pl, = pit + Apl,), is calculated as:

opl, = alovik [1 - (Var(g () — (d )] (m=1,...M) (i=the current
iteration) (8)

which is the propagation of uncertainty from the velocity to the density model,

weighted with the final gravity variance reduction Var(g(n)), and the information

provided by the gravity data (d,,;,, the diagonal elements of the gravity kernel

(GTnglG)). The procedure is repeated, following the flow chart in Figure 3, until

a satisfactory fit to the observed datasets (data misfit) is achieved. The higher the

uncertainty in the input information, the lesser the number of iterations needed

to obtain a model that satisfies both the datasets (however, usually not more

12
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than 2-3 iterations).

2.3. Residual topography and mantle residual gravity anomalies

To recover the residual topography, the effects of the isostatic lithosphere
are estimated with Panasyuk and Hager’s (2000) algorithm and subtracted from
the observed elevation (ETOPO1, Amante and Eakins, 2009). We assume that
isostatic compensation is achieved within the lithosphere. Isostatic
compensation can be achieved because both continental and young oceanic
lithosphere essentially floats (mature oceanic lithosphere becomes increasingly
denser than the asthenosphere and eventually sinks at subduction zones) on a
relatively inviscid substrate (viscosity one order of magnitude lower than that of
the upper mantle), i.e. the weak peridotite of the asthenosphere (Zhou, S., and
Sandiford, M., 1992). Changes in the buoyancy or elevation of the lithosphere are
accommodated by the displacement of the asthenospheric mantle in a finite
length of time, related to its effective viscosity, in the order of 104-10> years. The
association of the Earth’s lithosphere with the upper cold thermal boundary
layer of a convecting system (Schubert et al., 2001) enables us to select the depth
of the lithosphere in our SII-p model. For each 1-D xy density depth profile we
consider the depth recovered from Muller et al., (2008) isochrones as a guide,
and we opportunely adjust the value in order to assign a depth point where we
observe an inversion in the density gradient.
The mantle residual gravity anomalies are estimated as the differences between
the gravity field produced by SII-p limited to the depth of the lithosphere and the
observations.

Following the steps sketched in Figure 5, we estimate the correlation

13
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matrix between the residual topography and the mantle residual gravity
anomalies. We believe that a graphical representation of the diagonal values of
this correlation matrix may be a proxy of the regions where the sublithospheric
mantle density contributes to surface topography. We base our assumption on
the papers of Pekeris (1935) and Richards and Hager (1984), which have shown
that the viscous mantle flow that is driven by the thermal density contrasts is
responsible for the long-wavelength gravity anomalies observed at the surface.
They demonstrated that the gravitational effects of surface deformation caused
by the thermally driven flow is opposite in sign and comparable in magnitude to
that of the driving density contrast. It is therefore reasonable to expect that
sublithospheric density contrasts have effects on the surface topography if a
negative correlation is found between the residual topography and the mantle
gravity residuals. This means that we can rule out compensations due to a low

viscosity region at the base of the lithosphere.

3. RESULTS

Depth sections of the resulting SII-p density model, up to 300 km, after the
first iteration, are plotted in Figure 6 (a) as a percentage deviation with respect
to the mean model of each layer (Figure 6 (b)).
The optimization of the p-vg, correlation coefficient in E3EREenabled us to
obtain the 3-D map of lateral variations in the angular coefficients of the p-vgy,
coupling with respect to the 1-D thermal relationships (temperature variations
are the dominant cause of density variations), and to select the regions
characterized by density compositional signatures (Simmons et al., 2010, Tondi

et al., 2012b). Figure 7 shows our interesting results. First of all compositional
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variations presumably only affect to densities at the lithosphere-asthenosphere
boundary (LAB), as chemically-induced density anomalies show up gradually
from the Eastern to the North Western Pacific plate and do not extend below 200
km in depth. Additionally, important anomalies are observed mostly west of the
East Pacific Rise (EPR) and are particularly emphasized at depth, beneath the
northwestern part of the lithosphere.

The gravity data field reproduced by the resulting density model is shown
in Figure 8. We obtain a gravity data misfit of 66.73 mgal (with respect to 321.16
mgal of the seismological model scaled into a density model) and a gravity data
variance reduction of 67.41% (with respect to 31.58% of the seismic model). A
comparison between the observed (Fig. 2 (b)) and the reproduced gravity data
field (Fig. 8) evidences a good reproduction of the pattern of the Bouguer
anomalies, with a uniform underestimation of densities within the Pacific Plate
that is probably explained by the uncertainties in the recovered p-vsy
relationship (Figure 9) and that cannot affect our next inferences.

The a posteriori standard deviation, associated with the density

parameters (Figure 10), ranges between 2.6 and 75.4 kg/m3. Higher reliability of
the density model, associated to smaller values of standard deviation, is obtained
within the Pacific Plate, from 100 to 200 km depth. Further iterations do not
improve the results, while they decrease the fit to the seismological data.
The identified thickness of the isostatic lithosphere in the Pacific plate ranges
from 8 km in the EPR to 120 km depth in the Philippine Sea (Figure 11 (a), (b),
(), including about 11 layers of the SII-p model.

The possibility to have available density information every 1°, enabled us

to use detailed density profiles to calculate a) the differences between the
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produced gravity field of the 3-D lithospheric density structure and the
observations, i.e. the mantle residual gravity and b) the isostatic height to be
subtracted from topography/bathymetry. Hence, we have tested the sensitivity
of both the calculated mantle residual gravity anomalies and the residual
topography to (i) the lithosphere depth uncertainty derived from the provided
standard deviation associated with the Miiller et al., (2008) isochrones, and to
(ii) the chosen density model: the SII-p model (Figure 6 (a)) and the
seismological velocity model transformed into a density model through the
initial p-vg, depth-dependent relationship.

The mantle residual gravity related to the SII-p model (Figure 11 (d), (e), (f)),
shows a negative anomaly characterizing the whole Pacific plate with a gradient
of 500 mgal between the eastern and the western coast. With regard to the SII
nonisostatic topography (Figure 11 (g), (h), (i)), it is characterized by general
positive values in the Pacific plate, which generally increase in the north-western
side and reach up to +3 km in the North West Pacific basin and in the Philippine
Sea. Important positive values are also found along the EPR. On the other hand,
continental regions are overcompensated.

Our sensitivity analysis shows that the variation in the depth of the lithosphere
(Figure 11 (a), (b) and (c)), as expected, particularly affects the residual gravity,
by lowering or increasing the mantle gravity residual anomalies (Figure 11 (d),
(e), (f)): a thinner lithosphere results in higher residual gravity anomalies. On the
other side, the residual topography associated with the Pacific plate (Figure 11
(g), (h), (i)) is slightly affected by the uncertainty associated with the depth of
the lithosphere, but the range of variations of the anomalies is more important

when considering a thicker lithosphere (Figure 11 (i)).
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Mantle gravity residuals expressed by the SII-p model (Figure 12 (d), (e), (f)), are
generally more negative with respect to those produced by the seismological
model (Figure 12 (a), (b), (c)). Therefore this implies that SII-p model has a
denser lithosphere, density increasing with depth, with a Ap from 40 to 170
kg/m3. As a consequence, residual topography associated to the seismic model
(Figure 12 (d), (e), (f)) shows a stronger positive signature with an average Ah of
1.5 km.

The analysis of the negative correlation between the residual topography and the
mantle residual gravity which, following Pekeris (1935) and Hager et al., (1985),
should identify the regions where the contribution of mantle circulation in
supporting the long-wavelength topography is active, enabled us to draw the
pictures shown in Fig. 13 (a) to (f), for both the seismic and SII density models.
Correlation is calculated for the xy grid of the 3-D model as:

_ (hres_(@‘F O'(hres))
p (Gres—(Grest 0(gres))

(9)

where hyes is the residual topography and gres is the mantle residual gravity, both

weighted over the mean (h,,s and g,; ) and the standard deviation (o (h,,s) and
0(gres)) in order to be comparable quantities. Fig. 5 shows the main steps we
have followed to obtain our results.

As shown in Figure 13, the density model used in the calculation of (9) has a
significant impact in determining the width of the area of the Pacific region
affected by dynamic topography. If we use the density model directly
transformed from the seismic model, the influence of mantle flow on the surface
topography extends from the Peru-Chile trench to the Tonga trench in the South

Pacific and from the west coast of the USA to the Philippine Sea in the North
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Pacific (Figure 13 (a), (b), (c)). On the other hand, if we use the SII-p model, the
estimated contribution of mantle flow to the surface bathymetry is limited
mostly to the eastern side of the Pacific plate (Figure 13 (d), (e), (f)), and is more
consistent with the geoid lows (Figure 14). In addition, the lithospheric depth
uncertainties contribute in enlarging (when the lithospheric depth is smaller) or
reducing (when the lithospheric depth is greater) the region affected by dynamic
topography.

We wish to note that our results rely on a starting tomography model (Maggi et
al., 2006) which is undoubtedly limited by both spatial resolution and the used
methodology. However, as studied in Tondi and de Franco (2006), the interplay
with gravity information can efficiently constrain and complete the seismic
information. Additionally, the methodology enables us, through an assessment of
the gravity residuals, to become aware of the model inconsistencies. As
evidenced above, gravity residuals reproduced by SII-p model show a slight
uniform underestimation of densities beneath the Pacific Plate, that do not alter
the interdipendence among the different regions of the model, and as a

consequence, our inferences.

4. DISCUSSION

4.1 The Sl density model of the Pacific lithosphere and upper mantle

The most prominent large-scale feature of the shallower pattern of
density anomalies, up to 150 km in depth (Figure 6 (a)), is a progressive increase
in density values across the Pacific plate from East to West, consistent with the

lithospheric age (Muller et al., 2008). At depth, as visualized with the help of
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density isosurfaces (Figure 15), the high density/velocity anomaly reduces and is
gradually replaced by a uniform lower density anomaly which encompasses the
subsurface of all the plate. The reliability of these results is supported by the
calculation of the a posteriori standard deviation associated with the density
parameters (Figure 10), which evidences an excellent anomaly recovery in the
Pacific plate between depths of 100 and 200 km, where the model is well
constrained by both seismological and gravity information. This enables us to
evaluate, with confidence within that depth interval, both the recovered density
parameters and the deviation of the optimized angular coefficient of the p-vg,
relationship, with respect to the a priori Birch coefficient.

Within the lithospheric depth, the progressive reduction of the positive
density anomaly (Fig. 6 (a)) correlates well with the increase of a chemically-
induced density anomaly (Fig. 7), which at 150 km depth becomes particularly
important beneath the northwestern part of the lithosphere and may help to
explain some inconsistencies between geodetical and seismological
observations. In fact, almost all seismological studies (Forsyth, 1977, Zhang and
Tanomoto, 1991, Maggi et al,, 2006) show that lithospheric seismic velocities, the
thickness of the seismic lithosphere and the seismic velocities, in the low-
velocity zone below the lithosphere, all increase continuously with age when
averaged over isochrons, and do not flatten out for older lithosphere in the same
way that geoid and gravity observations do. Thus, the non-thermal density
anomalies at the base of the lithosphere may reduce the weight of the
lithosphere in that part of the model and explain the modest impact on the
gravity and geoid measurements.

Mid-ocean ridges, the western and the southern parts of North America
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continent and the central Australian Proterozoic region below the Alice Springs
Orogeny (Kennett and laffaldano, 2013) are characterized by negative density
anomalies. Unlike the results of the tomographic inversion (Maggi et al., 2006),
and in line with Dunn and Forsyth (2007), the negative density anomaly beneath
the EPR is only slightly visible at shallower depths, becoming important between
200 and 250 km and disappearing at 300 km, thus confirming that convection is
largely driven by cooling from above. No compositional contribution is observed
from the analysis of the p-vg, angular coefficient (Fig. 7), thus indicating that all
anomalies are thermally induced heterogeneities. Positive density anomaly
structures separated by negative density anomalies characterize the subsurface
of convergent plate boundaries (Aleutian Trench, Mariana Trench, Kuril Trench,
Kermadec Trench) and the subduction zones of Japan and Tonga-Kermadec,
down to a depth of 300 km and below. The negative density anomalies probably
reflect upward intrusions of arc magmas and/or fluids from hydrous partial
melts in the mantle wedge. This is justified by the fact that the fluids control the
pore fluid pressure and thus play an important role in the nucleation of
interplate megathrust earthquakes, as well as large crustal earthquakes, which
are typical in the arc and backarc areas (Zhao et al,, 2002). At a depth of 200 km
and below, positive density signatures of the continental cratons of Australia and
North America are clearly visible.

In order to have a comprehensive insight of the contribution of the
compositional heterogeneities to the overall density field of the Pacific plate, and
extrapolate the contribution of the gravity data to the seismic model, the
recovered SII density values have been plotted against the seismological shear

velocities (Figure 9). It is evident that the general trend of the SII p-vsv
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relationships follows the 1-D Birch relationships, which is the same as the
general agreement between the upper mantle density anomalies and the velocity
structures observed by the tomographic inversion of Maggi et al, (2006).
However, the SII optimization procedure increases the value of the a priori
a coefficient (the gradient of the p-vg, relationship), within the limits of 10% -
40% that, with the help of Figure 7, we localize to the parameters that belong to
the oceanic lithosphere and to the upper mantle structures below the Pacific
plate. These results are consistent with the findings of Simmons et al.,, (2009) of a
positive residual density anomaly beneath the eastern Pacific Ocean extending
from Antarctica to Alaska, which does not have a thermal origin. Lowered scaling
factors are observed within and below the continental lithosphere, but in this
case, higher values of the a posteriori standard deviation suggest us to evaluate
this result with caution.

As a result of the general increase in density parameters related to the
area of the Pacific plate, our 1-D mean density model, unlike the starting 1-D
p model directly transformed from seismic data, is higher than PREM between
50 and 220 km (Fig. 6 (b)). The contribution of gravity information, may have
corrected the density values that are linked to observations with primary
sensitivity to vgy, (e.g. the Rayleigh waves) that, as observed by Ekstrom and
Dziewonski (1998), in the presence of an underestimated radial anisotropy
anomaly beneath the Pacific plate, are of significant smaller amplitude, with
respect to parameters obtained from observations with primary sensitivity to

vsy (e.g. Love waves).

4.2. The mantle residual gravity anomalies and the residual topography of the
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Pacific Plate

As discussed in McNutt (1998), the high viscosity of the plates may shield
surface geologic processes from convective forces below and explain the
deviations of ocean depth or seafloor topography from the prediction of a cooling
half-space model. As a result, the residual topography (Figure 11 (g), (h), (i) and
Figure 12 (d), (e), (f)), which is estimated on the basis of the isostatic height and
the density within and beneath the lithosphere, would have a marginal
contribution compared to the mantle gravity residuals (Figure 11 (d), (e), (f) and
Figure 12 (a), (b), (c)) which depend on the deeper density anomalies. As this is
what we observe, we presume that the imbalance between the intensities of
mantle gravity residuals and the residual topography, which we observe
especially for the SII-p model, is due to a lateral viscosity growth, associated with
the increasing thickness and density of the Pacific Plate, from the EPR towards
west, up to the Kermadec and Tonga Trench in the south and the Kuril-
Kamchatka Trench in the north (Figure 6 and Figure 15). However, although in
the Northwestern Pacific the surface uplift is presumably shallower than the
mantle upwelling, because it only compensates for a part of the mass deficit, this
occurrence does not explain the conjunction of anomalous height of seafloor
topography, the lack of a heat flow anomaly and the net geoid low observed in
the regions around the Hawaiian Swell and South Pacific Super Swell (Figure 14).

Following McNutt (1998) and Mc Nutt and Bonneville (2000), who
suggested that the discrepancy between the heat flow and depth of the
lithosphere could imply that the origin of the Super Swell is non-thermal (e.g. the
convecting material beneath is low density by virtue of its mineralogy rather

than its temperature), we use our results on the optimization of the p-vg,
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correlation coefficient (Fig. 7) to test this hypothesis. On the basis of our results,
Mc Nutt’s hypothesis is plausible, as chemically-induced density anomalies can
be observed all along subducting slabs, beneath both the Hawaiian and the South
Pacific Super Swell, and in the structure of the lithosphere between the Aleutian
Trench and the Fiji North Plateau in the northwestern edge of the Plate. These
observations are also justified by the fact that perturbed phase relations among
mantle minerals are expected within the thermal environment of subducting
slabs (Bina et al, 2001). In addition, the compositionally-induced density
anomaly beneath the surface of both the Swells, may explain why the measured
average heat flow is not resolvably different from other Pacific values, in spite of
the presence of the topographic highs.

With regard to the geoid (Fig. 14), a semi continuous belt of lows surrounds the
Pacific, including isolated minima in the Indian Ocean, Ross Sea and northeast
Pacific. No corresponding negative anomalies are observed in the free-air and/or
Bouguer gravity map and, as a consequence, no information is given by our study
in this regard. As studied by Spasojevic et al., (2010), the geoid lows are
correlated with high-velocity anomalies near the base of the mantle and low-
velocity anomalies in the mid-to-upper mantle, hence they are not constrained
by our density model.

A mass deficit up to depth of 150 km (Fig. 6), correlated with calculated positive
residual topography (Fig. 11 g), h), i)) and observed positive geoid anomaly (Fig.
14) is instead reconstructed by our model beneath the Hawaiian chain.
Following Cadio et al., (2012) the average depth of the compensating density
anomaly, might indicate compensation within the asthenosphere such as by

dynamic uplift, which is unfortunately not confirmed by our proxy of dynamic
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topography (Fig. 13). On the contrary, we are in favor of the presence of crustal
underplating, that, as suggested by Leahy et al,, (2010), and previously identified
by the deep-penetrating marine refraction study of Watts et al., (1985) indicates
that the Hawaiian Swell is partially supported by shallow chemical buoyancy
which can be conveniently associated to the recovered compositional anomaly
(Fig. 7).

The geoid in the Super-Swell region, that following Adam and Bonneville (2004)
covers an area between latitudes 10°N and 30°S and longitudes [130-160]°W,
shows two different features: a positive anomaly in the northern branch, that
becomes progressively negative towards the South. Correlated positive to
negative density anomalies are reconstructed up to 100 km depth and below the
lithosphere (Fig. 15). The analysis of the negative correlation between the
residual topography and the mantle residual gravity evidences that in this region
is active the contribution of mantle circulation in supporting the long-
wavelength topography. This is particularly evident with the seismic model. With
the SII model, the mantle support is of limited amplitude and more relevant in
the northern part of the Swell (Fig. 13). As studied by Adam et al, (2014)
dynamic topography is sensitive both to the viscosity profile and to the
tomographic models. As suggested above, results support the presence of a
lateral viscosity growth, associated with the increasing thickness of the Pacific
plate. Hence we favor the presence of a low viscosity asthenosphere beneath the
South Pacific superswell, accordingly to the study of Adam et al,, (2014). The
presence of density compositional variations reduces the negative correlation
between residual topography and the mantle residual gravity and this explains

the differences of the results obtained with the seismic and the SII models.
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Density compositional variations, especially important in the Southern branch of
the Swell, are also consistent with the hypothesized underplating beneath the
Marquesas swell (McNutt and Bonneville, 2000). Surface topography of the
Superswell region may then by explained by the joint contribution of dynamic
topography and crustal underplating which offers another source for the
buoyancy of the Swell and justifies the measured heat flow (Veselov and Lipina,

1982), which is not resolvably different from other Pacific values.

3. CONCLUSIONS

The exploitation of the information provided by the seismological and
satellite gravity data, enabled us to contribute to the determination of important
physical and geological information within the lithospheric and upper mantle
structure of the Pacific, down to 300 km depth.
The recovered parameters on a uniform 1° x 1° grid , such as 1) the densities
compatible with both seismological and gravity observations and 2) the phase
relationships between the isotropic shear-wave velocity and the density
structure enabled us to extract useful and novel information on a) the thickness
of the lithosphere, b) the thermally and chemically-induced density anomalies, c)
the residual topography, d) the mantle gravity residuals, e) the dynamic
topography and f) midplate swells for the whole Pacific region. This information
should help to reconcile some incompatible descriptions of the oceanic
lithosphere of the Pacific.

Unlike the results of tomographic inversion, the negative density anomaly
beneath the EPR are chemically induced at shallower depths, thus confirming

that the overall upwelling is passively driven by plate motions. Additionally, with
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respect to the seismological studies, we observe that 1) the SII-p model shows a
lighter lithosphere, 2) a wide area of strong positive densities strengthened by
strong negative chemically-induced density anomalies is revealed between the
Aleutian Trench and the Fiji Plateau in the northwestern edge of the Pacific plate,
3) both the Hawaiian and the Super Swell are characterized by density
compositional variations that may support the hypothesized crustal
underplating, 4) the proxy of the contribution of mantle flow to the surface
bathymetry is concentrated beside the western flank of the EPR and decreases
progressively towards the western Pacific Plate, 5) the features of the recovered
mantle gravity residuals evidence a lateral viscosity growth, associated with the
increasing thickness of the Pacific Plate, from the EPR towards west, up to the
Kermadec and Tonga Trench in the south and the Kuril-Kamchatka Trench in the
north.

From these results, we conjecture that the cooled layer of mature lithosphere
thickens with age as suggested by the dispersion of Rayleigh waves with oceanic
paths (Zhang and Tanimoto, 1991. Maggi et al., 2006). However, from a depth of
70 to 150 km, pressures and temperatures chemically modify the composition of
the lithospheric layer. This chemically-modified structure is lighter and more
buoyant than the predicted cooling models, which reconciles gravity
observations that do not show an increasing gradual negative gradient
progressing towards the north-western side of the Plate. In addition, the
existence of non-thermal sources of buoyancy at the base of the lithosphere,
below the northwestern side and along the eastern boundary of the Pacific plate,

also justifies the fact that the conducted heat flux stabilizes to a constant value of

50 to 60 % after 25 or 30 million years (Stein, 1995) and does not vary
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significantly compared to other Pacific values, although the depth is different.
Presumably, after this time, phase relations among mantle minerals start to be
perturbed and the direct relationship between the convective material beneath
and its temperature is progressively lost. Coherently with the observed
chemically modified structures, results support also the hypothesis that midplate
swells are not entirely explained by thermal and dynamic surface uplift from
rising mantle plumes, but by a joint contribution of volcanic underplating and

mantle flow.
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Figure captions

Fig. 1. Latitude-dependent standard deviation of the GOCE-only model

commission error [mgal].

Fig. 2: (a) Free-air gravity anomalies from 128,880 points of the combined GOCE-
EGM2008 model over the study area (degree 2190). b) Bouguer anomaly map of

the Pacific Plate recovered from (a). See paragraph 2.1 for details.

Fig. 3. Flow chart of the inversion procedure, including optimization of density

and velocity.

Fig. 4. Comparison among (a) the mean diagonal elements of the a posteriori
seismic standard deviation, (b) the assigned mean diagonal elements of the Cim
covariance matrix (takes in account the error propagation from the velocity

model to the density model and (c) the mean density update of the first iteration

(Ap)

Fig. 5. Sketch of the followed steps to recover (d) the diagonal values of the
correlation matrix between the residual topography and the mantle residual

gravity anomalies produced by the SII density model. As an example, (a) a
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vertical slice through the recovered model (30° N) is analyzed. The method used
to determine the depth of the lithosphere is explained in the text. Following
Pekeris (1935) and Hager et al., (1985), (d) the negative correlation between (b)
the mantle residual gravity anomaly and (c) the residual topography, may
identify the regions where the contribution of mantle circulation in supporting

the long-wavelength topography is active.

Fig. 6. Depth sections of the p percentage perturbations in (a) our optimized SII-
p model. Model perturbations are expressed as percentage deviations with
respect to (b) the mean density value of each layer. In each section, the main
tectonic units are indicated. In (b) the depth interval of the lithosphere in 1-D SII-
p, PREM and seismic model (Maggi et al., 2006) are shown. The area of the
Pacific Superswell, identified by Adam and Bonneville (2005), is superimposed

on each section.

Fig. 7. Depth sections of the lateral differences in the optimized angular
coefficient o with respect to the a priori Birch coefficients (0.72 for 50 km depth,
0.34 from 100 to 200 km depth). The area of the Pacific Superswell, identified by

Adam and Bonneville (2005), is superimposed on each section.

Fig. 8. Bouguer anomaly map reproduced by SII-p model in Fig. 6 (a). Gravity

misfit with respect to observations in Fig. 2 (b) is 66.73 mgal and variance

reduction is 67.4%.
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Fig. 9. Density values from the recovered SII-p model in Fig. 6(a), plotted against
the velocity values from the seismological model and compared to Birch law

regression lines (black solid lines), our vJ,,, — pJ, starting relationship .

Fig. 10. Depth sections of a-posteriori percentage standard deviation on SII-
p model. Standard deviation takes into account the propagation of uncertainty
from the velocity to the density model, weighted with the final gravity variance
reduction Var(g(n)), and the information given by the gravity data (eq. (8)). In
each section, the standard deviation values are referred to the 1-D SII-p model,

imaged in Fig. 6 (b). In the first section, the main tectonic units are indicated.

Fig. 11. (a), (b) (c) Calculated lithospheric thickness of the Pacific region, derived
mostly from Miiller et al., (2008) isochrones (see text for additional information).
(b) shows the mean value and (a) and (c) show the mean value minus and plus
the standard deviation respectively. (d),(e),(f) Mantle residual gravity anomalies
(background density is adjusted in order to magnify the contrast between ocean
and continents) calculated assuming the SII density model and the lithospheric
depth in (a), (b) and (c).

(g), (h), (i) Residual topography of the Pacific region, calculated assuming the SII-
p density model and the lithospheric depth in (a), (b) and (c).

The area of the Pacific Superswell, identified by Adam and Bonneville (2005), is

superimposed on each section.

Fig. 12. (a), (b) (c) Mantle residual gravity anomalies calculated assuming that

the seismic model has been transformed into a density model through the
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starting p-vSV depth-dependent relationship and the lithospheric depth in Fig.
11 (a), (b) and (c).

(d), (e), (f) Residual topography of the Pacific region, calculated assuming the
seismic model transformed in a density model through the starting p-vSV depth-
dependent relationship and the lithospheric depth in Fig. 11 (a), (b) and (c).

The area of the Pacific Superswell, identified by Adam and Bonneville (2005), is

superimposed on each section.

Fig. 13. (a), (b), (c¢) Proxy of dynamic topography for the seismic model
transformed in a density model through the starting p-vSV depth-dependent.

(d), (e), (f) Proxy of dynamic topography for the SII-p model. Contour plots
highlight the areas of negative relationship between the residual topography
(subtracted by mean + standard deviation) and the mantle residual gravity
(subtracted by mean + standard deviation) of the Pacific region. The area of the
Pacific Superswell, identified by Adam and Bonneville (2005), is superimposed

on each section.

Fig. 14. Geoid undulations from the combined GOCE-EGM2008 model over the
study area. Minimum value is -68,47 m, maximum value is 87,36 m. The area of
the Pacific Superswell, identified by Adam and Bonneville (2005), is

superimposed. The main tectonic units are indicated.

Fig. 15. Isosurfaces of densities characterizing the structures of the upper mantle
below the Pacific region as seen (a) directly overhead and in a 3-D view (b) cut

from 50 km depth, (c) cut from 150 km depth, (d) cut from 250 km depth.
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Earthquakes from ISC and NEIC catalogues are shown as blue stars for
magnitudes between 7.0 and 7.5 and as black circles and as black circles for
magnitude greater than 7.5. The area of the Pacific Superswell, identified by

Adam and Bonneville (2005), is superimposed on each plot.
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Fig. 1: Latitude-dependent standard deviation of the GOCE-only model commission error [mgal]



Figure 2
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Fig. 2. (a) Free-air gravity anomalies from 128,880 points of the combined GOCE-EGM2008 model over the study area (degree 2190).
(b) Bouguer anomaly map of the Pacific Plate recovered from (a). See paragraph 2.1 for details.
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Fig. 5: Sketch of the followed steps to recover (d) the diagonal values of the correlation matrix between the residual topography and the mantle residual

gravity anomalies produced by the SII-p model. As an example, (a) a vertical slice through the recovered model (30° N) is analysed. The method used to

determine the depth of the lithosphere is explained in the text. Following Pekeris (1935) and Hager et al,, (1985), the negative correlation between (b) the
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Fig. 6. Depth sections of the p percentage perturbations in (a) our optimized SlI-p model. Model
perturbations are expressed as percentage deviations with respect to (b) the mean density value
of each layer. In each section, the main tectonic units are indicated. In (b) is indicated the depth

interval of the lithosphere in 1D Sll-p, PREM and seismic model (Maggi et al., 2006) are shown.
The area of the Pacific Superswell, identified by Adam and Bonneville (2005) is superimposed.
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Fig. 7. Depth sections of the lateral differences in the optimized angular coefficient a with
respect to the a priori Birch coefficients (0.72 for 50 km depth, 0.34 from 100 to 200 km depth).
The area of the Pacific Superswell, identified by Adam and Bonneville (2005) is superimposed
on each section.



Figure 8
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Figure 8. Bouguer anomaly map reproduced by SII-p model in Fig. 6 (a). Gravity misfit with respect to observations in
Fig. 2 (b) is 66.73 mgals and variance reduction is 67.4%.
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Fig. 10. Depth sections of a-posteriori percentage standard deviation on SII-p model. Standard deviation
takes into account the propagation of uncertainty from the velocity to the density model, weighted with

the final gravity variance reduction Var(g(n)), and the information given by the gravity data (eq. (8)). Ineach
section, the standard deviation values are referred to the 1D SII-p model imaged in Fig. 6 (b). In the first
section, the main tectonic units are indicated.
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Fig. 11. (a), (b) (c) Calculated lithospheric thickness of the Pacific region, derived mostly from Miiller et al., (2008) isochrones
(see text for additional information). (b) shows the mean value and (a) and (c) show the mean value minus and plus the standard
deviation respectively. (d), (e), (f) Mantle residual gravity anomalies (background density is adjusted in order to magnify the
contrast between ocean and continents) calculated assuming the Sl density model and the lithospheric depth in (a), (b) and (c).
(9),(h),(i) Residual topography of the Pacific region, calculated assuming the SlI-p density model and the lithospheric depth in (a),
(b) and (c).The area of the Pacific Superswell, identified by Adam and Bonneville (2005) is superimposed on each section.
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Fig. 12. (a), (b) (c) Mantle residual gravity anomalies calculated assuming that the seismic model has been transformed into

a density model through the starting p-vSV depth-dependent relationships and the lithospheric depths in Fig. 11 (a), (b) and (c);

(d), (e), (f) Residual topography of the Pacific region, calculated assuming that the seismic model has been transformed

into a density model through the starting p-vSV depth-dependent relationships and the lithospheric depths in Fig. 11 (a), (b) and (c).
The area of the Pacific Superswell, identified by Adam and Bonneville (2005) is superimposed on each section.



Figure 13
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Fig. 13: (a), (b), (c) Proxy of dynamic topography for the seismic model transformed in a density model through the starting p-vSVdepth-
dependent relationship. Lithospheric depth is referred to Fig. 11 (a), (b) and (c).
(d), (e), (f) Proxy of dynamic topography for the SlI density model. Contour plots highlight the areas of negative relationship betweenthe
residual topography (subtracted by mean + standard deviation) and the mantle residual gravity (subtracted by mean + standard deviation)
of the Pacific region. The area of the Pacific Superswell, identified by Adam and Bonneville (2005) is superimposed on each section.



Figure 14
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Fig. 14. Geoid ondulations from the combined GOCE-EGM2008 model over the study area. Minimum value is -68,4728 m,
maximum value is 87,3623 m.The area of the Pacific Superswell, identified by Adam and Bonneville (2005) is superimposed.
The main tectonic units are indicated.




Figure 15

ISOSURFACES THROUGH THE 3D DENSITY MODEL
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Fig. 15. Isosurfaces of densities characterizing the structures of the upper mantle below the Pacific region as seen (a) directly overhead and in a 3D view (b) cut from
50 km depth, (c) cut from 150 km depth, (d) cut from 250 km depth. Earthquakes from ISC and NEIC catalogues are shown as blue stars for magnitudes between 7.0
and 7.5 and as black circles for magnitude greater than 7.5. The area of the Pacific Superswell, identified by Adam and Bonneville (2005) is superimposed on each plot.





