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ABSTRACT 9 

WeIn this study we combine seismological and GOCE satellite gravity 10 

information withby using a Bayesian-like technique, forwith the aim of inferring 11 

the density structure of the Pacific  (90°N 90°S) (121°E 60°W) lithosphere and 12 

upper mantle. 13 

We recover a 1° x 1° 3-D density model, down to a 300 km depth, which explains 14 

gravity observations with a variance reduction of 67.41%.  The model, with an 15 

associated a posteriori standard deviation ranging between 2.6 and 75.4 kg/m3, 16 

provides a significant contribution to understanding the dynamic processes of 17 

the oceanic lithosphere evolution of the Pacific platelithosphere and answer to 18 

some debated geodynamic questions. 19 

Additionally, we exploit the possibility of recovering a 3D map of the density-vS 20 

couplings throughout the whole structure, in order to identify the regions 21 

characterized by chemically-induced density anomalies and to distinguish them 22 

from the thermally induced anomalies. This information, together with a 23 

qualitative analysis of the interplay between the surface topography and the 24 

mantle flows, enables us to make inferences regarding the dynamic surface 25 
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topography and the composition of the Pacific lithosphere. We conjecture that 26 

the chemically modified composition of the oceanic lithosphere may reconcile 27 

both seismological, geodetic and heat flow observations both below the 28 

northwestern side of the Pacific Plate and in the region beneath the Pacific 29 

Superswell. 30 

Our methodology enables us to combine the recovery of density parameters with 31 

the optimum density-    scalings. The latter account for both seismological and 32 

gravity observations in order to identify the regions characterized by chemically-33 

induced density heterogeneities which add to the thermally-induced anomalies. 34 

Chemically-modified structures are found west of the East Pacific Rise (EPR) and 35 

are of relevant amplitude both below the north-western side of the Pacific Plate, 36 

at the base of the lithosphere, and up to 100 km depth beneath the Hawaiian and 37 

Super Swell regions, thus explaining the anomalous shallow regions without 38 

invoking as the sole justification the thermal buoyancy. Coherently with the 39 

chemically modified structures, our results a) support a lighter and more 40 

buoyant lithosphere than that predicted by the cooling models and b) are in 41 

favor of the hypothesized crustal underplating beneath the Hawaiian chain and 42 

beneath the volcanic units in the southern branch of the Super Swell region. The 43 

comparison between calculated mantle gravity residuals and residual 44 

topography suggests a) a lateral viscosity growth associated with the increasing 45 

thickness and density of the Plate and b) correlate well with sub-lithospheric 46 

mantle flow from the EPR towards west, up to the Kermadec and Tonga Trench 47 

in the south and the Kuril-Kamchatka Trench in the north.  48 

 49 

1. INTRODUCTION 50 
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The topography of the Earth’s surface is explained by the combined 51 

effects of shallow processes such as erosion or sedimentation, and deeper ones 52 

such as isostatic compensation and the upward push/downward pull associated 53 

with a convective flow in the mantle (Richards and Hager, 1984). The latter 54 

effect, known as dynamic topography, has been evaluated in a number of studies, 55 

where models of mantle density are defined on the basis of seismic tomography, 56 

and used to predict the associated mantle flow (Forte, 2007, Boschi et al., 2010, 57 

Dávila and Lithgow-Bertelloni, 2013, Flament et al., 2013). Yet, given the number 58 

of dynamic processes that affect the topography, researchers still haven’t 59 

reached a consensus about the term “dynamic topography” and the absence of a 60 

detailed knowledge of the thermal and chemical structure of the lithosphere, 61 

effectively limits the possibility to discriminate among a number of different solutions. 62 

As an example, the bathymetry of the young ocean floor (<80 Ma) is compatible with 63 

that of the thermal boundary layer of the convecting mantle, and, in this respect, the 64 

subsidence of oceanic lithosphere with age should be included in the definition of 65 

dynamic topography. On the other side, ocean floor older than ca. 80 Ma appears to 66 

flatten compared to the two main boundary-layer cooling models (McKenzie, 67 

1967, Stein and Stein, 1992, Parker and Oldenburg, 1973), which have been 68 

produced to explain the observed variation of heat flow and oceanic depth with 69 

age. Additionally, due to its long and complex tectonic history, the dynamics of the 70 

continental lithosphere cannot be explained by a boundary layer theory. 71 

Unfortunately, given the number of dynamic processes that affect the 72 

topography, to date geophysicists have still not found direct evidence from 73 

surface observables of convection in the Earth’s mantle. Seismically derived 74 

models of dynamic topographyGoal of this paper is to obtain means for constraining 75 

Formatted: Indent: First line:  1.25
cm, Don't add space between
paragraphs of the same style



 

 4 

convective circulation of the sub-lithospheric mantle of the Pacific Plate through the 76 

analysis of the physical parameters of the oceanic lithosphere. The Pacific region is a 77 

natural laboratory for oceanic plate tectonics and it contains not only relatively 78 

large areas of old seafloor, but also numerous hot spot tracks, that may have a 79 

role in transporting heat to the bottom of the thermal boundary layer. As 80 

recalled above, numerous studies have found that seafloor older than 80 Ma 81 

reaches depths several hundred meters shallower than would be predicted by 82 

the two main lithospheric cooling models (McKenzie, 1967, Stein and Stein, 83 

1992, Parker and Oldenburg, 1973) and no general consensus has yet emerged 84 

on a single mechanism of heating that can explain all available observations. 85 

Several recent studies have continued to refine these early interpretations of a 86 

seafloor depth-age relationship. Proposed explanations include constant heat flux 87 

from below (Doin and Fleitout, 1996), thermal rejuvenation by hotspots (Smith and 88 

Sandwell, 1997), small-scale convection (e.g., Afonso et al., 2008), dynamic support 89 

by mantle flow (Kido and Seno, 1994; Zhang et al., 2012), and departure from the 90 

topography predicted by thermal boundary layer theory due to radioactive heat 91 

production within the mantle (Jarvis and Peltier, 1982). 92 

In any case, the sophistication and complexity of numerical approaches to 93 

determine the role of mantle-lithosphere interactions in shaping surface 94 

topography, cannot exempt researchers from studying and reconstructing the 95 

fine-scale structure of the lithosphere.  96 

Seismically derived models of lithosphere suffer from incomplete ray coverage 97 

or limited data resolution, especially above oceans, where seismic stations, 98 

almost exclusively land based, are concentrated at the borders of the seafloor. 99 

For example, on the basis of the surface wave tomography of the Pacific mantle, 100 



 

 5 

Ritzwoller et al. (2004) have suggested that old lithosphere does not follow half-101 

space cooling, however the spatial resolution of their tomography does not 102 

enable them to rule out that there may be a flattening effect of hotspot chains 103 

and oceanic plateaus. 104 

On the other hand, surface observables such as gravity fields and geoid, which 105 

are directly dependent on the structure of the underlying distribution of mass, 106 

and recently benefit from the information released by space gravity missions 107 

such as GRACE and GOCE, are far superior in terms of spatial resolution, but still 108 

have to overcome the inherent non-uniqueness of any potential field method 109 

(Blakely, 1995). 110 

As oceanic lithosphere corresponds to the top boundary layer of mantle 111 

convection, its fine-scale structure attests to a variety of dynamical processes 112 

Additionally, in the mantle, and delineating it would bring to a better 113 

understanding of geodynamics and mantle rheology. Two main lithospheric 114 

cooling models have been produced to explain the observations of decreasing 115 

heat flux and increasing depth with age. In the oceanic plate model (McKenzie, 116 

1967, Stein and Stein, 1992), the mature lithosphere reaches a limiting thickness, 117 

after which it ceases to cool and acts as a steady-state conducting layer, with a 118 

lower boundary maintained at a fixed temperature by contact with the 119 

asthenosphere. On the other hand, with the cooling half space model, which 120 

includes boundary conditions to account for the evolution of latent heat where 121 

the plate is growing (Parker and Oldenburg, 1973), the lithosphere continues to 122 

increase in thickness with age. However, the reason for the apparent shallowing 123 

of the ocean floor which is older than ca. 80 Ma is still an open issue, which the 124 

cooling models are not able to explain, and the quality of observations is not 125 
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sufficient to unravel.  126 

On the basis of the surface wave tomography of the Pacific mantle, Ritzwoller et 127 

al. (2004) have suggested that old lithosphere does not follow half-space cooling, 128 

however the spatial resolution of their tomography does not enable them to rule 129 

out that there may be a flattening effect of hotspot chains and oceanic plateaus. 130 

In gravity analyses, errors can occur if internal boundaries (chemical or phase) 131 

with density contrasts, or the Earth’s viscosity structure are not appropriately 132 

considered. If: if a low viscosity zone lies between an upwelling mass and the 133 

Earth’s surface, the rising mass will then be relatively inefficient at warping the 134 

surface and will be largely compensated for from below, through the 135 

deformation of deeper density discontinuities (Mc Nutt, 1998).  136 

An integrated tomographyattempt to integrate seismological and gravity 137 

observations in the Pacific area is given by the global model of Simmons et al. 138 

(2010)), which simultaneously considered seismic observations and a large suite 139 

of convection-related geodynamic constraints to obtain a three-dimensional (3-140 

D) model of mantle density, shear wave speeds, and compressional-wave speeds. 141 

The results enabled Simmons et al. (2010) to simultaneously reconcile dynamic 142 

topography and gravity, to a wide extent (72%). They succeeded in 143 

distinguishing the thermal from the compositional contribution to both seismic 144 

velocities and densities. However, the resolution of the model is still not 145 

sufficient for continental studies (approximately 2.5° x 2.5° x 75 to 240 layer 146 

thickness). In terms of the Pacific Plate, the model does not discriminate the 147 

boundary layer between the lithosphere and the asthenosphere, which could 148 

help to resolve what happens to lithosphere plates older than 80 Ma. 149 

In this paper we test the possibility of using integrated approaches, which 150 
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consider both seismic and gravity constraints, in order to recover a high-151 

resolution 3D3-D density model of the upper mantle and the lithosphere of the 152 

Pacific Region, with a lateral resolution of 1° x 1°, down to a 300 km depth and 153 

use it as a proxy for dynamic topography.  154 

Density anomalies are recovered using the inversion approach of 155 

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

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

(Tondi et al., 2012). We apply this approach tospecify an initial mean 1-D density 158 

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

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

surface waveform tomography of the Pacific upper mantle (Maggi et al., 2006) 161 

and the firsta gravity model from the ESA Earth’s explorer GOCE (Gravity  field 162 

and Ocean Circulation Explorer) mission (Drinkwater et al., 2003). In what 163 

follows, we first explain how to obtainAssuming that the density model 164 

fromEarth’s lithosphere is the inversion procedure. We then describe howupper 165 

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

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

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

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

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

The gravity field produced bycalculated for the 3-D density SII-U�structure, 171 

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

topography and the mantle residual gravity anomalies. Finally, we show that an 173 

estimation of the correlation matrix between the residual topography and the 174 

mantle residual gravity anomalies gives a proxy of the regions where the 175 
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sublithospheric mantle density contributes to surface topographyconvective 176 

circulation of the sublithospheric mantle contributes to surface topography. In 177 

order to observe the added value of our approach, results obtained with the SII-178 

U�structure and those recovered from the density model, directly converted from 179 

seismic data are compared. The a posteriori standard deviation associated with 180 

the updated density parameters enables the reader to quantify the reliability of 181 

the results. Additionally, a fully 3-D map of the U-    scaling relationships will 182 

help to better understand and interpret the interplay among the geodynamic 183 

features and processes that occur beneath and on top of the Pacific Plate. 184 

 185 

2. DATA AND METHODS 186 

 187 

2.1. The gravity database 188 

The GOCE mission provides independent estimates of the Earth’s gravitational 189 

field, thus improving the present knowledge of low and medium frequencies and 190 

reducing systematic effects (bias and trend) at a local scale. To obtain free-air 191 

gravity anomalies from the GOCE mission data, we used the fourth release of the 192 

time-wise spherical harmonic expansion (Pail et al. 2011). This is a GOCE-only 193 

solution (no GRACE data are included) complete up to degree and order 250. The 194 

global commission error at this maximum degree is 3.93 mgal (Figure 1), while 195 

the omission error computed from EGM2008 degree variances (Pavlis et al. 196 

2012) is 13.77 mgal. Consequently, the GOCE-only solution is combined with the 197 

EGM2008 ultra-high resolution global gravitational model, which is also based 198 

on ground and altimetry data, as well as a GRACE model (Mayer-Gürr 2006). 199 

Details on the combination weighting strategy, which is only driven by the 200 
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coefficient error variances, are given in Gilardoni et al. ., (2013.). Using this 201 

model the commission error up to the maximum degree of 2190 is about 4.01 202 

mgal, as the omission error is practically negligible. 203 

 Once the spherical harmonic coefficients have been chosen and the 204 

contributions of the normal potential have been removed (Heiskanen and Moritz 205 

1967), free-air gravity anomalies in spherical approximation are computed by a 206 

classical synthesis operation, i.e. 207 

(1)                                                    
208 

    (1)  
209 

where (M, O, r) are the spherical coordinates of grid points over the reference 210 

ellipsoid, GM is the gravitational constant by the Earth’s mass, R is a reference 211 

Earth radius, Ynm are the spherical harmonics of degree n and order m, and Tnm 212 

are the coefficients of the series truncated at the maximum degree N. A map of 213 

the computed gravity anomalies from the combined GOCE-EGM2008 model is 214 

shown in Figure 32(a). 215 

The availability of a topography/bathymetry dataset in resolutions up to 216 

1 arc minute (ETOPO1, Amante and Eakins, 2009) enables us to calculate the 217 

Bouguer gravity map with a Bouguer density correction of 2670 kg/m3 on land 218 

and a correction of -1640 kg/m3 to correct for bathymetry (Caratori Tontini et al. 219 

(2007)). The Bouguer gravity anomalies, shown in Figure 32(b) are used as 220 

gravity observations for the optimization of the density parameters. On the basis 221 

of the estimated commission error, the a-priori gravity data error is set at 4.0 222 

mGalmgal for all the measurements (the square root of the diagonal elements of 223 
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Cgg). 224 

 225 

2.2. Design of a 3-D density model  226 

Our integrated approachThe Sequential Integrated Inversion (SII, Tondi et 227 

al., 2012) involves finding the maximum of a likelihood function (L) that relates 228 

density earthEarth structure (U) to our gravity observations (g) and our seismic 229 

velocity structure (v) through three types of information:  (i) gravity data, (ii) 230 

information from the analysis of a seismological data-set (  ), and the (iii) 231 

information on the physical correlation between the density and the velocity 232 

parameters (D, Cmm): 233 

                     

       
 
 
            

             
 
 
            

             

        
 
             

              
 
             

             234 

    (2) 235 

The resulting SII algorithm allows the iterative estimation of the update ('U) to 236 

the starting density model (U0): 237 

'U� �      
        

            
          

     ����  ����(3)�238 

where G is the matrix of the partial derivatives of the gravity observations (g = 239 

[g1, g2, …gN], n   [1,N]) relativewith respect to the density model parameters (U(i) 240 

= [U1, U2, … UM], m  [1,M]), Cgg is the square diagonal covariance matrix of the 241 

gravity data uncertainties,  Cmm is the covariance matrix that takes ininto account 242 

the error propagation from the velocity to the density model, 'g = (gOBS – g(i))gi) 243 

the i-th model predicted gravity response),, D = [D1, D2, …DM], m  [1,M] the 244 

velocity-density gradient vector, in the same parametrization as the model, 'v = 245 
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(v - v0), the velocity parameter adjustment vector of dimension M. 246 

The flow chart in Figure 2,3 schematically summarizes the processing steps of 247 

the inversion procedure. AccordinglyAccording to Maggi et al., (2006), our 248 

starting velocity model (v0) is the superposition of the average crustal part of the 249 

3SMAC (Nataf and Ricard, 1996) 3-D earthEarth model and the smoothed 250 

version of the 1D1-D     profile from PREM (Dziewonski and Anderson, 1981). 251 

The model covers the whole Oceanic plate (90°N  90°S) (121°E  60°W) up to a 252 

depth of 400 km and is parametrized with a rectangular grid with a spatial 253 

resolution of 1° x 1° x 17 layers of variable depth. 254 

The first (i=1) seismic update (  )    
 ) is recovered from the regional surface 255 

waveform tomography of the Pacific upper mantle, obtained using an automated 256 

multimode surface waveform inversion technique on fundamental and higher 257 

mode Rayleigh waves (Maggi et al., 2006). Considering the proved relationships 258 

between the isotropic shear-wave velocity and the density parameters 259 

[Kozlovskaia et al., 2004), only the isotropic shear-wave speeds have been 260 

considered. Contextually, 261 

With regard to the starting density model (U0), it is obtained from the starting 262 

velocity model (v0) is transformed into the starting density model (U0) through 263 

an a U-  priori    -U depth-dependent relationship. In order to ensure the 264 

optimum choice of physical relationships between the seismic velocities and bulk 265 

densities: 266 

1. We assume a node-dependent linear relationship: Um = Dmvm + Em, i.e. with 267 

a-priori information, we can use different relationships (correlation 268 

coefficients D and E) for different model parameters; hence a fully 3-D 269 

U�vS scaling relationship; 270 
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2. Through a slight modification of equation (3), the gradient of the 271 

relationship, D, is now inverted and optimized independently for each 272 

model parameter: 273 

Dm = (GT   
  G(v0 + 'vm))-1 (GT   

  g)      (4) 274 

3. The Cmm matrix takes into account the error propagation from the velocity 275 

to the density model: 276 

V(Um) = vmV(Dm) + DmV�vm) + V(Em)       (5) 277 

where V�vm) is the seismic a priori model variance (0.05 km s-1), weighted 278 

with the standard deviation associated with the path-averaged velocities, 279 

V(Dm) and V(Em) are the uncertainties in the coefficients of the scaling Um-280 

vm relationship. To control the amount of variation and to allow for 281 

correct changes in the parameter values, various tests were performed 282 

through the optimization process. The values on the main diagonal of Cmm 283 

(under the assumption that there is no correlation between the errors in 284 

each node) are chosen for an optimum trade-off between the data 285 

variance and the solution variance. Very small values of Cmm correspond 286 

to high values of    
  , hence representing over-regularized solutions 287 

where the density model remains close to the seismic model. Taking into 288 

account the a posteriori seismic model resolutionstandard deviation 289 

matrix (in Figure 4 (a) are shown the mean diagonal elements); 290 

extensively analyzed in Maggi et al., [2006]),), higher V(Dm) and V(Em) 291 

uncertainties are assigned below a depth of 200 km. (Figure 4 (b)). This 292 

enables the complementarity of the seismological and gravity data sets to 293 

be exploited, and reliable solutions to be obtained also below the seismic 294 
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depth resolution.  295 

ForAs for our initial U-        
    

  relationship, we use a scaling profile 296 

derived from the empirical Birch’s law (Birch, 1964). The widespread success of 297 

Birch’s law can be ascribed to its virtual coincidence with, and hence 298 

linearization of, a power law derived from lattice dynamics over the density 299 

range ≈2.5–4.0 g/cm3 (Chung, 1972), within which is typical of the rockrocks and 300 

minerals vary in our model. In addition, for our depths, the general trend of the 301 

pyrolite models (Cammarano et al., 2005), which are the best approximation of 302 

the composition of the Earth’s upper mantle, does not differ much from the trend 303 

of the 1-D Birch relationship. Birch’s law concerns P-wave velocities; our U-    304 

    
    

  depth-dependent relationships are the regression lines drawn 305 

through the plot of the two variables extracted from his tables. However, as 306 

studied by Simmons et al., (2009), a simple 1-D velocity-density scaling implies a 307 

direct relationship among seismic velocities, temperatures and density material. 308 

As this simplified view of density heterogeneity is clearly not correct, to account 309 

for additional dependencies on a wide range of factors, such as the presence of 310 

fluids or compositional variations, we allow the density-velocity scaling to vary 311 

laterally during the inversion, through (4), thus creating a fully 3-D relationship 312 

between the density and the shear-wave velocity model. 313 

To proceed with the SII, we use the transformed 3-D grid of our starting density 314 

values in the Earth’s volume of 178° x 176° x 300 kmmodel (  
 ) to calculate the 315 

predicted gravity response g and the partial derivatives of each gravity 316 

measurement gn  (where n are the [1,N] gravity observations) with respect to 317 

each density model parameter Um: G =     
   

 
   

 
   

  (6) 318 
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G =     
   

 
   

 
   

  (6) 319 

Residuals between the observed (Fig. 2 (b)) and the calculated gravity field ('g) 320 

are used as input for the inversion algorithm in (3). We then optimize the 321 

starting density-vSvSV scaling relationships (Dm)(  
   and the starting density 322 

values (Um).(  
 ), with (  

   and '  
 �(Figure 4 (c)) respectively. 323 

At the same time, we calculate the gravity data misfit and the a posteriori 324 

standard deviation associated with the updated density parameters. The gravity 325 

data misfit is expressed as the rms of the gravity residuals for each observation: 326 

          
       

     
  

   
 

     
       

  
  

   
 

          (7) 327 

where    
       

   is 'g, as expressed above. 328 

The a posteriori standard deviation, associated with the updated density 329 

parameters, (  
     

        
  , is calculated as: 330 

             
  331 

   
      

                      
       

                    
         

    (m=1,…M)  332 

(i=the current 333 

iteration)     (8)       334 

which is the propagation of uncertainty from the velocity  to the density model, 335 

weighted with the final gravity variance reduction Var(g(n)), and the information 336 

provided by the gravity data (    the diagonal elements of the gravity kernel  337 

      
    ).  The procedure is repeated, following the flow chart in Figure 23, 338 

until a satisfactory fit to the observed datasets (data misfit) is achieved (. The 339 

higher the uncertainty in the input information, the lesser the number of 340 

iterations needed to obtain a model that satisfies both the datasets (however, 341 
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usually not more than 2–3 iterations).  342 

 343 

2.3. Residual topography and mantle residual gravity anomalies 344 

To recover the residual topography, the effects of the isostatic lithosphere 345 

are estimated with Panasyuk and Hager’s (2000) algorithm and subtracted from 346 

the observed elevation (ETOPO1, Amante and Eakins, 2009). We assume that 347 

isostatic compensation is achieved within the lithosphere. Isostatic 348 

compensation can be achieved because both continental and young oceanic 349 

lithosphere essentially floats (mature oceanic lithosphere becomes increasingly 350 

denser than the asthenosphere and eventually sinks at subduction zones) on a 351 

relatively inviscid substrate (viscosity of one order of magnitude lower than that 352 

of the upper mantle):), i.e. the weak peridotite of the asthenosphere (Zhou, S., 353 

and Sandiford, M., 1992). Changes in the buoyancy or elevation of the lithosphere 354 

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

length of time, related to its effective viscosity. The rebound following the 356 

removal of the Pleistocene Laurentide icecap shows that the time scales 357 

appropriate for this isostatic response are of the , in the order of 104-105 years. 358 

The existenceassociation of large lateral temperature gradients in the 359 

oceanicEarth’s lithosphere leads to significant horizontal density gradients. 360 

These thermally-induced density changes lead to corresponding changes in the 361 

surface elevation of the oceanic lithosphere, through a kind ofwith the upper cold 362 

thermal isostasy. In order to identifyboundary layer of a convecting system 363 

(Schubert et al., 2001) enables us to select the depth of the lithosphere in our SII-364 

U model,. For each 1-D xy density depth profile we consider Müllerthe depth 365 

recovered from Muller et al., (1997) isochrons(2008) isochrones as a guide, and, 366 
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where this information is not available, we opportunely adjust the value in order 367 

to assign thea depth point where we observe a decreasean inversion in the 368 

depth-velocity curve of our final 3-D density model (hereinafter referred to as 369 

SII-U).density gradient. 370 

The mantle residual gravity anomalies are estimated as the differences between 371 

the gravity field produced by SII-U�limited to the depth of the lithosphere and the 372 

observations. 373 

An estimation ofFollowing the steps sketched in Figure 5, we estimate the 374 

correlation matrix between the residual topography and the mantle residual 375 

gravity anomalies gives. We believe that a graphical representation of the 376 

diagonal values of this correlation matrix may be a proxy of the regions where 377 

the sublithospheric mantle density contributes to surface topography. We base 378 

our assumption on the papers of Pekeris (1935) and Richards and Hager (1984), 379 

which have shown that the viscous mantle flow that is driven by the thermal 380 

density contrasts is responsible for the long-wavelength gravity anomalies 381 

observed at the surface. They demonstrated that the gravitational effects of 382 

surface deformation caused by the thermally driven flow is opposite in sign and 383 

comparable in magnitude to that of the driving density contrast.  It is therefore 384 

reasonable to expect that sublithospheric density contrasts have effects on the 385 

surface topography if a negative correlation is found between the residual 386 

topography and the mantle gravity residuals. This means that we can rule out 387 

compensations due to a low viscosity region at the base of the lithosphere. 388 

 389 

3. RESULTS 390 

Depth sections of the resulting SII-U density model, up to 300 km, after the 391 
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first iteration, are plotted in Figure 4 (a) as a percentage deviation with respect 392 

to the mean model of each layer (Figure 4 (b)).  The gravity data field reproduced 393 

by the resulting density model is shown in Figure 5. We obtain a gravity data 394 

misfit of 66.73 mgals (with respect to 321.16 mgals of the seismological model 395 

scaled into a density model) and a data variance reduction of 67.41% (with 396 

respect to 0.32% of U0). The a posteriori standard deviation (Figure 6), associated 397 

with the density parameter, ranges between 2.6 and 75.4 kg/m3. 6 (a) as a 398 

percentage deviation with respect to the mean model of each layer (Figure 6 (b)). 399 

Further iterations do not improve the results, while they decrease the fit to the 400 

seismological data. 401 

The optimization of the U-    correla  us to 402 

obtain the 3-D map of lateral variations in the angular coefficients of the U-    403 

coupling with respect to the 1-D thermal relationships (temperature variations 404 

are the dominant cause of density variations), and to select the regions 405 

characterized by density compositional signatures (Simmons et al., 2010, Tondi 406 

et al., 2012b). Figure 7 shows our interesting results. First of all compositional 407 

variations presumably only affect to densities at the lithosphere-asthenosphere 408 

boundary (LAB), as chemically-induced density anomalies show up gradually 409 

from the Eastern to the North Western Pacific plate and do not extend below 200 410 

km in depth. Additionally, important anomalies are observed mostly west of the 411 

East Pacific Rise (EPR) and are particularly emphasized at depth, beneath the 412 

northwestern part of the lithosphere. 413 

The gravity data field reproduced by the resulting density model is shown 414 

in Figure 8. We obtain a gravity data misfit of 66.73 mgal (with respect to 321.16 415 

mgal of the seismological model scaled into a density model) and a gravity data 416 
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variance reduction of 67.41% (with respect to 31.58% of the seismic model). A 417 

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

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

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

that is probably explained by the uncertainties in the recovered U-vSV 421 

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

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

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

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

Pacific Plate, from 100 to 200 km depth. Further iterations do not improve the 426 

results, while they decrease the fit to the seismological data.The SII-U�model 427 

produces nonisostatic topography characterized by general positive values in the 428 

Pacific plate, which generally increase on the north-western side and reach up to 429 

+5 km in the North West Pacific basin and in the Philippine Sea. Important 430 

positive values are found along the East Pacific Rise. On the other hand, 431 

continental regions are overcompensated. 432 

The 433 

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

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

(c)), including about 11 layers of the SII-U�model. 436 

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

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

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

the mantle residual gravity, show a strong negative mantle gravity anomaly 440 

characterizing and b) the whole Pacific plate, which is correlatedisostatic height 441 
Formatted: Font: Cambria

Formatted: Font: Cambria



 

 19 

to positive be subtracted from topography residuals. 442 

We test/bathymetry. Hence, we have tested the sensitivity of both the 443 

calculated residual topography and the mantle residual gravity anomalies,  and 444 

the residual topography to (1i) the lithosphere depth uncertainty, derived from 445 

the provided standard deviation associated with the Müller et al., (19972008) 446 

isochrones, and to (2ii) the chosen density model (: the SII-U model (Figure 6 (a)) 447 

and the seismological velocity model transformed into a density model through 448 

the initial U-    depth-dependent relationship). . 449 

The mantle residual gravity related to the SII-U�model (Figure 11 (d), (e), (f)), 450 

shows a negative anomaly characterizing the whole Pacific plate with a gradient 451 

of 500 mgal between the eastern and the western coast. With regard to the SII 452 

nonisostatic topography (Figure 11 (g), (h), (i)), it is characterized by general 453 

positive values in the Pacific plate, which generally increase in the north-western 454 

side and reach up to +3 km in the North West Pacific basin and in the Philippine 455 

Sea. Important positive values are also found along the EPR. On the other hand, 456 

continental regions are overcompensated.  457 

Our sensitivity analysis shows that the variation in the depth of the lithosphere 458 

(Figure 711 (a), (b) and (c) ),)), as expected, particularly affects the residual 459 

gravity, by lowering or increasing the mantle gravity residual anomalies (Figure 460 

7 (d), (e), (f) and Figure 8 (a), (b), (c)). The11 (d), (e), (f)): a thinner lithosphere 461 

results in higher residual gravity anomalies. On the other side, the residual 462 

topography associated with the Pacific plate (Figure 11 (g), (h), (i)) is slightly 463 

affected by the uncertainty associated with the depth of the lithosphere, but the 464 

range of variations of the anomalies is more important when considering a 465 

thicker lithosphere (Figure 711 (i), Figure 8 (f)). 466 
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We observe more positive mantleMantle gravity residuals withexpressed by the 467 

SII-U density model (Figure  712 (d), (e), (f)), are generally more negative with 468 

respect to the model, directly transformed from those produced by the 469 

seismological model with the Birch relationship.(Figure 12 (a), (b), (c)). 470 

Therefore this implies that SII-U density model has a lighterdenser lithosphere. 471 

Conversely, on the side of the, density increasing with depth, with a 'U�from 40 472 

to 170 kg/m3. As a consequence, residual topography, there is a stronger positive 473 

signal for associated to the seismic model converted into a density model (Figure 474 

812 (d), (e), (f)).)) shows a stronger positive signature with an average 'h of 1.5 475 

km. 476 

The analysis of the negative correlation between the residual topography and the 477 

mantle residual gravity, which, following Pekeris (1935) and Hager et al., (1985), 478 

should be a proxy foridentify the regions where the contribution of mantle 479 

circulation in supporting the long-wavelength topography, is active, enabled us 480 

to draw the pictures shown in Fig. 913 (a) to (f)), for both the seismic and SII 481 

density models. Correlation is calculated for the xy grid of the 3-D model as: 482 

                               
                           

   (9) 483 

where hres is the residual topography and gres is the mantle residual gravity, both 484 

weighted over the mean (           and           ) and the standard deviation (        and 485 

       ) in order to be comparable quantities. Fig. 5 shows the main steps we 486 

have followed to obtain our results. 487 

The proxies of dynamic topography are also tested with respect toAs shown in 488 

Figure 13, the lithosphere depth uncertainty and to the chosen density model. 489 

The density model used in the calculation of (9) has a largersignificant impact in 490 
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determining the amplitudewidth of the area of the Pacific region affected by 491 

dynamic topography. If we use the density model, directly transformed from the 492 

seismic model, the influence of mantle flow on the surface topography (Fig. 9 (a), 493 

(b), (c)) is extendedextends from the Peru-Chile trench to the Tonga trench in 494 

the South Pacific and from the west coast of the USA to the Philippine Sea in the 495 

North Pacific. (Figure 13 (a), (b), (c)). On the other hand, if we use the densitySII-496 

U model recovered from, the combined inversion of seismological and gravity 497 

data, theestimated contribution of mantle flow to the surface bathymetry (Fig. 9 498 

(d), (e), (f)) is limited mostly to the eastern side of the Pacific plate, (Figure 13 499 

(d), (e), (f)), and is more consistent with the features of the geoid height (Fig. 500 

10lows (Figure 14). In addition, the two models show a different contribution 501 

oflithospheric depth uncertainties contribute in enlarging (when the lithospheric 502 

depth is smaller) or reducing (when the lithospheric depth is greater) the 503 

residualregion affected by dynamic topography and the mantle residual gravity 504 

to (9).. 505 

We wish to note that our results rely on a starting tomography model (Maggi et 506 

al., 2006) which is undoubtedly limited by both spatial resolution and the used 507 

methodology. However, as studied in Tondi and de Franco (2006), the interplay 508 

with gravity information constrains the result,can efficiently constrain and 509 

complete the seismic information. Additionally, the methodology enables us, 510 

through an assessment of the gravity residuals enables us, to become aware of 511 

the model inconsistencies and of under- or over-estimated densities. A 512 

comparison between the observed and the . As evidenced above, gravity 513 

residuals reproduced gravity data field evidences onlyby SII-U model show a 514 

slight uniform underestimation of densities belowbeneath the Pacific Plate, that 515 
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do not alter the oceanic crust, which is probably due tointerdipendence among 516 

the uncertainties indifferent regions of the recovered U-vS relationshipmodel, 517 

and that cannot affectas a consequence, our inferences. 518 

 519 

4. DISCUSSION 520 

 521 

4.1 The SII density model of the Pacific lithosphere and upper mantle 522 

The recovered SII density values plotted against the seismological shear 523 

velocities (The most prominent large-scale feature of the shallower pattern of 524 

density anomalies, up to 150 km in depth (Figure 6 (a)), is a progressive increase 525 

in density values across the Pacific plate from East to West, consistent with the 526 

lithospheric age (Muller et al., 2008). At depth, as visualized with the help of 527 

density isosurfaces (Figure 15), the high density/velocity anomaly reduces and is 528 

gradually replaced by a uniform lower density anomaly which encompasses the 529 

subsurface of all the plate. The reliability of these results is supported by the 530 

calculation of the a posteriori standard deviation associated with the density 531 

parameters (Figure 10), which evidences an excellent anomaly recovery in the 532 

Pacific plate between depths of 100 and 200 km, where the model is well 533 

constrained by both seismological and gravity information. This enables us to 534 

evaluate, with confidence within that depth interval, both the recovered density 535 

parameters and the deviation of the optimized angular coefficient of the U-    536 

relationship, with respect to the a priori Birch coefficient.  537 

Within the lithospheric depth, the progressive reduction of the positive 538 

density anomaly (Fig. 6 (a)) correlates well with the increase of a chemically-539 

induced density anomaly (Fig. 7), which at 150 km depth becomes particularly 540 
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important beneath the northwestern part of the lithosphere and may help to 541 

explain some inconsistencies between geodetical and seismological 542 

observations. In fact, almost all seismological studies (Forsyth, 1977, Zhang and 543 

Tanomoto, 1991, Maggi et al., 2006) show that lithospheric seismic velocities, the 544 

thickness of the seismic lithosphere and the seismic velocities, in the low-545 

velocity zone below the lithosphere, all increase continuously with age when 546 

averaged over isochrons, and do not flatten out for older lithosphere in the same 547 

way that geoid and gravity observations do. Fig. 11) enable us to analyze the new 548 

density-    scaling relationships and compare them to the initial Birch 549 

relationship. It should be noted that the general trend of the SII U-vSThus, the 550 

non-thermal density anomalies at the base of the lithosphere may reduce the 551 

weight of the lithosphere in that part of the model and explain the modest impact 552 

on the gravity and geoid measurements. 553 

Mid-ocean ridges, the western and the southern parts of North America 554 

continent and the central Australian Proterozoic region below the Alice Springs 555 

Orogeny (Kennett and Iaffaldano, 2013) are characterized by negative density 556 

anomalies. Unlike the results of the tomographic inversion (Maggi et al., 2006), 557 

and in line with Dunn and Forsyth (2007), the negative density anomaly beneath 558 

the EPR is only slightly visible at shallower depths, becoming important between 559 

200 and 250 km and disappearing at 300 km, thus confirming that convection is 560 

largely driven by cooling from above. No compositional contribution is observed 561 

from the analysis of the U-    angular coefficient (Fig. 7), thus indicating that all 562 

anomalies are thermally induced heterogeneities. Positive density anomaly 563 

structures separated by negative density anomalies characterize the subsurface 564 

of convergent plate boundaries (Aleutian Trench, Mariana Trench, Kuril Trench, 565 
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Kermadec Trench) and the subduction zones of Japan and Tonga-Kermadec, 566 

down to a depth of 300 km and below. The negative density anomalies probably 567 

reflect upward intrusions of arc magmas and/or fluids from hydrous partial 568 

melts in the mantle wedge. This is justified by the fact that the fluids control the 569 

pore fluid pressure and thus play an important role in the nucleation of 570 

interplate megathrust earthquakes, as well as large crustal earthquakes, which 571 

are typical in the arc and backarc areas (Zhao et al., 2002). At a depth of 200 km 572 

and below, positive density signatures of the continental cratons of Australia and 573 

North America are clearly visible. 574 

In order to have a comprehensive insight of the contribution of the 575 

compositional heterogeneities to the overall density field of the Pacific plate, and 576 

extrapolate the contribution of the gravity data to the seismic model, the 577 

recovered SII density values have been plotted against the seismological shear 578 

velocities (Figure 9). It is evident that the general trend of the SII U-vSV 579 

relationships follows the 1-D Birch relationships, which is the same as the 580 

general agreement between the upper mantle density anomalies and the velocity 581 

structures observed by the tomographic inversion of Maggi et al., (2006).  582 

However, on the basis of the assigned covariance matrix, the SII optimization 583 

procedure increases the value of the a priori D�coefficient (the gradient of the U-584 

    relationship), within the limits of 10% - 40%. Lower values are assigned% 585 

that, with the help of Figure 7, we localize to the parameters that belong to the 586 

continent and higher values to the oceanic lithosphere and to the upper mantle 587 

structures below the oceanicPacific plate. As a result of the general increase in 588 

density parameters related to the area of the oceanic plate, our 1D mean density 589 

model, unlike the starting 1D    model (Figure 2 in Maggi et al., 2006), is higher 590 
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than PREM between 50 and 220 km (Fig. 4 (b)). These results are consistent with 591 

the findings of Simmons et al., (2009) of a positive residual density anomaly 592 

beneath the eastern Pacific Ocean extending from Antarctica to Alaska, which 593 

does not have a thermal origin. Additionally, as Lowered scaling factors are 594 

observed by Ekströmwithin and Dziewonski (1998),below the 595 

presencecontinental lithosphere, but in this case, higher values of an 596 

underestimated radial anisotropy anomaly beneath the Pacific plate leadsa 597 

posteriori standard deviation suggest us to differences between the VS profiles of 598 

two groups of data: one consisting of observationsevaluate this result with 599 

primary sensitivity to    (for example, Love waves), the shear-wave velocity of a 600 

transversely polarized horizontally travelling S wave, which remain close to the 601 

PREM values, and the other consisting of observations sensitive to     (for 602 

example, Rayleigh waves), the velocity of a vertically travelling S wave, which are 603 

significantly more positivecaution. 604 

The most prominent large-scale feature of the shallower pattern of density 605 

anomalies, up to 150 km in depth, is a progressive increase in density values 606 

across the Pacific plate from East to West, consistent with the lithospheric age. At 607 

depth, as visualized with the help of density isosurfaces (Figure 12), the low 608 

density/velocity area expands and encompasses the subsurface of all the plate. 609 

Mid-ocean ridges, the western and the southern parts of North America 610 

continent and the central Australian Proterozoic region below the Alice Springs 611 

Orogeny (Kennett and Iaffaldano, 2013) are characterized by negative density 612 

anomalies.  Unlike the results of the tomographic inversion, and in line with 613 

Dunn and Forsyth (2007), the positive density anomaly beneath the East Pacific 614 

Rise is only slightly visible at shallower depths, becoming important between 615 
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200 and 250 km and disappearing at 300 km. Positive density anomaly 616 

structures separated by negative density anomalies characterize the subsurface 617 

of convergent plate boundaries (Aleutian Trench, Mariana Trench, Kuril Trench, 618 

Kermadec Trench) and the subduction zones of Japan and Tonga-Kermadec, 619 

down to a depth of 300 km and below. The negative density anomalies probably 620 

reflect upward intrusions of arc magmas and/or fluids from hydrous partial 621 

melts in the mantle wedge. The fluids control the pore fluid pressure and thus 622 

play an important role in the nucleation of interplate megathrust earthquakes, as 623 

well as large crustal earthquakes in the arc and backarc areas (Zhao et al., 2002). 624 

At a depth of 200 km and below, positive density signatures of the 625 

continental cratons of Australia and North America are clearly visible. 626 

The a posteriori standard deviation (Figure 6), associated with the density 627 

parameters, highlights the reliability of seismic analysis: poor at the north-628 

eastern and southern side of the semiglobe and generally good in the Pacific 629 

plate, and of the gravity sensitivity kernels, which are more informative between 630 

depths of 100 and 200 km.  631 

As a result of the general increase in density parameters related to the 632 

area of the Pacific plate, our 1-D mean density model, unlike the starting 1-D 633 

U�model directly transformed from seismic data, is higher than PREM between 634 

50 and 220 km (Fig. 6 (b)). The contribution of gravity information, may have 635 

corrected the density values that are linked to observations with primary 636 

sensitivity to     (e.g. the Rayleigh waves) that, as observed by Ekström and 637 

Dziewonski (1998), in the presence of an underestimated radial anisotropy 638 

anomaly beneath the Pacific plate, are of significant smaller amplitude, with 639 

respect to parameters obtained from observations with primary sensitivity to 640 
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   (e.g. Love waves). 641 

 642 

4.2. The 643 

4.2. The residual topography and the mantle residual gravity anomalies and the 644 

residual topography of the Pacific Plate 645 

As discussed in the Introduction,McNutt (1998), the high viscosity of the 646 

plates shieldsmay shield surface geologic processes from convective forces 647 

below (Mc Nutt, 1998).and explain the deviations of ocean depth or seafloor 648 

topography from the prediction of a cooling half-space model. As a result, the 649 

residual topography, (Figure 11 (g), (h), (i) and Figure 12 (d), (e), (f)), which is 650 

estimated on the basis of the properties ofisostatic height and the density within 651 

and beneath the lithosphere, would have a marginal contribution compared to 652 

the mantle gravity residuals (Figure 11 (d), (e), (f) and Figure 12 (a), (b), (c)) 653 

which depend on the deeper density anomalies. The observed As this is what we 654 

observe, we presume that the imbalance between the intensities of mantle 655 

gravity residuals and the residual topography, which is highlighted above all 656 

withwe observe especially for the SII-U model, reveals the plausible is due to a 657 

lateral viscosity increasegrowth, associated with the increasing thickness and 658 

density of the Pacific platePlate, from the East Pacific RiseEPR towards west, up 659 

to the Kermadec and Tonga Trench in the south and the Kuril-Kamchatka Trench 660 

in the north. (Figure 6 and Figure 15). However, although in the Northwestern 661 

Pacific the surface uplift is presumably shallower than the mantle upwelling, 662 

because it only compensates for a part of the mass deficit, and the net residual 663 

topography is sensitive to the possible uncertainties in the density structure of 664 

the lithosphere, it stillthis occurrence does not explain the conjunction of 665 
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anomalous height of seafloor topography, the lack of a heat flow anomaly and the  666 

net geoid low observed in the regionregions around the Hawaiian Swell and 667 

South Pacific Superswell (Fig. 10).  Super Swell (Figure 14).  668 

Following McNutt (1998) and Mc Nutt and Bonneville (2000), who suggested 669 

that the discrepancy between the heat flow and depth of the lithosphere could 670 

imply that the origin of the SuperswellSuper Swell is non-thermal (e.g. the 671 

convecting material beneath is low density by virtue of its mineralogy rather 672 

than its temperature), we used our results to test this hypothesis. Optimizing the 673 

U-   correla  us to obtain the 3-D map of lateral 674 

variations in the angular coefficients of the U-   coupling with respect to the 1-D 675 

thermal relationships, and to select the regions characterized by density 676 

compositional variationsuse our results on the optimization of the U-    677 

correlation coefficient (Fig. 7) to test this hypothesis. On the basis of our results 678 

(Simmons et al., 2010, Tondi et al., 2012b). Figure 13 shows our interesting 679 

results. First of all compositional variations presumably only affect densities at 680 

the lithosphere-asthenosphere boundary (LAB) as chemically-induced density 681 

anomalies show up gradually from the Eastern to the North Western Pacific plate 682 

and do not extend below 200 km in depth. Thus, Mc Nutt’s hypothesis is 683 

plausible, as chemically-induced density anomalies can be observed all along 684 

subducting slabs, beneath the Superswellboth the Hawaiian and the South Pacific 685 

Super Swell, and in the structure of the lithosphere between the Aleutian Trench 686 

and the Fiji North Plateau in the northwestern edge of the Plate. These 687 

observations are partlyalso justified by the fact that perturbed phase relations 688 

among mantle minerals are expected within the thermal environment of 689 

subducting slabs (Bina et al., 2001). The important anomalies observed beneath 690 
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the northwestern part of the lithosphere, are unexpected, however they may 691 

help to explain some inconsistencies between geodetical and seismological 692 

observations. Infact, nearly all seismological studies (Forsyth, 1977, Zhang and 693 

Tanomoto, 1991, Maggi et al., 2006) show that lithospheric seismic velocities, the 694 

thickness of the seismic lithosphere and the seismic velocities in the low-velocity 695 

zone below the lithosphere all increase continuously with age when averaged 696 

over isochrons, and do not flatten out for older lithosphere in the same way that 697 

geoid and gravity observations do. 698 

Thus, the non-thermal density anomalies at the base of the lithosphere 699 

may reduce the weight of the lithosphere in that part of the model and explain 700 

the modest impact on the gravity and geoid measurements.2001). In addition, 701 

the compositionally-induced density anomaly beneath the surface of both the 702 

SuperswellSwells, may explain why the measured average heat flow is not 703 

resolvably different from other Pacific values, even though the in spite of the 704 

presence of the topographic highs.  705 

With regard to the geoid (Fig. 14), a semi continuous belt of lows surrounds the 706 

Pacific, including isolated minima in the Indian Ocean, Ross Sea and northeast 707 

Pacific. No corresponding negative anomalies are observed in the free-air and/or 708 

Bouguer gravity map and, as a consequence, no information is given by our study 709 

in this regard. As studied by Spasojevic et al., (2010), the geoid lows are 710 

correlated with high-velocity anomalies near the base of the mantle and low-711 

velocity anomalies in the mid-to-upper mantle, hence they are not constrained 712 

by our density model.  713 

A mass deficit up to depth of 150 km (Fig. 6), correlated with calculated positive 714 

residual topography (Fig. 11 g), h), i)) and observed positive geoid anomaly (Fig. 715 
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14) is instead reconstructed by our model beneath the Hawaiian chain. 716 

Following Cadio et al., (2012) the average depth of the seafloor on the Superswell 717 

is consistently shallower. compensating density anomaly, might indicate 718 

compensation within the asthenosphere such as by dynamic uplift, which is 719 

unfortunately not confirmed by our proxy of dynamic topography (Fig. 13). On 720 

the contrary, we are in favor of the presence of crustal underplating, that, as 721 

suggested by Leahy et al., (2010), and previously identified by the deep-722 

penetrating marine refraction study of Watts et al., (1985) indicates that the 723 

Hawaiian Swell is partially supported by shallow chemical buoyancy which can 724 

be conveniently associated to the recovered compositional anomaly (Fig. 7). 725 

The geoid in the Super-Swell region, that following Adam and Bonneville (2004) 726 

covers an area between latitudes 10°N and 30°S and longitudes [130-160]°W, 727 

shows two different features: a positive anomaly in the northern branch, that 728 

becomes progressively negative towards the South. Correlated positive to 729 

negative density anomalies are reconstructed up to 100 km depth and below the 730 

lithosphere (Fig. 15). The analysis of the negative correlation between the 731 

residual topography and the mantle residual gravity evidences that in this region 732 

is active the contribution of mantle circulation in supporting the long-733 

wavelength topography. This is particularly evident with the seismic model. With 734 

the SII model, the mantle support is of limited amplitude and more relevant in 735 

the northern part of the Swell (Fig. 13). As studied by Adam et al., (2014) 736 

dynamic topography is sensitive both to the viscosity profile and to the 737 

tomographic models. As suggested above, results support the presence of a 738 

lateral viscosity growth, associated with the increasing thickness of the Pacific 739 

plate. Hence we favor the presence of a low viscosity asthenosphere beneath the 740 
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South Pacific superswell, accordingly to the study of Adam et al., (2014). The 741 

presence of density compositional variations reduces the negative correlation 742 

between residual topography and the mantle residual gravity and this explains 743 

the differences of the results obtained with the seismic and the SII models. 744 

Density compositional variations, especially important in the Southern branch of 745 

the Swell, are also consistent with the hypothesized underplating beneath the 746 

Marquesas swell (McNutt and Bonneville, 2000). Surface topography of the 747 

Superswell region may then by explained by the joint contribution of dynamic 748 

topography and crustal underplating which offers another source for the 749 

buoyancy of the Swell and justifies the measured heat flow (Veselov and Lipina, 750 

1982), which is not resolvably different from other Pacific values. 751 

 752 

3. CONCLUSIONS 753 

The exploitation of the information provided by the seismological and 754 

satellite gravity data, enabled us to contribute to the determination of a high 755 

resolution density crustal important physical and geological information within 756 

the lithospheric and upper mantle structure of the Pacific, down to a 300 km 757 

depth. Our approach enabled us to recover a density earth structure which is  758 

The recovered parameters on a uniform 1° x 1° grid , such as 1) the densities 759 

compatible with both seismological and gravity observations. In addition, a 760 

realistic relationship was obtained and 2) the phase relationships between the 761 

isotropic shear-wave velocity and the density structure, from which enabled us 762 

to extract useful and novel information on a) the thickness of the lithosphere, b) 763 

the thermally and chemically-induced density anomalies, can then be 764 

extracted.c) the residual topography, d) the mantle gravity residuals, e) the 765 
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dynamic topography and f) midplate swells for the whole Pacific region. This 766 

information couldshould help to reconcile some incompatible descriptions of the 767 

oceanic lithosphere of the Pacific plate.  .  768 

Unlike the results of the tomographic inversion, and in line with Dunn and 769 

Forsyth (2007), the positivenegative density anomaly beneath the East Pacific 770 

Rise is slightly visible EPR are chemically induced at shallower depths, becomes 771 

important between 200 and 250 km, and disappears at 300 km.  With thus 772 

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

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

SII-U model shows a lighter lithosphere, (2) positive flanked by negative 775 

chemically-induced densities are located along the eastern boundary of the 776 

Pacific plate, (32) a wide area of strong positive flankeddensities strengthened 777 

by strong negative chemically-induced density anomalies is revealed between 778 

the Aleutian Trench and the Fiji Plateau in the northwestern edge of the Pacific 779 

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

compositional variations that may support the hypothesized crustal 781 

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

bathymetry is  limited mostly to the eastern sideconcentrated beside the western 783 

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

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

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

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

and the Kuril-Kamchatka Trench in the north. 788 

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

thickens with age as suggested by the dispersion of Rayleigh waves with oceanic 790 
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paths (Zhang and Tanimoto, 1991. Maggi et al., 2006). However, from a depth of 791 

70 to 150 km, pressures and temperatures chemically modify the composition of 792 

the lithospheric layer. This chemically-modified structure is lighter and more 793 

buoyant than the predicted cooling models, which reconciles gravity 794 

observations that do not show an increasing gradual negative gradient 795 

progressing towards the north-western side of the Plate. In addition, the 796 

existence of non-thermal sources of buoyancy at the base of the lithosphere, 797 

below the northwestern side and along the eastern boundary of the Pacific plate, 798 

also justifies the fact that the conducted heat flux stabilizes to a constant value of 799 

50 to 60 m W m2  
  

  after 25  or 30 million years (Stein, 1995) and does not vary 800 

significantly compared to other Pacific values, although the depth is different. 801 

Presumably, after this time, phase relations among mantle minerals start to be 802 

perturbed and the direct relationship between the convective material beneath 803 

and its temperature is progressively lost. Coherently with the observed 804 

chemically modified structures, results support also the hypothesis that midplate 805 

swells are not entirely explained by thermal and dynamic surface uplift from 806 

rising mantle plumes, but by a joint contribution of volcanic underplating and 807 

mantle flow. 808 

Our proxy of the contribution of mantle flow to surface topography, is based on 809 

gravity residuals, which explains the lack of flow in the northwestern side of the 810 

SII-U model. As discussed above, the thickness of the lithosphere is consistent 811 

with the seismological observations, however due to density compositional 812 

variations, the lithosphere is lighter and as a consequence the convective flux 813 

beneath can reach the same result with a lower intensity. 814 

 815 
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Figure captions 1034 

 1035 

Fig. 1. Latitude-dependent standard deviation of the GOCE-only model 1036 

commission error [mgal]. 1037 

 1038 

Fig. 2. Flow chart of the inversion procedure, including optimization of density 1039 

and velocity2: (a) Free-air gravity anomalies from 128,880 points of the 1040 

combined GOCE-EGM2008 model over the study area (degree 2190). b) Bouguer 1041 

anomaly map of the Pacific Plate recovered from (a). See paragraph 2.1 for 1042 

details. 1043 

 1044 

Fig. 3:. Flow chart of the inversion procedure, including optimization of density 1045 

and velocity. 1046 

 1047 

Fig. 4. Comparison among (a) 128,880 free-airthe mean diagonal elements of the 1048 

a posteriori seismic standard deviation, (b) the assigned mean diagonal elements 1049 

of the Cmm covariance matrix (takes in account the error propagation from the 1050 

velocity model to the density model and (c) the mean density update of the first 1051 

iteration ('U1) 1052 

  1053 

Fig. 5. Sketch of the followed steps to recover (d) the diagonal values of the 1054 

correlation matrix between the residual topography and the mantle residual 1055 

gravity anomalies fromproduced by the combined GOCE-EGM2008SII density 1056 

model over. As an example, (a) a vertical slice through the study area (degree 1057 

2190). Minimum valuerecovered model (30° N) is -340,29 mgal, maximum 1058 
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valueanalyzed. The method used to determine the depth of the lithosphere is 1059 

523,80 mgal. (b) Bouguerexplained in the text. Following Pekeris (1935) and 1060 

Hager et al., (1985), (d) the negative correlation between (b) the mantle residual 1061 

gravity anomaly map of the Pacific Plate recovered from (a).and (c) the residual 1062 

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

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

 1065 

Fig. 4:6. Depth sections of the U percentage perturbations in (a) our optimized 1066 

SII-U�model (a).. Model perturbations are expressed as percentage deviations 1067 

with respect to (b) the mean density value of each layer plotted in (b).. In the 1068 

first slice (each section), the main tectonic units are indicated. In (b) the depth 1069 

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

2006) are shown. The area of the Pacific Superswell, identified by Adam and 1071 

Bonneville (2005), is superimposed on each section.� 1072 

 1073 

Fig.  1074 

Figure 57. Depth sections of the lateral differences in the optimized angular 1075 

coefficient D with respect to the a priori Birch coefficients (0.72 for 50 km depth, 1076 

0.34 from 100 to 200 km depth). The area of the Pacific Superswell, identified by 1077 

Adam and Bonneville (2005), is superimposed on each section.� 1078 

 1079 

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

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

reduction is 67.4%. 1082 
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 1083 

Fig. 9. Density values from the recovered SII-U model in Fig. 6(a), plotted against 1084 

the velocity values from the seismological model and compared to Birch law 1085 

regression lines (black solid lines), our     
    

  starting relationship . 1086 

 1087 

Fig. 10. 1088 

Fig. 6. Depth sections of a-posteriori percentage standard deviation on SII-1089 

U�model. Standard deviation takes into account the propagation of uncertainty 1090 

from the velocity to the density model, weighted with the final gravity variance 1091 

reduction Var(gi),g(n)), and the information given by the gravity data.   Images 1092 

relative (eq. (8)). In each section, the standard deviation values are referred to 1093 

the mean of the 31-D SII-U model, imaged in Fig. 46 (b) at each depth indicated.). 1094 

In the first slice (section), the main tectonicaltectonic units are indicated. 1095 

 1096 

Fig. 711. (a), (b) (c) Calculated lithospheric thickness of the Pacific region, 1097 

derived mostly from Müller et al., (19972008) isochrones (see text for additional 1098 

information). (b) shows the mean value and (a) and (c) show the mean value 1099 

minus and plus the standard deviation respectively. (d),(e),(f) Mantle residual 1100 

gravity anomalies (background density is adjusted in order to magnify the 1101 

contrast between ocean and continents) calculated assuming the SII density 1102 

model and the lithospheric depth in (a), (b) and (c). (g), (h), (i) Residual 1103 

topography of the Pacific region, calculated assuming the SII-r density model and 1104 

the lithospheric depth in (a), (b) and (c). 1105 

(g), (h), (i) Residual topography of the Pacific region, calculated assuming the SII-1106 

U density model and the lithospheric depth in (a), (b) and (c).  1107 
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The area of the Pacific Superswell, identified by Adam and Bonneville (2005), is 1108 

superimposed on each section. 1109 

 1110 

Fig. 812. (a), (b) (c) Mantle residual gravity anomalies calculated assuming that 1111 

the seismic model has been transformed into a density model  through the 1112 

starting ρ-vSV depth-dependent relationship and the lithospheric depth in Fig. 1113 

711 (a), (b) and (c).  1114 

(d), (e), (f) Residual topography of the Pacific region, calculated assuming the 1115 

seismic model transformed in a density model through the starting ρ-vSV depth-1116 

dependent relationship  and the lithospheric depth in Fig. 711 (a), (b) and (c). 1117 

The area of the Pacific Superswell, identified by Adam and Bonneville (2005), is 1118 

superimposed on each section. 1119 

 1120 

Fig. 9:13. (a), (b), (c) Proxy of dynamic topography assumingfor the seismic 1121 

model transformed in a density model through the starting U-vSV depth-1122 

dependent relationship (Birch)  and the lithospheric depth in Fig, 7 (a), (b) and 1123 

(c). .  1124 

(d), (e), (f) Proxy of dynamic topography for the SII-U model. Contour plots 1125 

highlight the areas of negative relationship between the residual topography 1126 

(subtracted by mean + standard deviation) and the mantle residual gravity 1127 

(subtracted by mean + standard deviation) of the Pacific region.  The area of the 1128 

Pacific Superswell, identified by Adam and Bonneville (2005), is superimposed 1129 

on each section. 1130 
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Fig. 1014. Geoid anomaliesundulations from the combined GOCE-EGM2008 1132 

model over the study area. Minimum value is -68,472847 m, maximum value is 1133 

87,362336 m. The area of the Pacific Superswell, identified by Adam and 1134 

Bonneville (2005), is superimposed. The main tectonic units are indicated. 1135 

 1136 

Fig. 11. Density values from the recovered SII-U model in Fig. 4(a), plotted 1137 

against the velocity values from the seismological model and compared to Birch 1138 

law regression lines (black solid lines). 1139 

 1140 

Fig. 12. Isosurface15. Isosurfaces of densities characterizing the cool (3520 1141 

kg/m3) and the warm (3470 kg/m3) structures of the upper mantle below the 1142 

Pacific region as seen (a) directly overhead and in a (a) vertical and3-D view (b) 1143 

horizontal 3D visualization of SII-U model. cut from 50 km depth, (c) cut from 1144 

150 km depth, (d) cut from 250 km depth. Earthquakes from ISC and NEIC 1145 

catalogues are shown as blue trianglesstars for magnitudes between 7.0 and 7.5,  1146 

and as black circles and as magentablack circles for magnitude greater than 7.5. 1147 

The coastlines are shown in black, and the Superswell area is inside the yellow 1148 

rectangle (Adam and Bonneville, 2005). 1149 

 1150 

Fig. 13. Depth sectionsThe area of the lateral differences in the optimized angular 1151 

coefficient D with respect to the a priori Birch coefficients (.72 for 50 km depth, 1152 

.34 from 100 to 200 km depth and .53 from 250 to 300 km depth. The location of 1153 

thePacific Superswell, identified by Adam and Bonneville (2005), is indicated in 1154 

the first section by two horizontal lines.superimposed on each plot. 1155 
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The combined inversion of seismological and GOCE gravity data: 1 

New insights into the current state of the Pacific lithosphere and 2 

upper mantle 3 

Rosaria Tondi1, Maddalena Gilardoni2, Mirko Reguzzoni2  4 

1Istituto Nazionale di Geofisica e Vulcanologia, Via Donato Creti 12, 40128 Bologna, sezione di 5 

Bologna, Italy 6 

2DICA, Politecnico di Milano, P.zza Leonardo da Vinci 32, 20133 Milano, Italy 7 

 8 

ABSTRACT 9 

In this study we combine seismological and GOCE satellite gravity information by 10 

using a Bayesian-like technique, with the aim of inferring the density structure of 11 

the Pacific (90°N 90°S) (121°E 60°W) lithosphere and upper mantle. 12 

We recover a 1° x 1° 3-D density model, down to 300 km depth, which explains 13 

gravity observations with a variance reduction of 67.41%. The model, with an 14 

associated a posteriori standard deviation, provides a significant contribution to 15 

understanding the evolution of the Pacific lithosphere and answer to some 16 

debated geodynamic questions. 17 

Our methodology enables us to combine the recovery of density parameters with 18 

the optimum density-    scalings. The latter account for both seismological and 19 

gravity observations in order to identify the regions characterized by chemically-20 

induced density heterogeneities which add to the thermally-induced anomalies. 21 

Chemically-modified structures are found west of the East Pacific Rise (EPR) and 22 

are of relevant amplitude both below the north-western side of the Pacific Plate, 23 

at the base of the lithosphere, and up to 100 km depth beneath the Hawaiian and 24 

Super Swell regions, thus explaining the anomalous shallow regions without 25 

*Revised manuscript with no changes marked
Click here to view linked References



 2 

invoking as the sole justification the thermal buoyancy. Coherently with the 26 

chemically modified structures, our results a) support a lighter and more 27 

buoyant lithosphere than that predicted by the cooling models and b) are in 28 

favor of the hypothesized crustal underplating beneath the Hawaiian chain and 29 

beneath the volcanic units in the southern branch of the Super Swell region. The 30 

comparison between calculated mantle gravity residuals and residual 31 

topography suggests a) a lateral viscosity growth associated with the increasing 32 

thickness and density of the Plate and b) correlate well with sub-lithospheric 33 

mantle flow from the EPR towards west, up to the Kermadec and Tonga Trench 34 

in the south and the Kuril-Kamchatka Trench in the north.  35 

 36 

1. INTRODUCTION 37 

The topography of the Earth’s surface is explained by the combined 38 

effects of shallow processes such as erosion or sedimentation, and deeper ones 39 

such as isostatic compensation and the upward push/downward pull associated 40 

with a convective flow in the mantle (Richards and Hager, 1984). The latter 41 

effect, known as dynamic topography, has been evaluated in a number of studies, 42 

where models of mantle density are defined on the basis of seismic tomography, 43 

and used to predict the associated mantle flow (Forte, 2007, Boschi et al., 2010, 44 

Dávila and Lithgow-Bertelloni, 2013, Flament et al., 2013). Yet, given the number 45 

of dynamic processes that affect the topography, researchers still haven’t 46 

reached a consensus about the term “dynamic topography” and the absence of a 47 

detailed knowledge of the thermal and chemical structure of the lithosphere, 48 

effectively limits the possibility to discriminate among a number of different solutions. 49 

As an example, the bathymetry of the young ocean floor (<80 Ma) is compatible with 50 



 3 

that of the thermal boundary layer of the convecting mantle, and, in this respect, the 51 

subsidence of oceanic lithosphere with age should be included in the definition of 52 

dynamic topography. On the other side, ocean floor older than ca. 80 Ma appears to 53 

flatten compared to the two main boundary-layer cooling models (McKenzie, 54 

1967, Stein and Stein, 1992, Parker and Oldenburg, 1973), which have been 55 

produced to explain the observed variation of heat flow and oceanic depth with 56 

age. Additionally, due to its long and complex tectonic history, the dynamics of the 57 

continental lithosphere cannot be explained by a boundary layer theory. 58 

Goal of this paper is to obtain means for constraining convective circulation of 59 

the sub-lithospheric mantle of the Pacific Plate through the analysis of the physical 60 

parameters of the oceanic lithosphere. The Pacific region is a natural laboratory for 61 

oceanic plate tectonics and it contains not only relatively large areas of old 62 

seafloor, but also numerous hot spot tracks, that may have a role in transporting 63 

heat to the bottom of the thermal boundary layer. As recalled above, numerous 64 

studies have found that seafloor older than 80 Ma reaches depths several 65 

hundred meters shallower than would be predicted by the two main lithospheric 66 

cooling models (McKenzie, 1967, Stein and Stein, 1992, Parker and Oldenburg, 67 

1973) and no general consensus has yet emerged on a single mechanism of 68 

heating that can explain all available observations. Several recent studies have 69 

continued to refine these early interpretations of a seafloor depth-age 70 

relationship. Proposed explanations include constant heat flux from below (Doin and 71 

Fleitout, 1996), thermal rejuvenation by hotspots (Smith and Sandwell, 1997), small-72 

scale convection (e.g., Afonso et al., 2008), dynamic support by mantle flow (Kido 73 

and Seno, 1994; Zhang et al., 2012), and departure from the topography predicted by 74 

thermal boundary layer theory due to radioactive heat production within the mantle 75 
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(Jarvis and Peltier, 1982). 76 

In any case, the sophistication and complexity of numerical approaches to 77 

determine the role of mantle-lithosphere interactions in shaping surface 78 

topography, cannot exempt researchers from studying and reconstructing the 79 

fine-scale structure of the lithosphere.  80 

Seismically derived models of lithosphere suffer from incomplete ray coverage 81 

or limited data resolution, especially above oceans, where seismic stations, 82 

almost exclusively land based, are concentrated at the borders of the seafloor. 83 

For example, on the basis of the surface wave tomography of the Pacific mantle, 84 

Ritzwoller et al. (2004) have suggested that old lithosphere does not follow half-85 

space cooling, however the spatial resolution of their tomography does not 86 

enable them to rule out that there may be a flattening effect of hotspot chains 87 

and oceanic plateaus. 88 

On the other hand, surface observables such as gravity fields and geoid, which 89 

are directly dependent on the structure of the underlying distribution of mass, 90 

and recently benefit from the information released by space gravity missions 91 

such as GRACE and GOCE, are far superior in terms of spatial resolution, but still 92 

have to overcome the inherent non-uniqueness of any potential field method 93 

(Blakely, 1995). Additionally, in gravity analyses, errors can occur if internal 94 

boundaries (chemical or phase) with density contrasts, or the Earth’s viscosity 95 

structure are not appropriately considered: if a low viscosity zone lies between 96 

an upwelling mass and the Earth’s surface, the rising mass will then be relatively 97 

inefficient at warping the surface and will be largely compensated for from 98 

below, through the deformation of deeper density discontinuities (Mc Nutt, 99 

1998). 100 
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An attempt to integrate seismological and gravity observations in the Pacific area 101 

is given by the global model of Simmons et al. (2010), which simultaneously 102 

considered seismic observations and a large suite of convection-related 103 

geodynamic constraints to obtain a three-dimensional (3-D) model of mantle 104 

density, shear wave speeds, and compressional-wave speeds. The results 105 

enabled Simmons et al. (2010) to simultaneously reconcile dynamic topography 106 

and gravity, to a wide extent (72%). They succeeded in distinguishing the 107 

thermal from the compositional contribution to both seismic velocities and 108 

densities. However, the resolution of the model is still not sufficient for 109 

continental studies (approximately 2.5° x 2.5° x 75 to 240 layer thickness). In 110 

terms of the Pacific Plate, the model does not discriminate the boundary layer 111 

between the lithosphere and the asthenosphere, which could help to resolve 112 

what happens to lithosphere plates older than 80 Ma. 113 

In this paper we test the possibility of using integrated approaches, which 114 

consider both seismic and gravity constraints, in order to recover a high-115 

resolution 3-D density model of the upper mantle and the lithosphere of the 116 

Pacific Region, with a lateral resolution of 1° x 1°, down to a 300 km depth and 117 

use it as a proxy for dynamic topography. Density anomalies are recovered using 118 

the inversion approach of Sequential Integrated Inversion (SII; (Tondi et al., 119 

2000)), which has been parallelized to allow for a large data set and a large 120 

number of parameters (Tondi et al., 2012). We specify an initial mean 1-D 121 

density model within a volume of 179° x 177° x 300 km that is updated to a 3-D 122 

density model (179 x 177 x 17 model parameters) through the combined use of 123 

the surface waveform tomography of the Pacific upper mantle (Maggi et al., 124 

2006) and a gravity model from the ESA Earth’s explorer GOCE (Gravity field and 125 
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Ocean Circulation Explorer) mission (Drinkwater et al., 2003). Assuming that the 126 

Earth’s lithosphere is the upper cold thermal boundary layer of a convecting 127 

system, the thickness of the lithosphere in our model is determined with Müller 128 

et al., (2008) isochrons and, where this information is not available, or is in 129 

contrast with the above physical assumption, we assign the depth where we 130 

observe a decrease in the depth-density curve of our final 3-D density model 131 

(hereinafter referred to as SII-U). The gravity field calculated for the SII-132 

U�structure, limited to the depth of the lithosphere, enables us to recover both 133 

the residual topography and the mantle residual gravity anomalies. Finally, we 134 

show that an estimation of the correlation matrix between the residual 135 

topography and the mantle residual gravity anomalies gives a proxy of the 136 

regions where the convective circulation of the sublithospheric mantle 137 

contributes to surface topography. In order to observe the added value of our 138 

approach, results obtained with the SII-U�structure and those recovered from the 139 

density model, directly converted from seismic data are compared. The a 140 

posteriori standard deviation associated with the updated density parameters 141 

enables the reader to quantify the reliability of the results. Additionally, a fully 3-142 

D map of the U-    scaling relationships will help to better understand and 143 

interpret the interplay among the geodynamic features and processes that occur 144 

beneath and on top of the Pacific Plate. 145 

 146 

2. DATA AND METHODS 147 

 148 

2.1. The gravity database 149 

The GOCE mission provides independent estimates of the Earth’s 150 
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gravitational field, thus improving the present knowledge of low and medium 151 

frequencies and reducing systematic effects (bias and trend) at a local scale. To 152 

obtain free-air gravity anomalies from the GOCE mission data, we used the fourth 153 

release of the time-wise spherical harmonic expansion (Pail et al. 2011). This is a 154 

GOCE-only solution (no GRACE data are included) complete up to degree and 155 

order 250. The global commission error at this maximum degree is 3.93 mgal 156 

(Figure 1), while the omission error computed from EGM2008 degree variances 157 

(Pavlis et al. 2012) is 13.77 mgal. Consequently, the GOCE-only solution is 158 

combined with the EGM2008 ultra-high resolution global gravitational model, 159 

which is also based on ground and altimetry data, as well as a GRACE model 160 

(Mayer-Gürr 2006). Details on the combination weighting strategy, which is only 161 

driven by the coefficient error variances, are given in Gilardoni et al., (2013). 162 

Using this model the commission error up to the maximum degree of 2190 is 163 

about 4.01 mgal, as the omission error is practically negligible. Once the 164 

spherical harmonic coefficients have been chosen and the contributions of the 165 

normal potential have been removed (Heiskanen and Moritz 1967), free-air 166 

gravity anomalies in spherical approximation are computed by a classical 167 

synthesis operation, i.e. 168 

    (1)  
169 

where (M, O, r) are the spherical coordinates of grid points over the reference 170 

ellipsoid, GM is the gravitational constant by the Earth’s mass, R is a reference 171 

Earth radius, Ynm are the spherical harmonics of degree n and order m, and Tnm 172 

are the coefficients of the series truncated at the maximum degree N. A map of 173 

the computed gravity anomalies from the combined GOCE-EGM2008 model is 174 
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shown in Figure 2(a). 175 

The availability of a topography/bathymetry dataset in resolutions up to 176 

1 arc minute (ETOPO1, Amante and Eakins, 2009) enables us to calculate the 177 

Bouguer gravity map with a Bouguer density correction of 2670 kg/m3 on land 178 

and a correction of -1640 kg/m3 to correct for bathymetry (Caratori Tontini et al. 179 

(2007)). The Bouguer gravity anomalies, shown in Figure 2(b) are used as 180 

gravity observations for the optimization of the density parameters. On the basis 181 

of the estimated commission error, the a-priori gravity data error is set at 4.0 182 

mgal for all the measurements (the square root of the diagonal elements of Cgg). 183 

 184 

2.2. Design of a 3-D density model  185 

The Sequential Integrated Inversion (SII, Tondi et al., 2012) involves 186 

finding the maximum of a likelihood function (L) that relates density Earth 187 

structure (U) to our gravity observations (g) and our seismic velocity structure 188 

(v) through three types of information: (i) gravity data, (ii) information from the 189 

analysis of a seismological data-set (  ), and the (iii) information on the physical 190 

correlation between the density and the velocity parameters (D, Cmm): 191 

                  
 
 
            

             

        
 
             

                 (2) 192 

The resulting SII algorithm allows the iterative estimation of the update ('U) to 193 

the starting density model (U0): 194 

'U� �      
        

            
          

     ����(3)�195 

where G is the matrix of the partial derivatives of the gravity observations (g = 196 

[g1, g2, …gN], n   [1,N]) with respect to the density model parameters (U(i) = [U1, 197 
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U2, … UM], m  [1,M]), Cgg is the square diagonal covariance matrix of the gravity 198 

data uncertainties, Cmm is the covariance matrix that takes into account the error 199 

propagation from the velocity to the density model, 'g = (gOBS – gi) the i-th model 200 

predicted gravity response, D = [D1, D2, …DM], m  [1,M] the velocity-density 201 

gradient vector, in the same parametrization as the model, 'v = (v - v0), the 202 

velocity parameter adjustment vector of dimension M. 203 

The flow chart in Figure 3 schematically summarizes the processing steps of the 204 

inversion procedure. According to Maggi et al., (2006), our starting velocity 205 

model (v0) is the superposition of the average crustal part of the 3SMAC (Nataf 206 

and Ricard, 1996) 3-D Earth model and the smoothed version of the 1-D     207 

profile from PREM (Dziewonski and Anderson, 1981). The model covers the 208 

whole Oceanic plate (90°N  90°S) (121°E  60°W) up to a depth of 400 km and is 209 

parametrized with a rectangular grid with a spatial resolution of 1° x 1° x 17 210 

layers of variable depth. 211 

The seismic update (    
 ) is recovered from the regional surface waveform 212 

tomography of the Pacific upper mantle, obtained using an automated 213 

multimode surface waveform inversion technique on fundamental and higher 214 

mode Rayleigh waves (Maggi et al., 2006). Considering the proved relationships 215 

between the isotropic shear-wave velocity and the density parameters 216 

[Kozlovskaia et al., 2004), only the isotropic shear-wave speeds have been 217 

considered. 218 

With regard to the starting density model (U0), it is obtained from the starting 219 

velocity model (v0) through an a priori    -U depth-dependent relationship. In 220 

order to ensure the optimum choice of physical relationships between the 221 
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seismic velocities and bulk densities: 222 

1. We assume a node-dependent linear relationship: Um = Dmvm + Em, i.e. with 223 

a-priori information we can use different relationships (correlation 224 

coefficients D and E) for different model parameters; hence a fully 3-D 225 

U�vS scaling relationship; 226 

2. Through a slight modification of equation (3), the gradient of the 227 

relationship, D, is now inverted and optimized independently for each 228 

model parameter: 229 

Dm = (GT   
  G(v0 + 'vm))-1 (GT   

  g)      (4) 230 

3. The Cmm matrix takes into account the error propagation from the velocity 231 

to the density model: 232 

V(Um) = vmV(Dm) + DmV�vm) + V(Em)       (5) 233 

where V�vm) is the seismic a priori model variance (0.05 km s-1), weighted 234 

with the standard deviation associated with the path-averaged velocities, 235 

V(Dm) and V(Em) are the uncertainties in the coefficients of the scaling Um-236 

vm relationship. To control the amount of variation and to allow for 237 

correct changes in the parameter values, various tests were performed 238 

through the optimization process. The values on the main diagonal of Cmm 239 

(under the assumption that there is no correlation between the errors in 240 

each node) are chosen for an optimum trade-off between the data 241 

variance and the solution variance. Very small values of Cmm correspond 242 

to high values of    
  , hence representing over-regularized solutions 243 

where the density model remains close to the seismic model. Taking into 244 

account the a posteriori seismic standard deviation matrix (in Figure 4 (a) 245 
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are shown the mean diagonal elements); extensively analyzed in Maggi et 246 

al., 2006), higher V(Dm) and V(Em) uncertainties are assigned below a 247 

depth of 200 km (Figure 4 (b)). This enables the complementarity of the 248 

seismological and gravity data sets to be exploited, and reliable solutions 249 

to be obtained also below the seismic depth resolution.  250 

As for our initial     
    

  relationship, we use a scaling profile derived from 251 

the empirical Birch’s law (Birch, 1964). The widespread success of Birch’s law 252 

can be ascribed to its virtual coincidence with, and hence linearization of, a 253 

power law derived from lattice dynamics over the density range ≈2.5–4.0 g/cm3 254 

(Chung, 1972), within which the rocks and minerals vary in our model. In 255 

addition, for our depths, the general trend of the pyrolite models (Cammarano et 256 

al., 2005), which are the best approximation of the composition of the Earth’s 257 

upper mantle, does not differ much from the trend of the 1-D Birch relationship. 258 

Birch’s law concerns P-wave velocities; our     
    

  depth-dependent 259 

relationships are the regression lines drawn through the plot of the two 260 

variables extracted from his tables. However, as studied by Simmons et al., 261 

(2009), a simple 1-D velocity-density scaling implies a direct relationship among 262 

seismic velocities, temperatures and density material. As this simplified view of 263 

density heterogeneity is clearly not correct, to account for additional 264 

dependencies on a wide range of factors, such as the presence of fluids or 265 

compositional variations, we allow the density-velocity scaling to vary laterally 266 

during the inversion, through (4), thus creating a fully 3-D relationship between 267 

the density and the shear-wave velocity model. 268 

To proceed with the SII, we use the 3-D grid of our starting density model (  
 ) to 269 

calculate the predicted gravity response g and the partial derivatives of each 270 
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gravity measurement gn (where n are the [1,N] gravity observations) with 271 

respect to each density model parameter Um: 272 

G =     
   

 
   

 
   

  (6) 273 

Residuals between the observed (Fig. 2 (b)) and the calculated gravity field ('g) 274 

are used as input for the inversion algorithm in (3). We then optimize the 275 

starting density-vSV scaling relationships (  
   and the starting density values 276 

(  
 ), with (  

   and '  
 �(Figure 4 (c)) respectively. 277 

At the same time, we calculate the gravity data misfit and the a posteriori 278 

standard deviation associated with the updated density parameters. The gravity 279 

data misfit is expressed as the rms of the gravity residuals for each observation: 280 

          
       

  
  

   
 

          (7) 281 

where    
       

   is 'g, as expressed above. 282 

The a posteriori standard deviation associated with the updated density 283 

parameters (  
     

        
  , is calculated as: 284 

   
     

      
                      

         
    (m=1,…M) (i=the current 285 

iteration)     (8) 286 

which is the propagation of uncertainty from the velocity to the density model, 287 

weighted with the final gravity variance reduction Var(g(n)), and the information 288 

provided by the gravity data (    the diagonal elements of the gravity kernel  289 

      
    ). The procedure is repeated, following the flow chart in Figure 3, until 290 

a satisfactory fit to the observed datasets (data misfit) is achieved. The higher the 291 

uncertainty in the input information, the lesser the number of iterations needed 292 

to obtain a model that satisfies both the datasets (however, usually not more 293 
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than 2–3 iterations).  294 

 295 

2.3. Residual topography and mantle residual gravity anomalies 296 

To recover the residual topography, the effects of the isostatic lithosphere 297 

are estimated with Panasyuk and Hager’s (2000) algorithm and subtracted from 298 

the observed elevation (ETOPO1, Amante and Eakins, 2009). We assume that 299 

isostatic compensation is achieved within the lithosphere. Isostatic 300 

compensation can be achieved because both continental and young oceanic 301 

lithosphere essentially floats (mature oceanic lithosphere becomes increasingly 302 

denser than the asthenosphere and eventually sinks at subduction zones) on a 303 

relatively inviscid substrate (viscosity one order of magnitude lower than that of 304 

the upper mantle), i.e. the weak peridotite of the asthenosphere (Zhou, S., and 305 

Sandiford, M., 1992). Changes in the buoyancy or elevation of the lithosphere are 306 

accommodated by the displacement of the asthenospheric mantle in a finite 307 

length of time, related to its effective viscosity, in the order of 104-105 years. The 308 

association of the Earth’s lithosphere with the upper cold thermal boundary 309 

layer of a convecting system (Schubert et al., 2001) enables us to select the depth 310 

of the lithosphere in our SII-U model. For each 1-D xy density depth profile we 311 

consider the depth recovered from Muller et al., (2008) isochrones as a guide, 312 

and we opportunely adjust the value in order to assign a depth point where we 313 

observe an inversion in the density gradient. 314 

The mantle residual gravity anomalies are estimated as the differences between 315 

the gravity field produced by SII-U�limited to the depth of the lithosphere and the 316 

observations. 317 

Following the steps sketched in Figure 5, we estimate the correlation 318 
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matrix between the residual topography and the mantle residual gravity 319 

anomalies. We believe that a graphical representation of the diagonal values of 320 

this correlation matrix may be a proxy of the regions where the sublithospheric 321 

mantle density contributes to surface topography. We base our assumption on 322 

the papers of Pekeris (1935) and Richards and Hager (1984), which have shown 323 

that the viscous mantle flow that is driven by the thermal density contrasts is 324 

responsible for the long-wavelength gravity anomalies observed at the surface. 325 

They demonstrated that the gravitational effects of surface deformation caused 326 

by the thermally driven flow is opposite in sign and comparable in magnitude to 327 

that of the driving density contrast. It is therefore reasonable to expect that 328 

sublithospheric density contrasts have effects on the surface topography if a 329 

negative correlation is found between the residual topography and the mantle 330 

gravity residuals. This means that we can rule out compensations due to a low 331 

viscosity region at the base of the lithosphere. 332 

 333 

3. RESULTS 334 

Depth sections of the resulting SII-U density model, up to 300 km, after the 335 

first iteration, are plotted in Figure 6 (a) as a percentage deviation with respect 336 

to the mean model of each layer (Figure 6 (b)).  337 

The optimization of the U-    correla  us to 338 

obtain the 3-D map of lateral variations in the angular coefficients of the U-    339 

coupling with respect to the 1-D thermal relationships (temperature variations 340 

are the dominant cause of density variations), and to select the regions 341 

characterized by density compositional signatures (Simmons et al., 2010, Tondi 342 

et al., 2012b). Figure 7 shows our interesting results. First of all compositional 343 
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variations presumably only affect to densities at the lithosphere-asthenosphere 344 

boundary (LAB), as chemically-induced density anomalies show up gradually 345 

from the Eastern to the North Western Pacific plate and do not extend below 200 346 

km in depth. Additionally, important anomalies are observed mostly west of the 347 

East Pacific Rise (EPR) and are particularly emphasized at depth, beneath the 348 

northwestern part of the lithosphere. 349 

The gravity data field reproduced by the resulting density model is shown 350 

in Figure 8. We obtain a gravity data misfit of 66.73 mgal (with respect to 321.16 351 

mgal of the seismological model scaled into a density model) and a gravity data 352 

variance reduction of 67.41% (with respect to 31.58% of the seismic model). A 353 

comparison between the observed (Fig. 2 (b)) and the reproduced gravity data 354 

field (Fig. 8) evidences a good reproduction of the pattern of the Bouguer 355 

anomalies, with a uniform underestimation of densities within the Pacific Plate 356 

that is probably explained by the uncertainties in the recovered U-vSV 357 

relationship (Figure 9) and that cannot affect our next inferences. 358 

The a posteriori standard deviation, associated with the density 359 

parameters (Figure 10), ranges between 2.6 and 75.4 kg/m3. Higher reliability of 360 

the density model, associated to smaller values of standard deviation, is obtained 361 

within the Pacific Plate, from 100 to 200 km depth. Further iterations do not 362 

improve the results, while they decrease the fit to the seismological data. 363 

The identified thickness of the isostatic lithosphere in the Pacific plate ranges 364 

from 8 km in the EPR to 120 km depth in the Philippine Sea (Figure 11 (a), (b), 365 

(c)), including about 11 layers of the SII-U�model. 366 

The possibility to have available density information every 1°, enabled us 367 

to use detailed density profiles to calculate a) the differences between the 368 
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produced gravity field of the 3-D lithospheric density structure and the 369 

observations, i.e. the mantle residual gravity and b) the isostatic height to be 370 

subtracted from topography/bathymetry. Hence, we have tested the sensitivity 371 

of both the calculated mantle residual gravity anomalies and the residual 372 

topography to (i) the lithosphere depth uncertainty derived from the provided 373 

standard deviation associated with the Müller et al., (2008) isochrones, and to 374 

(ii) the chosen density model: the SII-U model (Figure 6 (a)) and the 375 

seismological velocity model transformed into a density model through the 376 

initial U-    depth-dependent relationship. 377 

The mantle residual gravity related to the SII-U�model (Figure 11 (d), (e), (f)), 378 

shows a negative anomaly characterizing the whole Pacific plate with a gradient 379 

of 500 mgal between the eastern and the western coast. With regard to the SII 380 

nonisostatic topography (Figure 11 (g), (h), (i)), it is characterized by general 381 

positive values in the Pacific plate, which generally increase in the north-western 382 

side and reach up to +3 km in the North West Pacific basin and in the Philippine 383 

Sea. Important positive values are also found along the EPR. On the other hand, 384 

continental regions are overcompensated.  385 

Our sensitivity analysis shows that the variation in the depth of the lithosphere 386 

(Figure 11 (a), (b) and (c)), as expected, particularly affects the residual gravity, 387 

by lowering or increasing the mantle gravity residual anomalies (Figure 11 (d), 388 

(e), (f)): a thinner lithosphere results in higher residual gravity anomalies. On the 389 

other side, the residual topography associated with the Pacific plate (Figure 11 390 

(g), (h), (i)) is slightly affected by the uncertainty associated with the depth of 391 

the lithosphere, but the range of variations of the anomalies is more important 392 

when considering a thicker lithosphere (Figure 11 (i)). 393 
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Mantle gravity residuals expressed by the SII-U model (Figure 12 (d), (e), (f)), are 394 

generally more negative with respect to those produced by the seismological 395 

model (Figure 12 (a), (b), (c)). Therefore this implies that SII-U model has a 396 

denser lithosphere, density increasing with depth, with a 'U�from 40 to 170 397 

kg/m3. As a consequence, residual topography associated to the seismic model 398 

(Figure 12 (d), (e), (f)) shows a stronger positive signature with an average 'h of 399 

1.5 km. 400 

The analysis of the negative correlation between the residual topography and the 401 

mantle residual gravity which, following Pekeris (1935) and Hager et al., (1985), 402 

should identify the regions where the contribution of mantle circulation in 403 

supporting the long-wavelength topography is active, enabled us to draw the 404 

pictures shown in Fig. 13 (a) to (f), for both the seismic and SII density models. 405 

Correlation is calculated for the xy grid of the 3-D model as: 406 

                               
                           

   (9) 407 

where hres is the residual topography and gres is the mantle residual gravity, both 408 

weighted over the mean (           and           ) and the standard deviation (        and 409 

       ) in order to be comparable quantities. Fig. 5 shows the main steps we 410 

have followed to obtain our results. 411 

As shown in Figure 13, the density model used in the calculation of (9) has a 412 

significant impact in determining the width of the area of the Pacific region 413 

affected by dynamic topography. If we use the density model directly 414 

transformed from the seismic model, the influence of mantle flow on the surface 415 

topography extends from the Peru-Chile trench to the Tonga trench in the South 416 

Pacific and from the west coast of the USA to the Philippine Sea in the North 417 
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Pacific (Figure 13 (a), (b), (c)). On the other hand, if we use the SII-U model, the 418 

estimated contribution of mantle flow to the surface bathymetry is limited 419 

mostly to the eastern side of the Pacific plate (Figure 13 (d), (e), (f)), and is more 420 

consistent with the geoid lows (Figure 14). In addition, the lithospheric depth 421 

uncertainties contribute in enlarging (when the lithospheric depth is smaller) or 422 

reducing (when the lithospheric depth is greater) the region affected by dynamic 423 

topography. 424 

We wish to note that our results rely on a starting tomography model (Maggi et 425 

al., 2006) which is undoubtedly limited by both spatial resolution and the used 426 

methodology. However, as studied in Tondi and de Franco (2006), the interplay 427 

with gravity information can efficiently constrain and complete the seismic 428 

information. Additionally, the methodology enables us, through an assessment of 429 

the gravity residuals, to become aware of the model inconsistencies. As 430 

evidenced above, gravity residuals reproduced by SII-U model show a slight 431 

uniform underestimation of densities beneath the Pacific Plate, that do not alter 432 

the interdipendence among the different regions of the model, and as a 433 

consequence, our inferences. 434 

 435 

4. DISCUSSION 436 

 437 

4.1 The SII density model of the Pacific lithosphere and upper mantle 438 

The most prominent large-scale feature of the shallower pattern of 439 

density anomalies, up to 150 km in depth (Figure 6 (a)), is a progressive increase 440 

in density values across the Pacific plate from East to West, consistent with the 441 

lithospheric age (Muller et al., 2008). At depth, as visualized with the help of 442 
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density isosurfaces (Figure 15), the high density/velocity anomaly reduces and is 443 

gradually replaced by a uniform lower density anomaly which encompasses the 444 

subsurface of all the plate. The reliability of these results is supported by the 445 

calculation of the a posteriori standard deviation associated with the density 446 

parameters (Figure 10), which evidences an excellent anomaly recovery in the 447 

Pacific plate between depths of 100 and 200 km, where the model is well 448 

constrained by both seismological and gravity information. This enables us to 449 

evaluate, with confidence within that depth interval, both the recovered density 450 

parameters and the deviation of the optimized angular coefficient of the U-    451 

relationship, with respect to the a priori Birch coefficient.  452 

Within the lithospheric depth, the progressive reduction of the positive 453 

density anomaly (Fig. 6 (a)) correlates well with the increase of a chemically-454 

induced density anomaly (Fig. 7), which at 150 km depth becomes particularly 455 

important beneath the northwestern part of the lithosphere and may help to 456 

explain some inconsistencies between geodetical and seismological 457 

observations. In fact, almost all seismological studies (Forsyth, 1977, Zhang and 458 

Tanomoto, 1991, Maggi et al., 2006) show that lithospheric seismic velocities, the 459 

thickness of the seismic lithosphere and the seismic velocities, in the low-460 

velocity zone below the lithosphere, all increase continuously with age when 461 

averaged over isochrons, and do not flatten out for older lithosphere in the same 462 

way that geoid and gravity observations do. Thus, the non-thermal density 463 

anomalies at the base of the lithosphere may reduce the weight of the 464 

lithosphere in that part of the model and explain the modest impact on the 465 

gravity and geoid measurements. 466 

Mid-ocean ridges, the western and the southern parts of North America 467 



 20 

continent and the central Australian Proterozoic region below the Alice Springs 468 

Orogeny (Kennett and Iaffaldano, 2013) are characterized by negative density 469 

anomalies. Unlike the results of the tomographic inversion (Maggi et al., 2006), 470 

and in line with Dunn and Forsyth (2007), the negative density anomaly beneath 471 

the EPR is only slightly visible at shallower depths, becoming important between 472 

200 and 250 km and disappearing at 300 km, thus confirming that convection is 473 

largely driven by cooling from above. No compositional contribution is observed 474 

from the analysis of the U-    angular coefficient (Fig. 7), thus indicating that all 475 

anomalies are thermally induced heterogeneities. Positive density anomaly 476 

structures separated by negative density anomalies characterize the subsurface 477 

of convergent plate boundaries (Aleutian Trench, Mariana Trench, Kuril Trench, 478 

Kermadec Trench) and the subduction zones of Japan and Tonga-Kermadec, 479 

down to a depth of 300 km and below. The negative density anomalies probably 480 

reflect upward intrusions of arc magmas and/or fluids from hydrous partial 481 

melts in the mantle wedge. This is justified by the fact that the fluids control the 482 

pore fluid pressure and thus play an important role in the nucleation of 483 

interplate megathrust earthquakes, as well as large crustal earthquakes, which 484 

are typical in the arc and backarc areas (Zhao et al., 2002). At a depth of 200 km 485 

and below, positive density signatures of the continental cratons of Australia and 486 

North America are clearly visible. 487 

In order to have a comprehensive insight of the contribution of the 488 

compositional heterogeneities to the overall density field of the Pacific plate, and 489 

extrapolate the contribution of the gravity data to the seismic model, the 490 

recovered SII density values have been plotted against the seismological shear 491 

velocities (Figure 9). It is evident that the general trend of the SII U-vSV 492 
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relationships follows the 1-D Birch relationships, which is the same as the 493 

general agreement between the upper mantle density anomalies and the velocity 494 

structures observed by the tomographic inversion of Maggi et al., (2006). 495 

However, the SII optimization procedure increases the value of the a priori 496 

D�coefficient (the gradient of the U-    relationship), within the limits of 10% - 497 

40% that, with the help of Figure 7, we localize to the parameters that belong to 498 

the oceanic lithosphere and to the upper mantle structures below the Pacific 499 

plate. These results are consistent with the findings of Simmons et al., (2009) of a 500 

positive residual density anomaly beneath the eastern Pacific Ocean extending 501 

from Antarctica to Alaska, which does not have a thermal origin. Lowered scaling 502 

factors are observed within and below the continental lithosphere, but in this 503 

case, higher values of the a posteriori standard deviation suggest us to evaluate 504 

this result with caution. 505 

As a result of the general increase in density parameters related to the 506 

area of the Pacific plate, our 1-D mean density model, unlike the starting 1-D 507 

U�model directly transformed from seismic data, is higher than PREM between 508 

50 and 220 km (Fig. 6 (b)). The contribution of gravity information, may have 509 

corrected the density values that are linked to observations with primary 510 

sensitivity to     (e.g. the Rayleigh waves) that, as observed by Ekström and 511 

Dziewonski (1998), in the presence of an underestimated radial anisotropy 512 

anomaly beneath the Pacific plate, are of significant smaller amplitude, with 513 

respect to parameters obtained from observations with primary sensitivity to 514 

   (e.g. Love waves). 515 

 516 

4.2. The mantle residual gravity anomalies and the residual topography of the 517 
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Pacific Plate 518 

As discussed in McNutt (1998), the high viscosity of the plates may shield 519 

surface geologic processes from convective forces below and explain the 520 

deviations of ocean depth or seafloor topography from the prediction of a cooling 521 

half-space model. As a result, the residual topography (Figure 11 (g), (h), (i) and 522 

Figure 12 (d), (e), (f)), which is estimated on the basis of the isostatic height and 523 

the density within and beneath the lithosphere, would have a marginal 524 

contribution compared to the mantle gravity residuals (Figure 11 (d), (e), (f) and 525 

Figure 12 (a), (b), (c)) which depend on the deeper density anomalies. As this is 526 

what we observe, we presume that the imbalance between the intensities of 527 

mantle gravity residuals and the residual topography, which we observe 528 

especially for the SII-U model, is due to a lateral viscosity growth, associated with 529 

the increasing thickness and density of the Pacific Plate, from the EPR towards 530 

west, up to the Kermadec and Tonga Trench in the south and the Kuril-531 

Kamchatka Trench in the north (Figure 6 and Figure 15). However, although in 532 

the Northwestern Pacific the surface uplift is presumably shallower than the 533 

mantle upwelling, because it only compensates for a part of the mass deficit, this 534 

occurrence does not explain the conjunction of anomalous height of seafloor 535 

topography, the lack of a heat flow anomaly and the net geoid low observed in 536 

the regions around the Hawaiian Swell and South Pacific Super Swell (Figure 14).  537 

Following McNutt (1998) and Mc Nutt and Bonneville (2000), who 538 

suggested that the discrepancy between the heat flow and depth of the 539 

lithosphere could imply that the origin of the Super Swell is non-thermal (e.g. the 540 

convecting material beneath is low density by virtue of its mineralogy rather 541 

than its temperature), we use our results on the optimization of the U-    542 
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correlation coefficient (Fig. 7) to test this hypothesis. On the basis of our results, 543 

Mc Nutt’s hypothesis is plausible, as chemically-induced density anomalies can 544 

be observed all along subducting slabs, beneath both the Hawaiian and the South 545 

Pacific Super Swell, and in the structure of the lithosphere between the Aleutian 546 

Trench and the Fiji North Plateau in the northwestern edge of the Plate. These 547 

observations are also justified by the fact that perturbed phase relations among 548 

mantle minerals are expected within the thermal environment of subducting 549 

slabs (Bina et al., 2001). In addition, the compositionally-induced density 550 

anomaly beneath the surface of both the Swells, may explain why the measured 551 

average heat flow is not resolvably different from other Pacific values, in spite of 552 

the presence of the topographic highs.  553 

With regard to the geoid (Fig. 14), a semi continuous belt of lows surrounds the 554 

Pacific, including isolated minima in the Indian Ocean, Ross Sea and northeast 555 

Pacific. No corresponding negative anomalies are observed in the free-air and/or 556 

Bouguer gravity map and, as a consequence, no information is given by our study 557 

in this regard. As studied by Spasojevic et al., (2010), the geoid lows are 558 

correlated with high-velocity anomalies near the base of the mantle and low-559 

velocity anomalies in the mid-to-upper mantle, hence they are not constrained 560 

by our density model.  561 

A mass deficit up to depth of 150 km (Fig. 6), correlated with calculated positive 562 

residual topography (Fig. 11 g), h), i)) and observed positive geoid anomaly (Fig. 563 

14) is instead reconstructed by our model beneath the Hawaiian chain. 564 

Following Cadio et al., (2012) the average depth of the compensating density 565 

anomaly, might indicate compensation within the asthenosphere such as by 566 

dynamic uplift, which is unfortunately not confirmed by our proxy of dynamic 567 



 24 

topography (Fig. 13). On the contrary, we are in favor of the presence of crustal 568 

underplating, that, as suggested by Leahy et al., (2010), and previously identified 569 

by the deep-penetrating marine refraction study of Watts et al., (1985) indicates 570 

that the Hawaiian Swell is partially supported by shallow chemical buoyancy 571 

which can be conveniently associated to the recovered compositional anomaly 572 

(Fig. 7). 573 

The geoid in the Super-Swell region, that following Adam and Bonneville (2004) 574 

covers an area between latitudes 10°N and 30°S and longitudes [130-160]°W, 575 

shows two different features: a positive anomaly in the northern branch, that 576 

becomes progressively negative towards the South. Correlated positive to 577 

negative density anomalies are reconstructed up to 100 km depth and below the 578 

lithosphere (Fig. 15). The analysis of the negative correlation between the 579 

residual topography and the mantle residual gravity evidences that in this region 580 

is active the contribution of mantle circulation in supporting the long-581 

wavelength topography. This is particularly evident with the seismic model. With 582 

the SII model, the mantle support is of limited amplitude and more relevant in 583 

the northern part of the Swell (Fig. 13). As studied by Adam et al., (2014) 584 

dynamic topography is sensitive both to the viscosity profile and to the 585 

tomographic models. As suggested above, results support the presence of a 586 

lateral viscosity growth, associated with the increasing thickness of the Pacific 587 

plate. Hence we favor the presence of a low viscosity asthenosphere beneath the 588 

South Pacific superswell, accordingly to the study of Adam et al., (2014). The 589 

presence of density compositional variations reduces the negative correlation 590 

between residual topography and the mantle residual gravity and this explains 591 

the differences of the results obtained with the seismic and the SII models. 592 
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Density compositional variations, especially important in the Southern branch of 593 

the Swell, are also consistent with the hypothesized underplating beneath the 594 

Marquesas swell (McNutt and Bonneville, 2000). Surface topography of the 595 

Superswell region may then by explained by the joint contribution of dynamic 596 

topography and crustal underplating which offers another source for the 597 

buoyancy of the Swell and justifies the measured heat flow (Veselov and Lipina, 598 

1982), which is not resolvably different from other Pacific values. 599 

 600 

3. CONCLUSIONS 601 

The exploitation of the information provided by the seismological and 602 

satellite gravity data, enabled us to contribute to the determination of important 603 

physical and geological information within the lithospheric and upper mantle 604 

structure of the Pacific, down to 300 km depth. 605 

The recovered parameters on a uniform 1° x 1° grid , such as 1) the densities 606 

compatible with both seismological and gravity observations and 2) the phase 607 

relationships between the isotropic shear-wave velocity and the density 608 

structure enabled us to extract useful and novel information on a) the thickness 609 

of the lithosphere, b) the thermally and chemically-induced density anomalies, c) 610 

the residual topography, d) the mantle gravity residuals, e) the dynamic 611 

topography and f) midplate swells for the whole Pacific region. This information 612 

should help to reconcile some incompatible descriptions of the oceanic 613 

lithosphere of the Pacific.  614 

Unlike the results of tomographic inversion, the negative density anomaly 615 

beneath the EPR are chemically induced at shallower depths, thus confirming 616 

that the overall upwelling is passively driven by plate motions. Additionally, with 617 
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respect to the seismological studies, we observe that 1) the SII-U model shows a 618 

lighter lithosphere, 2) a wide area of strong positive densities strengthened by 619 

strong negative chemically-induced density anomalies is revealed between the 620 

Aleutian Trench and the Fiji Plateau in the northwestern edge of the Pacific plate, 621 

3) both the Hawaiian and the Super Swell are characterized by density 622 

compositional variations that may support the hypothesized crustal 623 

underplating, 4) the proxy of the contribution of mantle flow to the surface 624 

bathymetry is concentrated beside the western flank of the EPR and decreases 625 

progressively towards the western Pacific Plate, 5) the features of the recovered 626 

mantle gravity residuals evidence a lateral viscosity growth, associated with the 627 

increasing thickness of the Pacific Plate, from the EPR towards west, up to the 628 

Kermadec and Tonga Trench in the south and the Kuril-Kamchatka Trench in the 629 

north. 630 

From these results, we conjecture that the cooled layer of mature lithosphere 631 

thickens with age as suggested by the dispersion of Rayleigh waves with oceanic 632 

paths (Zhang and Tanimoto, 1991. Maggi et al., 2006). However, from a depth of 633 

70 to 150 km, pressures and temperatures chemically modify the composition of 634 

the lithospheric layer. This chemically-modified structure is lighter and more 635 

buoyant than the predicted cooling models, which reconciles gravity 636 

observations that do not show an increasing gradual negative gradient 637 

progressing towards the north-western side of the Plate. In addition, the 638 

existence of non-thermal sources of buoyancy at the base of the lithosphere, 639 

below the northwestern side and along the eastern boundary of the Pacific plate, 640 

also justifies the fact that the conducted heat flux stabilizes to a constant value of 641 

50 to 60   
  

  after 25 or 30 million years (Stein, 1995) and does not vary 642 
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significantly compared to other Pacific values, although the depth is different. 643 

Presumably, after this time, phase relations among mantle minerals start to be 644 

perturbed and the direct relationship between the convective material beneath 645 

and its temperature is progressively lost. Coherently with the observed 646 

chemically modified structures, results support also the hypothesis that midplate 647 

swells are not entirely explained by thermal and dynamic surface uplift from 648 

rising mantle plumes, but by a joint contribution of volcanic underplating and 649 

mantle flow. 650 
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Figure captions 866 

 867 

Fig. 1. Latitude-dependent standard deviation of the GOCE-only model 868 

commission error [mgal]. 869 

 870 

Fig. 2: (a) Free-air gravity anomalies from 128,880 points of the combined GOCE-871 

EGM2008 model over the study area (degree 2190). b) Bouguer anomaly map of 872 

the Pacific Plate recovered from (a). See paragraph 2.1 for details. 873 

 874 

Fig. 3. Flow chart of the inversion procedure, including optimization of density 875 

and velocity. 876 

 877 

Fig. 4. Comparison among (a) the mean diagonal elements of the a posteriori 878 

seismic standard deviation, (b) the assigned mean diagonal elements of the Cmm 879 

covariance matrix (takes in account the error propagation from the velocity 880 

model to the density model and (c) the mean density update of the first iteration 881 

('U1) 882 

  883 

Fig. 5. Sketch of the followed steps to recover (d) the diagonal values of the 884 

correlation matrix between the residual topography and the mantle residual 885 

gravity anomalies produced by the SII density model. As an example, (a) a 886 
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vertical slice through the recovered model (30° N) is analyzed. The method used 887 

to determine the depth of the lithosphere is explained in the text. Following 888 

Pekeris (1935) and Hager et al., (1985), (d) the negative correlation between (b) 889 

the mantle residual gravity anomaly and (c) the residual topography, may 890 

identify the regions where the contribution of mantle circulation in supporting 891 

the long-wavelength topography is active. 892 

 893 

Fig. 6. Depth sections of the U percentage perturbations in (a) our optimized SII-894 

U�model. Model perturbations are expressed as percentage deviations with 895 

respect to (b) the mean density value of each layer. In each section, the main 896 

tectonic units are indicated. In (b) the depth interval of the lithosphere in 1-D SII-897 

U��PREM and seismic model (Maggi et al., 2006) are shown. The area of the 898 

Pacific Superswell, identified by Adam and Bonneville (2005), is superimposed 899 

on each section.� 900 

 901 

Fig. 7. Depth sections of the lateral differences in the optimized angular 902 

coefficient D with respect to the a priori Birch coefficients (0.72 for 50 km depth, 903 

0.34 from 100 to 200 km depth). The area of the Pacific Superswell, identified by 904 

Adam and Bonneville (2005), is superimposed on each section.� 905 

 906 

Fig. 8. Bouguer anomaly map reproduced by SII-U model in Fig. 6 (a). Gravity 907 

misfit with respect to observations in Fig. 2 (b) is 66.73 mgal and variance 908 

reduction is 67.4%. 909 

 910 
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Fig. 9. Density values from the recovered SII-U model in Fig. 6(a), plotted against 911 

the velocity values from the seismological model and compared to Birch law 912 

regression lines (black solid lines), our     
    

  starting relationship . 913 

 914 

Fig. 10. Depth sections of a-posteriori percentage standard deviation on SII-915 

U�model. Standard deviation takes into account the propagation of uncertainty 916 

from the velocity to the density model, weighted with the final gravity variance 917 

reduction Var(g(n)), and the information given by the gravity data (eq. (8)). In 918 

each section, the standard deviation values are referred to the 1-D SII-U model, 919 

imaged in Fig. 6 (b). In the first section, the main tectonic units are indicated. 920 

 921 

Fig. 11. (a), (b) (c) Calculated lithospheric thickness of the Pacific region, derived 922 

mostly from Müller et al., (2008) isochrones (see text for additional information). 923 

(b) shows the mean value and (a) and (c) show the mean value minus and plus 924 

the standard deviation respectively. (d),(e),(f) Mantle residual gravity anomalies 925 

(background density is adjusted in order to magnify the contrast between ocean 926 

and continents) calculated assuming the SII density model and the lithospheric 927 

depth in (a), (b) and (c).  928 

(g), (h), (i) Residual topography of the Pacific region, calculated assuming the SII-929 

U density model and the lithospheric depth in (a), (b) and (c).  930 

The area of the Pacific Superswell, identified by Adam and Bonneville (2005), is 931 

superimposed on each section. 932 

 933 

Fig. 12. (a), (b) (c) Mantle residual gravity anomalies calculated assuming that 934 

the seismic model has been transformed into a density model through the 935 
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starting ρ-vSV depth-dependent relationship and the lithospheric depth in Fig. 936 

11 (a), (b) and (c).  937 

(d), (e), (f) Residual topography of the Pacific region, calculated assuming the 938 

seismic model transformed in a density model through the starting ρ-vSV depth-939 

dependent relationship and the lithospheric depth in Fig. 11 (a), (b) and (c). 940 

The area of the Pacific Superswell, identified by Adam and Bonneville (2005), is 941 

superimposed on each section. 942 

 943 

Fig. 13. (a), (b), (c) Proxy of dynamic topography for the seismic model 944 

transformed in a density model through the starting U-vSV depth-dependent.  945 

(d), (e), (f) Proxy of dynamic topography for the SII-U model. Contour plots 946 

highlight the areas of negative relationship between the residual topography 947 

(subtracted by mean + standard deviation) and the mantle residual gravity 948 

(subtracted by mean + standard deviation) of the Pacific region. The area of the 949 

Pacific Superswell, identified by Adam and Bonneville (2005), is superimposed 950 

on each section. 951 

 952 

Fig. 14. Geoid undulations from the combined GOCE-EGM2008 model over the 953 

study area. Minimum value is -68,47 m, maximum value is 87,36 m. The area of 954 

the Pacific Superswell, identified by Adam and Bonneville (2005), is 955 

superimposed. The main tectonic units are indicated. 956 

 957 

Fig. 15. Isosurfaces of densities characterizing the structures of the upper mantle 958 

below the Pacific region as seen (a) directly overhead and in a 3-D view (b) cut 959 

from 50 km depth, (c) cut from 150 km depth, (d) cut from 250 km depth. 960 
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Earthquakes from ISC and NEIC catalogues are shown as blue stars for 961 

magnitudes between 7.0 and 7.5 and as black circles and as black circles for 962 

magnitude greater than 7.5. The area of the Pacific Superswell, identified by 963 

Adam and Bonneville (2005), is superimposed on each plot. 964 

 965 

 966 



Fig. 1: Latitude-dependent standard deviation of the GOCE-only model commission error [mgal]
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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-ρ 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
mantle residual gravity anomaly and (c) the residual topography, may identify the regions where is active the contribution of mantle circulation in
supporting the long-wavelength topography is active.   
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Figure 8. Bouguer anomaly map reproduced by SII-ρ model in Fig. 6 (a). Gravity mis!it with respect to observations in 
Fig. 2 (b) is 66.73 mgals and variance reduction is 67.4%. 
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Fig.9. Density values from the recovered SII-ρ 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 v_SVm^0 - ρ_m^0  starting relationship. 
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Fig. 11. (a), (b) (c) Calculated lithospheric thickness of the Pacific region, derived mostly from Müller 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-ρ 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 ρ-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 ρ-vSV depth-dependent relationships and the lithospheric depths in Fig. 11 (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.  
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PROXY OF DYNAMIC TOPOGRAPHY WITH SEISMIC MODEL

PROXY OF DYNAMIC TOPOGRAPHY WITH SII MODEL

Fig. 13: (a), (b), (c) Proxy of dynamic topography for the seismic model transformed in a density model through the starting ρ-vSVdepth-
dependent relationship. Lithospheric depth is referred to Fig. 11 (a), (b) and (c).
(d), (e), (f) Proxy of dynamic topography for the SII 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.  
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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 main tectonic units are indicated.

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

Figure 14



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.
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