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Abstract. A long standing question in geodynamics is the cause of deviations of ocean 

depth topography from the prediction of a cooling half-space model (HSC). Are the 

deviations caused entirely by mantle plumes or lithospheric reheating associated with 

sublithospheric small scale convection (SSC) or some other mechanisms? In this study, 

we analyzed the age- and geographical dependences of ocean depth for the Pacific Plate, 

and we removed the effects of sediments, seamounts and large igneous provinces (LIP), 

using recently available datasets of high-resolution bathymetry, sediments, seamounts 

and LIPs. We found that the removal of seamounts and LIPs results in nearly uniform 

standard deviations in ocean depth of ~300 m for all ages. The ocean depth for the Pacific 

Plate with seamounts, LIPs, the Hawaiian swell and South Pacific super-swell excluded 

can be fit well with a HSC model till ~80-85 Ma and a plate model for older seafloor, 

particularly, with the HSC-Plate depth-age relation recently developed by Hillier and 

Watts [2005] with an entirely different approach for the North Pacific Ocean. Residual 

topography with respect to Hillier and Watts’ HSC-Plate model shows two distinct 

topographic highs: the Hawaiian swell and South Pacific super-swell. However, the 

Darwin Rise does not display anomalously high topography when the seamounts and 

LIPs are excluded. We also found that the topography estimated from the seismic model 

of the Pacific lithosphere of Ritzwoller et al. [2004] generally agrees with the observed 

topography, including the topographic “flattening” at relatively old seafloor. Our analyses 

show that while mantle plumes may be important in producing the Hawaiian swell and 

South Pacific super-swell, they cannot be the only cause for the topographic deviations. 

Other mechanisms, particularly lithospheric reheating associated with “trapped” heat 

below old lithosphere and SSC, play an essential role in causing the deviations in 

topography from the HSC model prediction.  
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1. Introduction 

Seafloor topography (i.e., ocean depth) and heat flux are the key observations that 

reflect the thermal and dynamic states of the mantle and lithosphere. Seafloor topography 

increases with the age of seafloor (i.e., lithospheric age), while seafloor heat flux 

decreases with lithospheric age. Seafloor topography and heat flux can be explained to 

first order as a result of conductive cooling and thermal contraction of initially hot 

oceanic lithosphere [e.g., McKenzie, 1967; Parsons and Sclater, 1977; Lister et al., 1990]. 

In particular, it has been suggested that a half-space cooling (HSC) model reproduces 

seafloor topography for seafloor younger than 70 Ma [Parsons and Sclater, 1977] and 

heat flux data for seafloor younger than 110 Ma [Lister et al., 1990]. However, for older 

seafloor the observations show reduced dependence on the age in comparison with the 

HSC model predictions [Parsons and Sclater, 1977; Lister et al., 1990].  

Understanding the origin of the deviations of seafloor topography and heat flux 

from the HSC model is a key to understanding the dynamics of the mantle. Two 

proposals have been suggested to explain the deviations: large-scale mantle convective 

upwellings associated with deep mantle processes and lithospheric reheating (i.e., a plate 

model) related to shallow mantle processes. First, the deviations are often explained in 

terms of a plate model. In the plate model it is suggested that the lithosphere ceases 

cooling when it reaches a certain age and thickness [Parsons and Sclater, 1977], distinct 

from the HSC model in which the cooling of the lithosphere may continue indefinitely 

until subduction at oceanic trenches. The plate model assumes either a constant 

temperature [Parsons and Sclater, 1977; Stein and Stein, 1992] or a constant heat flux 

[Doin and Fleitout, 2000; Dumoulin et al., 2001] at the base of the lithosphere, but does 

not directly address the physical processes that may be responsible for the required 

conditions at the base of the lithosphere. A commonly suggested mechanism for the plate 

model is thermal boundary layer instabilities (i.e., sublithospheric small-scale convection 
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or SSC) that may occur dynamically below relatively old lithosphere [Parsons and 

McKenzie, 1978; Yuen and Fleitout, 1985; Davaille and Jaupart, 1994]. The SSC acts to 

destabilize the bottom part of the lithosphere and replace it with the relatively hot mantle 

(i.e., lithospheric reheating), thus preventing the lithosphere from continuous cooling.  

Second, large-scale convective processes associated with the deep mantle, in 

particular upwelling mantle plumes, may also cause topographic anomalies that may lead 

to deviations from the HSC model [Davies, 1988a; Davies and Pribac, 1993; Sleep, 1990; 

Lithgow-Bertelloni and Silver, 1998, McNutt, 1998]. Mantle plumes result from thermal 

boundary layer instabilities in the deep mantle, possibly at the core-mantle boundary 

(CMB) [Morgan, 1972], and the plume mode of convection is essential for cooling the 

core [e.g., Davies, 1988a; Sleep, 1990]. A number of seismic studies have also found 

evidence for mantle plumes [Wolfe et al., 1997; Romanowicz and Gung, 2002; Montelli 

et al., 2004]. Mantle plumes, due to their buoyancy forces, may produce topographic 

highs, and the best example is probably the Hawaiian swell topography that is suggested 

to result from the Pacific plate moving over a plume [Davies, 1988a; Sleep, 1990]. 

Questions, however, have been raised about the applicability of the plate/SSC 

model. 1) O’Connell and Hager [1980] and Davies [1988b, 1999] suggested that the SSC, 

the physical mechanism for the plate model, may not lead to reduced topography, 

because the SSC enhances the cooling of the underlying mantle and this may offset any 

effects of lithospheric reheating from the SSC on the topography. 2) Heestand and 

Crough [1981] and Schroeder [1984] indicated that seafloor topography could be fit to 

the HSC model if the areas affected by seamounts and mantle plumes are excluded in 

topography analyses, suggesting that the plate model is not needed. 3) Some of the 

topographic deviations from the HSC model predictions, including the Hawaiian swell 

are location-dependent and are not directly related to lithospheric age. Therefore, the 

plate/SSC model, with lithospheric age as the sole variable, cannot account for all the 

topographic deviations [e.g., Panasyuk and Hager, 2000].  
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The purpose of this study is to examine the controls on seafloor topography and to 

understand the causes of the topographic deviations. We analyze the age- and 

geographical dependences of ocean depth for the Pacific plate, and we remove the effects 

of sediments, seamounts and LIPs, using recently available datasets of high-resolution 

bathymetry, sediments, seamounts and LIPs. We compare the corrected topography with 

predictions from the HSC and plate models and examine its correlation with recent 

seismic models for the Pacific lithosphere and shallow upper mantle [Ritzwoller et al., 

2004] and for mantle plumes [Montelli et al., 2004].  

This study is motivated by a number of recent developments in data compilation, 

topography analyses, seismic tomography, and mantle dynamics. 1) Recently available 

datasets including high resolution bathymetry [Smith and Sandwell, 1997], seamounts 

distribution [Wessel, 2001], LIPs [Coffin and Eldholm, 1994], and sediment thickness 

[National Geophysics Data Center (NGDC), 2003] make it possible to significantly 

improve the topography analyses over previous work [Heestand and Crough, 1981; 

Schroeder, 1984; Carlson and Johnson, 1994; Stein and Stein, 1992; Davies and Pribac, 

1993; Panasyuk and Hager, 2000]. 2) Recent seismic studies provide better constraints on 

deep mantle plumes [Montelli et al., 2004; Ritsema et al., 1999] and the shallow mantle 

and lithospheric structures [Ritzwoller et al., 2004]. Particularly, the latter study with a 

thermal parameterization in the seismic inversion shows that the Pacific lithosphere older 

than 70 Ma is warmer than predicted from the HSC model, and that the inverted 

lithospheric structure is consistent with what may result from SSC [Hunen et al., 2005]. It 

is important to examine the implications of these seismic structures for seafloor 

topography. 3) Recent dynamic modeling of SSC by Huang and Zhong [2005] confirmed 

the cooling effects of SSC on the underlying mantle and surface topography, first 

suggested by O’Connell and Hager [1980]. However, Huang and Zhong [2005] also 

demonstrated that SSC in a mantle with significant internal heating can indeed lead to 

thermal structure for the mantle and lithosphere that is required for the plate model, 
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suggesting that the plate model is dynamically viable. 4) Recent topography analyses by 

Hillier and Watts [2004; 2005] for the Pacific with a regional-residual separation method, 

MiMIC, to remove the effects of seamounts and LIPs show that the plate model remains 

necessary for seafloor older than 85 Ma and that at younger seafloor the topography 

follows a HSC model but with 10% slower subsidence rate than the previous HSC 

models. These results need independent confirmation using different methods. 

This paper is organized as follows. The next section describes the procedures in 

removing and correcting sediments, seamounts and LIPs from the seafloor topography 

and presents the corrected topography. Section 3 analyzes the depth-age relation and its 

implications for the HSC and plate models. Section 4 presents the residual topography 

from different reference models (HSC and plate) and correlates the topography with 

seismic models. The final two sections present discussions and conclusions.  

2. Removal of Sediments, Seamounts, and LIPs and Corrected Topography 

Our topography correction scheme starts with removal of the effects of sediments 

from a bathymetry dataset [Smith and Sandwell, 1997] on a 0.1ox0.1o grid. The 

bathymetry at this resolution is sufficient for this type of topography analyses [e.g., 

Hillier and Watts, 2005]. The sediment dataset is obtained from the National Geophysics 

Data Center (NGDC) [2003]. Following Carlson and Johnson [1994], we employ the 

following equation to remove the effects of sediments 
24104.122.0 hhdd oc

−×−−= ,                                         (1) 

where h, do, and dc are the sediment thickness, the original and corrected topography all 

in meters, respectively. This correction is generally small except in some equatorial 

regions of the Pacific and the resulting corrected topography is shown in Figure 1a. 

Based on this topography, we will apply further corrections for seamounts, oceanic 

islands, and LIPs.  
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2.1 Removal of Seamounts and LIPs 

Recently, Wessel [2001] determined the size (i.e., base radius and height) and 

location of seamounts from gravity observations. In his published dataset, there are more 

than 8000 seamounts in the Pacific, and most of these are located at low latitudes and in 

the western Pacific (Figure 1b and [Wessel, 2001]). We remove the effects of seamounts 

on topography by excluding a certain region surrounding each seamount from further 

analysis. The excluded region for each seamount is circular in shape with a radius that is 

1, 2, or 3 times of the base radius of the seamount, for which we denote as Rs=1, 2 and 3, 

respectively. Seamounts and oceanic islands are often surrounded by sediment refills and 

are underlain by a thickened crust [ten Brink and Brocher, 1987; Caress et al., 1995; 

Leahy and Park, 2005]. Using Rs>1 helps reduce the effects of the sediment refills and 

thickened crust on topography analyses. The practice that the topography data near 

seamounts are not considered in topography analyses is similar to that in Schroeder 

[1984]. However, the current study uses a much improved seamount dataset [Wessel, 

2001]. Our method is different from the regional-residual separation method used in 

Hillier and Watts [2004, 2005] in that they attempt to reconstruct the topography in areas 

occupied by seamounts, oceanic islands and LIPs. The topography with seamounts 

removed is shown in Figure 1b with excluded regions that are 3 times the base radius for 

each seamount (i.e., Rs=3). The effects of different values of Rs will be discussed later.  

We use the similar approach to further exclude LIPs and the resulting topography 

is shown in Figure 1c. The dataset for LIPs is taken from Coffin and Eldholm [1994]. In 

this dataset the boundaries of LIPs are given, and we only exclude the regions bounded 

by the LIP boundaries. Slight modifications are made to the LIP dataset to include parts 

of the Marshall-Gilbert Seamounts and the Megellan Rise as LIPs. The LIP dataset 

includes topography anomalies of relatively large horizontal extent, but it also includes 

features of seamount size. Consequently, there are overlaps between the LIP and 
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seamount datasets. The excluded regions in Figure 1c represent the union of these two 

datasets. 

2.2 Regions Affected by Seamounts and LIPs 

Before performing age-topography analyses, we first analyze how much area is 

excluded due to the removal of the seamounts and LIPs and how the excluded area is 

distributed geographically and with regard to the seafloor age. The age of the seafloor is 

taken from Müller et al. [1997] (Figure 1d). We only analyze regions within the Pacific 

plate but excluding trench and outer rise regions (Figure 1c) [e.g., Hillier and Watts, 

2005]. We also limit our analysis to regions where a seafloor age is assigned in Müller et 

al. [1997]. We compute the area in each 2 Ma age bin for seafloor up to 166 Ma before 

and after the removal of seamounts and LIPs (Figures 1a-1c). Before any removal, 

seafloor younger than ~50 Ma generally occupies more area than older seafloor except 

near ~112 Ma where the area is significantly larger (Figure 2a). The removal of 

seamounts with Rs=3 excludes a significant area of seafloor for all ages, particularly for 

seafloor older than 80 Ma (Figure 2a), suggesting that older seafloor is affected more by 

seamounts [Wessel, 2001]. For example, for seafloor older than 155 Ma more than 50% 

of seafloor area is excluded because of its proximity to seamounts (Figure 2a). Further 

removal of LIPs only affects seafloor older than ~130 Ma. After the removal of 

seamounts and LIPs, more than 50% of seafloor older than 140 Ma is excluded (Figure 

2a).  

Seamounts and LIPs are not uniformly distributed in the Pacific. The number of 

seamounts and LIPs north and northeast of the Hawaiian island chain is significantly less 

than that in the south until ~30oS (Figure 1c). This motivates us to divide the Pacific plate 

into three regions as marked in Figure 1c in our topography analyses: the northern, 

central, and southern regions. Both the northern and southern regions have significantly 

fewer seamounts and LIPs, while the central region includes the Hawaiian swell, the 

South Pacific super-swell and the Darwin Rise with densely populated seamounts and 
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LIPs (Figure 1c). Figures 2b-2d show how much seafloor area is affected by the removal 

of seamounts with Rs=3 and LIPs, for the northern, central, and southern regions, 

respectively. While the removal does not significantly affect the northern and southern 

regions, it greatly reduces the area of the central region for topography analyses, 

particular for seafloor older than 90 Ma, consistent with seamount and LIP distributions 

in these regions (Figure 1c). The oldest seafloor is ~135 Ma and ~110 Ma in the northern 

and southern regions, respectively (Figures 2b and 2d), and the central region is limited to 

166 Ma (Figure 2c).  Both the northern and southern regions have relatively small but 

still significant area for seafloor older than 80 Ma.  

3. Topography and Depth-Age Relation 

3.1 Topography Prior to Removal of Seamounts and LIPs 

We begin analysis by examining the original topography before any removal of 

seamounts and LIPs (i.e., Figure 1a). Many of the previous topography analyses were 

done to bathymetry datasets that included seamounts and LIPs [e.g., Stein and Stein, 

1992; Smith and Sandwell, 1997]. Consequently, sophisticated statistics with medians 

and modes were needed in these studies [e.g., Carlson and Johnson, 1994]. By correcting 

for sediments and removing outliers like seamounts and LIPs, we can employ relatively 

simple statistical approaches and perform topography analyses in normal seafloor areas.    

We compute area-weighted mean ocean depth and its standard deviations for each 

2 Ma age bin centered at age i as  

∫∫=
+<<−+<<− 1111

coscos
iageiiagei

mean dddddd φθθφθθ ,                                         (2) 

2/1

1111

2 ]coscos)([ ∫∫ −=
+<<−+<<− iageiiagei

mean dddddd φθθφθθσ ,                         (3) 

where the age, i, and 1 are in Ma. The mean ocean depth and its standard deviation versus 

lithospheric age for the whole Pacific plate, and the northern, central and southern 
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regions are shown in Figure 3a, 3b, 3c, and 3d, respectively. There are two important 

features in the results for the Pacific plate as a whole. First, the topography stops 

deepening with age at ~70 Ma (i.e., topographic “flattening”). Second, the standard 

deviations are non-uniform and are much larger (>1 km) for seafloor older than ~70 Ma 

(Figure 3a).  If the topography is examined region by region, then it is clear that these 

features are largely controlled by the central region. For the northern region, the 

“flattening” does not start until ~85 Ma, and the standard deviation is uniformly small 

(generally <~400 m) also until ~85 Ma where it starts to increase significantly (Figure 

3b). The central region (Figure 3c) displays similar features as those for the whole Pacific 

plate, in particular the large standard deviations (Figure 3c). The southern region also 

shows a reduced topographic deepening with age at ~70 Ma and relatively large standard 

deviations for old seafloor (Figure 3d). 

Two features deserve further discussion. First, significant variations in mid-ocean 

ridge (MOR) topography exist in the Pacific. The mean MOR topography is ~-3100 m, -

2900 m and -2700 m, in the northern, central and southern regions, respectively (Figures 

3b-3d). The topography along the MOR shows a sudden change at ~24oS at the Easter 

micro-plate, and this can still be seen along the 6 Ma old seafloor profile (Figure 3e for 

latitudinal dependence of topography averaged over 0.5o in latitude for seafloor ages: 0, 6, 

24, and 96 Ma). Additionally, it is clear from the 96 Ma profile that the seamounts cause 

large variations in topography that are not seen for relatively young seafloor. Second, the 

standard deviation in topography seen in Figures 3a-3d is generally much smaller at 

young seafloor than at old seafloor. Although this may reflect the fact that younger 

seafloor with a thinner elastic plate can only support seamounts with smaller sizes 

[Wessel, 2001], we believe that this is more likely because the topographic variations at 

young and old seafloors are caused by different mechanisms. Specifically, the variations 

at old seafloor are controlled by seamounts and LIPs, while they do not significantly 

affect topographic variations at young seafloor (Figure 3e).  
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3.2 Corrected Topography 

Because seamounts and LIPs cause significant topographic variations at various 

length scales, it is important to eliminate their effects in order to use topography to 

constrain dynamic models of the mantle and lithosphere. The removal of seamounts alone 

with Rs=3 significantly deepens the mean depths for 40-125 Ma seafloor for the Pacific 

plate, while leaving younger seafloor almost unchanged (solid line in Figure 4a). The 

standard deviations are also reduced significantly between 40 and 125 Ma, but large 

topographic variations remain for older seafloor (solid error bars in Figure 4a). Further 

removal of LIPs primarily affects the topography for seafloor older than 125 Ma by 

significantly deepening the topography and reducing the topographic variations (solid 

line and error bars in Figure 4b).  

For the whole Pacific plate, the topography corrected for seamounts and LIPs 

shows a “flattening” at 70 Ma that continues until ~115 Ma and then deepens (thick sold 

line in Figure 4c), different from that for the original topography (Figures 3a and grey 

line in Figure 4c). More importantly, the corrected topography has nearly uniform 

standard deviations for all ages, because removal of seamounts and LIPs greatly reduces 

the topographic variations at old seafloor (Figure 4c). We consider the uniform standard 

deviations for all ages as an important indication that the effects of seamounts and LIPs 

are effectively eliminated and that the remaining variations in topography are caused by 

other processes. The choice of Rs has only a small effect on the corrected topography 

especially when Rs is greater than 1. The mean ocean depths with Rs=2 are only slightly 

shallower than that for Rs=3 (dashed line in Figure 4c). The differences in mean depths 

between Rs=1 and Rs=2 cases are slightly larger than those between Rs=2 and Rs=3. 

Similar results are seen on regional scales (Figures 4d-4f for Rs=3). The latitudinal 

dependence of the corrected topography for different seafloor ages confirms that the 

corrections mainly affect the relatively old seafloor (Figures 3e and 3f). It also shows 

rapid changes in topography across some fracture zones (at ~20oS and -8oS of the 24 Ma 
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profile in Figure 3f) and gradual variations such as the Hawaiian swell (at ~20oN of the 

96 Ma profile).   

3.3 Mean Depth versus Seafloor Age 

The topography in the northern region may better constrain models of lithospheric 

thermal structure, because the region is significantly less affected by seamounts, LIPs and 

mantle plume activities [Davies, 1988a, Sleep, 1990; Montelli et al., 2004]. We first 

compare the mean depths from the northern region with two HSC models: CJ from 

Carlson and Johnson [1994] and HW HSC from Hillier and Watts [2005]. Model CJ was 

derived from basement depths of a number of drilling sites in global oceans. The 

topography in Model CJ is given by d=d0-345t1/2, where t is lithospheric age in Ma and d0  

is the MOR topography, similar to that in Parsons and Sclater [1977]. Model HW HSC 

was derived from filtered topography in the North Pacific Ocean (i.e., the entire Pacific 

north of the equator) using the MiMIC algorithm. In models by Hillier and Watts [2005], 

the topography varies as d=d0-307t1/2 for t<85 Ma (i.e., a HSC model with a slower 

subsidence rate), but for older seafloor it varies as 3010exp(-0.026t), similar to the plate 

models in Parsons and Sclater [1977] and Stein and Stein [1992]. 

If the MOR topography d0  for the HSC models is chosen to be -2950 m, model 

HW HSC fits well the mean depths for the northern region for seafloor younger than ~85 

Ma and the fit is better than model CJ (Figure 5a). For seafloor older than 85 Ma, both 

models HW HSC and CJ over-predict the depth. However, we found that model HW 

HSC-Plate (note that HW HSC-Plate is the same as HW HSC for t<85 Ma but is the plate 

model for t>85 Ma) fits the topography for seafloor older than 85 Ma in the northern 

region reasonably well (Figure 5a). This is interesting because model HW HSC-Plate was 

derived from the topography processed with a completely different approach for a much 

larger region with many more seamounts and LIPs than the northern region in this study. 

Compared with model HW HSC-Plate, the GDH1 model of Stein and Stein [1992] gives 

a larger depth for young seafloor, but the overall topographic variations from the MOR to 
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166 Ma are similar. It should be pointed out that all the HSC and plate models considered 

here use d0 =-2950 m. This MOR topography provides a better fit to the northern region 

topography (Figure 5a), although it is slightly higher than that in the original form of 

model HW HSC-Plate (-3010 m) and for the northern region (-3126 m).  

The MOR topography for the southern region is ~400 m shallower than that for 

the northern region. This ~400 m difference between these two regions seems to exist for 

nearly all ages, as shown by the thin dotted line in Figure 5b for the southern region in 

which the topography is shifted down by 400 m for all ages. Although the topographic 

“flattening” for the southern region starts at ~70 Ma, or 15 Ma earlier than in the northern 

region, the southern region is still reasonably well fit with model HW HSC-Plate. This 

suggests that model HW HSC-Plate provides an accurate description of seafloor 

topography for seafloor that is not significantly affected by seamounts, LIPs, and plumes. 

We also plotted the mean depths for the central region and entire Pacific plate in Figure 

5b, shifting the curves such that the depths are similar at young ages to that for the 

northern and southern regions. The central region is clearly anomalous with much smaller 

depths than other two regions between 50 Ma and 110 Ma (thick dotted line in Figure 5b). 

The mean depths for the whole Pacific plate follows model HW HSC-Plate before the 

topographic “flattening” at ~70 Ma, and the topography deepens again after 110 Ma and 

oscillates around model HW HSC-Plate (thick dashed line in Figure 5b).  

 4. Residual Topography and Correlations with Seismic Models 

Seafloor topography reflects the integrated effects of the mantle and lithosphere. 

The age- and geographical dependences of seafloor topography provide important 

constraints on lithospheric thermal structure and mantle dynamics. Separating 

lithospheric and mantle contributions to the topography helps deduce the dynamics of the 

mantle [Pribac and Davies, 1993; Panasyuk and Hager, 2000]. Lithospheric contributions 

can be estimated from the HSC or plate models that are constructed from seafloor 
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topography data [e.g., Parsons and Sclater, 1977; Stein and Stein, 1992; Carlson and 

Johnson, 1994; Hillier and Watts, 2005], and they may also be inferred from seismic 

models of lithosphere such as that in Ritzwoller et al. [2004].  

4.1 Residual Topography With Respect to HSC and Plate Models 

We will first use the depth-age relations from models HW HSC, HW HSC-Plate 

and CJ to determine the lithospheric contribution to the topography and construct the 

residual topography that can be used to constrain the mantle contribution. Model HW 

HSC-Plate fits well the mean depths in the northern region of this study as was discussed 

earlier (Figure 5a). We assume d0=-2745 m in model HW HSC and HW HSC-Plate, 

which leads to zero mean residual topography between 0 and 1 Ma age bin for the entire 

Pacific plate. The residual topography is computed by subtracting the predicted 

topography from models HW HSC and HW HSC-Plate from the corrected topography in 

Figure 1c, similar to Pribac and Davies [1993] and Panasuyk and Hager [2000]. Note that 

for model HW HSC, we use d=-2745-307t1/2 for all seafloor ages.  

Residual topographies with respect to Hillier and Watts’ [2005] HSC and HSC-

Plate models are shown in Figures 6a and 6b, respectively. These residual topographies 

differ only for seafloor older than 85 Ma. The residual topography at the MOR is positive 

south of the Easter Island micro-plate, but is largely negative or near zero in the north, 

reflecting topographic variations along the MOR, as discussed in section 3.1. A large area 

of the northern region generally shows negative or near zero residual topography in both 

residual maps. This is caused by the shallower MOR topography used in the depth-age 

relations than the actual MOR topography for the northern region. The main difference 

between the two residual maps is in the western Pacific where the residual topography is 

on average between 600 m and 1000 m with the HW HSC reference model (Figure 6a), 

but is near zero with the HW HSC-Plate reference model (Figure 6b). This is more 

clearly demonstrated in Figure 7a that shows the mean residual topography for different 

age bins for the Pacific. The mean residual topography with the HSC reference model is 



 15

>600 m for seafloor older than 110 Ma and is significantly larger than standard deviations 

of topography of <300 m. This difference is significantly larger if the HSC model CJ 

[Carlson and Johnson, 1994] is used as the reference (Figure 7a). Notice that the choice 

of reference model does not affect the standard deviations.  

The residual topography with the HW HSC-Plate reference model clearly shows 

the Hawaiian swell topography (Figures 6b and 7b). Another prominent topographic high 

is the South Pacific super-swell located east of Tonga that has a significantly larger 

horizontal scale than the Hawaiian swell (Figures 6b and 7b). Other topographic highs are 

all at the margins of LIPs or densely populated seamounts (e.g., Marshall-Gilbert 

Seamounts and Megellan Rise) and may be of less dynamic significance. Interestingly, a 

large area of the Darwin Rise, particularly its northern portion, after exclusion of 

seamounts and LIPs, does not show any positive residual topography with the HW HSC-

Plate reference model (Figure 6b). However, with the HW HSC reference model, all the 

old seafloor including the Darwin Rise shows significant positive residual topography 

(Figures 6a and 7a).  

4.2 Estimated Topography from a Seismic Model of the Pacific Lithosphere  

We now estimate the lithospheric contribution to the topography from Ritzwoller 

et al. [2004]’s recent seismic structure for the Pacific lithosphere. In their inversion of 

shallow oceanic mantle structure from surface wave data, Ritzwoller et al. [2004] 

parameterized lithospheric structure in terms of apparent thermal age, assuming that the 

lithospheric thermal structure is governed by a HSC model and that seismic structure can 

be related to thermal structure via mineral physics and thermodynamics relations 

[Shapiro and Ritzwoller, 2004]. It was found that the inverted apparent thermal age on 

average is smaller than actual seafloor age for seafloor older than 70 Ma [Ritzwoller et 

al., 2004] (Figure 8a). The reduced apparent thermal age at relatively old seafloor has 

been interpreted as a result of lithospheric reheating induced by sublithospheric small 

scale convection [Ritzwoller et al., 2004, Hunen et al., 2005].  
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We may estimate the topography from the apparent thermal age using a depth-age 

relation. Here we use the HSC depth-age relation from model HW HSC (i.e., d=-2745-

307t1/2), the same as that used earlier for computing the residual topography. The 

estimated topography shows elevated topography at the MOR and deepens with seafloor 

age, as expected (Figures 8b and 1c). In Figures 9a-9c, the estimated topography is 

compared with the corrected topography along three profiles CC’, DD’ and EE’. 

Although the seismic model has a limited horizontal resolution (~1000 km) and is hence 

necessarily smooth, these profiles show reasonable agreement between the estimated and 

corrected topographies, even for topographic variations across fracture zones (Figure 9a 

for the Mendocino fracture zone at ~40oN). The depth-age relation for the estimated 

topography also shows a good agreement with that for the corrected topography, 

including the “flattening” at ~70 Ma and then continuous deepening at ~120 Ma (Figure 

9d). The estimated topography shows similar standard deviations to the correct 

topography, except for seafloor older than 140 Ma where the estimated topography 

displays larger variations (Figure 9d).  

However, the estimated topography from the seismic model also differs from the 

observed corrected topography in a number of ways. The averaged topography near the 

MOR is in general significantly deeper than the corrected topography (Figure 9d). This is 

evident in the topography profiles in Figures 9b and 9c. Differences also exist in regions 

off the west coast of the US (Figure 8b) and in some regions with extensive volcanism 

(e.g., ~210o longitude in Figure 9c). These differences may be caused by regional 

tectonic features that present difficulties for seismic inversion of lithospheric thermal 

structure. For example, features like the ocean-continent contrast off the west coast of the 

US, and thin lithosphere and rapidly varying topography at the MOR all make it difficult 

to recover accurately the thermal structure of oceanic lithosphere. Thermal structure in 

regions with extensive volcanisms is also difficult to resolve, because of compositional 

anomalies.  
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We construct residual topography with the estimated topography from the seismic 

model as a reference model (Figure 8c). Compared with the residual topography with 

reference model HW HSC-Plate (Figure 6b), two features from the seismically derived 

residual topography deserve discussion. First, the residual topography near the MOR for 

the North Pacific is mostly positive. This is expected based on the overestimated apparent 

thermal age or topography in these regions from the seismic model (Figures 8a and 8b). 

Second, the seismically derived residual topography also shows positive anomalies near 

the South Pacific super-swell and Hawaiian swell regions, but the area of the swells is 

much reduced, compared with that from model HW HSC-Plate. Particularly, the mid 

section of the Hawaiian swell is missing, while an additional positive anomaly emerges at 

the end of the Hawaiian volcanic chain (Figure 8c).     

5. Discussion 

The goal of this paper is to understand the deviations of seafloor topography from 

the HSC model prediction, a long standing geophysical question. More specifically, we 

would like to answer the question whether the deviations are caused by lithospheric 

reheating derived from sublithospheric small-scale convection (i.e., the plate model) 

[Parsons and Sclater, 1977] or by mantle upwelling plumes [Davies, 1999; McNutt, 

1998], or by some other processes. To resolve this issue, we construct the corrected 

topography for the Pacific plate by removing sediments, seamounts and LIPs, and 

perform statistical analyses to the corrected topography.   

5.1 The Role of Convective Upwelling Plumes    

There is little doubt that convective upwelling plumes produce significant 

topographic highs that cause deviations from the HSC predictions, as evident by the 

Hawaiian swell and the South Pacific super-swell (Figure 6b). The locations of the 

Hawaiian swell and the South Pacific super-swell generally correlate with seismically 

slow anomalies in the lower mantle (Figures 6c and 6d) [Ritsema et al., 1999; Montelli et 
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al., 2006], although it remains a great challenge to image seismically mantle plumes, 

especially in the upper mantle where mantle plumes are expected to be much thinner due 

to the small viscosity there. For example, the Hawaiian plume is constrained to be <70 

km in radius from the vertical motion history of Hawaiian islands [Zhong and Watts, 

2002]. It should be pointed out that the swell topography is largely caused by plume 

materials that spread out below the lithosphere rather than by plume conduits [Davies, 

1988a; Sleep, 1990; Olson, 1990; Ribe and Christensen, 1994]. The South Pacific super-

swell also encompasses a number of hotspots: Marquesas, Society, Samoa, Austral, and 

Pitcairn (Figures 6c and 6d). Although not every hotspot is related to mantle plumes 

[Courtillot et al., 2003], it is evident that mantle plumes contribute significantly to these 

topographic swells.  

The question is whether the deviations from the HSC model are entirely caused 

by mantle convective upwelling plumes, as often suggested [Schroeder, 1984; McNutt, 

1998; Davies, 1999]. To answer this question, we analyze the topography in the northern 

and southern regions of the Pacific plate (Figure 1c) where there are significantly fewer 

seamounts, LIPs and mantle plume activities. The depth-age relations show that 

significant deviations from the HSC predictions still exist for seafloor older than ~80 Ma 

in these two regions (Figures 4d, 4f, and 5a). One concern with this argument is the 

potential statistical bias that may be introduced by the much smaller area for old seafloor 

than for young seafloor in these two regions (Figure 2). This is in part caused by our 

intention to avoid the Darwin Rise, the South Pacific super-swell and the Hawaiian swell 

in dividing the northern and southern regions. Because the Darwin Rise after exclusion of 

seamounts and LIPs shows little positive residual topography with respect to the HW 

HSC-Plate model (Figure 7b), we may expand the northern region to include the adjacent 

portion of the Darwin Rise: west of 169o in longitude and north of 30oN, and repeat the 

analyses for the expanded northern region with a larger area for old seafloor. The 
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resulting depth-age relation for the expanded northern region follows the same trend as 

the original depth-age relation and that in the HW HSC-Plate model (Figure 10a).  

We can take another approach to this question on the role of mantle plumes. 

Given that the Hawaiian swell and the South Pacific super-swell are most likely caused 

by mantle convective upwellings, we can exclude these two swells from our topography 

analyses. We do not exclude the Darwin Rise because it does not display significant 

topographic anomalies with respect to HW HSC-Plate model after removal of seamounts 

and LIPs (Figure 6b). The depth-age relation for the Pacific plate excluding these two 

swells again displays significant deviations from the HW HSC model, but follows HW 

HSC-Plate model well (Figure 10b). Compared to the depth-age relation for the entire 

Pacific plate (Figure 4c), the exclusion of the Hawaiian swell and South Pacific super-

swell has the largest impact on topography between 70 Ma and 120 Ma where the 

exclusion of the swells reduces the topographic “flattening”. This may reflect the fact that 

these two swells occupy the most area of seafloor younger than 120 Ma in our central 

region (Figure 6b). 

Another possible scenario is that the deviations at old seafloor are caused by 

residual heating of past plume materials that have spread out below the lithosphere and 

may still exist as a thin layer. This hypothesis is more difficult to test, because most of 

the seafloor older than 80 Ma is either on the downstream of the proposed Pacific plumes 

(e.g., the western Pacific and Darwin Rise) or in the vicinity of the two swells (e.g., the 

southern region) (Figure 6b). However, the seafloor between 80 Ma and 110 Ma 

northeast of the Hawaii-Emperor seamount chain in the northern region is unlikely 

affected by the Hawaiian swell but still shows significant positive residual topography 

with respect to the HSC model (Figures 6a and 5a). Considering that this part of the 

northern region accounts for nearly all the area for this age band (80-110 Ma) in the 

northern Pacific region, this suggests that the plume residual heating cannot be the main 

contributor to the deviations at old seafloor. 
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It has also been suggested, based on extrapolation from the power-law distribution 

of the plume population, that there were perhaps >5000 mantle plumes [Malamud and 

Turcotte, 1999] and that most of these plumes, although each individually is weak and 

small and is invisible to currently available geophysical detection methods, may 

collectively bring enough heat to the base of lithosphere to cause broad topographic 

anomalies to account for the topographic “flattening” [Malamud and Turcotte, 1999]. 

However, this idea has been disputed recently and was considered as dynamically 

untenable based on scaling analyses and modeling of the dynamics of mantle plumes that 

show that the plume population and plume spacing are fundamentally limited by mantle 

depth [Zhong, 2005].  

Finally, another line of evidence that is hard to reconcile with mantle plumes as 

the only cause for the deviations from the HSC model prediction is from comparison 

between the amplitudes of the standard deviations in topography and of residual 

topography. If mantle plumes were the only cause for the deviations, then residual 

topography should be computed with respect to HSC models (e.g., Figure 6a) and 

residual topography should all be caused by mantle plumes. An important result of our 

topography analyses is the nearly uniform standard deviations of ~300 m for all ages 

upon removal of seamounts and LIPs (Figure 4c). While the averaged amplitude of 

residual topography with respect to HW HSC-Plate model is nearly zero, it is between 

600 m and 1000 m with respect to HW HSC model for old seafloor and >1000 m with 

respect to model CJ (Figure 7a), significantly larger than the standard deviations. Unless 

mantle plumes are preferentially located below old seafloor, it is difficult to explain this 

large residual topography with respect to HSC models at old seafloor. However, there is 

no observational evidence for plumes to be preferentially located at old seafloor. In fact, 

most plumes are located near spreading centers, especially in the Atlantic [Jellinek et al., 

2003].     
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Therefore, we conclude that the deviations of seafloor topography from the HSC 

model prediction cannot be entirely caused by mantle convective upwellings, and other 

physical processes should play a role. The mean ocean depth after removal of seamounts, 

sediments, LIPs, and two clearly identified topography swells (Hawaiian and South 

Pacific) can be reasonably fit with the HSC-Plate model by Hillier and Watts [2005].   

5.2 The Plate Model and its Physical Mechanisms    

We now assess other physical mechanisms that may cause the topography to 

deviate from the HSC model at old seafloor where no plume is present. Despite the 

impressive fit of Hillier and Watts’ HSC-Plate model to the mean depths, physical 

mechanisms that give rise to the required conditions for the plate model (i.e., constant 

temperature or constant heat flux at the base of lithosphere and a fixed plate thickness at 

old age) remains elusive.  

Sub-lithospheric small-scale convection (SSC) has been often suggested as the 

mechanism for the plate model [Parsons and McKenzie, 1978; Yuen and Fleitout, 1985; 

Davaille and Jaupart, 1994]. However, O’Connell and Hager [1980] and Davies [1988b, 

1999] argued that although the SSC may limit the growth of lithospheric thickness by 

removing the bottom portion of the lithosphere, it may enhance the cooling of the 

underlying mantle, leading to either insignificant topographic deviations or even 

deepened topography compared to the HSC prediction because the topography is 

sensitive to integrated mantle buoyancy. The cooling effect of the SSC on the underlying 

mantle is observed both in numerical models [Huang et al., 2003; Huang and Zhong, 

2005] and in laboratory experiments [Davaille and Jaupart, 1994]. Huang and Zhong 

[2005] also demonstrated that the SSC indeed leads to no significant topographic 

deviations from the HSC model prediction, largely confirming the suggestion by 

O’Connell and Hager [1980].  

However, Huang and Zhong [2005] found that the SSC may also lead to 

lithospheric reheating and elevated topography while maintaining a uniform mantle 
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temperature, if mantle convection is >~60% internally heated. Larger than ~60% internal 

heating (i.e., the sum of radiogenic heating and heating from mantle secular cooling) for 

mantle convection is reasonable based on the observations of plume heat flux and plume 

excess temperature [Zhong, 2006]. This suggests that the plate model is dynamically 

viable. Huang and Zhong [2005] found that additional heat, termed as “trapped” heat, 

tends to accumulate beneath old lithosphere because of the inefficient heat transfer that is 

caused by thick lithosphere and lack of subduction cooling. This “trapped” heat generates 

elevated topography at old lithosphere relative to the HSC model prediction, irrespective 

of the presence of the SSC. However, when the asthenospheric viscosity is small enough 

(~1019 Pa s) to set on the SSC, the SSC may release the “trapped” heat by mixing the 

relatively cold, eroded bottom part of lithosphere with the underlying mantle containing 

the “trapped” heat. This process not only reheats the lithosphere, but also homogenizes 

the mantle temperature, leading to mantle and lithospheric conditions that are described 

by the plate model. Huang and Zhong [2005] also found that the SSC is the key to 

causing increased heat flux at old lithosphere, although elevated topography can be 

produced from the “trapped” heat even when the SSC is absent. 

Although seafloor topography requires that either lithosphere or the mantle or 

both be warmer below old seafloor than predicted from the HSC model, to distinguish 

between the plumes, the SSC/plate model and other processes demands other 

observations. Recently, Priestley and McKenzie [2006] demonstrated from a seismic 

surface wave study for the Pacific that the temperature at 150 km depth varies by no more 

than 20 K at ~1000 km length scale, supporting the plate model. Ritzwoller et al. [2004], 

using a thermal parameterization in surface wave tomographic inversion, found that the 

Pacific lithosphere older than 70 Ma on average is warmer than that from the HSC model 

prediction, suggesting lithospheric reheating. The age-dependence of averaged 

lithospheric structure from Ritzwoller et al. [2004] is consistent with the SSC with a 

power law rheology [Hunen et al., 2005]. Seafloor topography estimated from Ritzwoller 
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et al. [2004] shows a general agreement with the observed topography, but differences 

also exist at mid-ocean ridges and other structurally complicated regions (Figure 9). 

Residual topography with respect to the seismically derived topography shows positive 

anomalies near the Hawaiian swell and South Pacific super-swell but with reduced area 

extent, compared to that with respect to the HW HSC-Plate model (Figure 6b). This may 

indicate that the seismically derived upper mantle and lithospheric structures recover 

some but not all of the plume materials in the shallow upper mantle. These results suggest 

that seafloor topography is controlled by shallow upper mantle and lithospheric structure 

and that the SSC plays an important role in thermal evolution of lithosphere.        

Heat flux, however, remains an important observation to distinguish among 

different physical mechanisms. Lister et al. [1990] showed that heat flux for seafloor 

older than 110 Ma starts to deviate from the HSC prediction. While the SSC results in 

elevated heat flux at the surface after some delay from the onset of the SSC [Davaille and 

Jaupart, 1994; Huang and Zhong, 2003], it is unclear how efficiently plumes can erode 

lithosphere to increase surface heat flux. The Hawaiian swell does not show any 

significant heat flux anomalies [von Herzen et al., 1989; Harris et al., 2000], possibly 

because the plume heat has not yet been transferred through the lithosphere to the surface 

with heat conduction as the primary heat transfer mechanism [Ribe and Christensen, 

1994]. However, more studies with realistic mantle rheology are needed to improve 

understanding of how the plumes and SSC may perturb the surface heat flux [Moore et 

al., 1998].  

6. Conclusions 

We analyzed the dependence of ocean depth on seafloor age for the Pacific plate. 

Using recently available datasets of high-resolution bathymetry, sediments, seamounts 

and large igneous provinces (LIP), we removed the effects of sediments, seamounts and 

LIPs in our topography analyses. We divided the Pacific plate into northern, central and 
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southern regions to isolate the effects of seamounts and LIPs in the central region. We 

constructed maps of residual topography and analyzed residual topography. We also 

estimated the topography from seismic structure for the Pacific lithosphere and compared 

with the observed topography. The conclusions can be summarized as follows: 

1) The age-averaged topography for the Pacific plate with seamounts, LIPs, the 

Hawaiian swell and South Pacific super-swell removed follows a cooling half-space 

model until 80-85 Ma, and the topography for older seafloor shows a reduced age 

dependence (i.e., topographic “flattening”). The mean ocean depths can be fit reasonably 

well with a HSC-Plate depth-age relation recently developed for the North Pacific Ocean 

by Hillier and Watts [2005] with an entirely different approach than taken here.  

2) Residual topography with Hillier and Watts’ HSC-Plate model as a reference 

model shows two distinct topographic highs: the Hawaiian swell and the South Pacific 

super-swell, both of which are most likely caused by convective upwelling plumes. The 

mean residual topography varies around zero for different ages and is comparable with 

~300 m standard deviations in topography. However, while the residual topography with 

respect to the HSC models shows similarly small amplitudes for young seafloor, but it 

displays 600-1500 m positive residual topography for old seafloor, much larger than ~300 

m standard deviations in topography.  

3) Estimated topography from the 3D seismic model of the Pacific lithosphere and 

shallow upper mantle [Ritzwoller et al., 2004] generally agrees with the observed 

topography, including the topographic “flattening” at relatively old seafloor, suggesting 

that much of the topography away from the Hawaiian swell and the South Pacific super-

swell is largely controlled by the thermal state of the lithosphere. 

4) While mantle plumes contribute to topographic deviations from the HSC model 

prediction, our results on the depth-age relation, residual topography, and the seismically 

derived topography suggest that the plumes cannot be the only cause for the topographic 

deviations. Our analyses suggest that lithospheric reheating contributes significantly to 
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the deviations. Physical processes, including SSC and “trapped” heat, may cause 

lithospheric reheating and lead to mantle and lithospheric conditions that are reasonably 

described by a plate model.  
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Figure Captions 

Figure 1. Topographic maps for the Pacific with corrections for (a) sediments, (b) 

sediments and seamounts and (c) sediments, seamounts and LIPs, and (d) the 

seafloor age map. The black regions in Figures 1a-1c are either above sea level or 

for seamounts and LIPs. The thick red lines in Figure 1c define the northern, central 

and southern Pacific regions. The thin white lines in Figure 1c represent contours of 

seafloor age in increment of 20 Ma. 

Figure 2. Area of seafloor in 2 Ma age bin versus seafloor age for (a) the Pacific plate, 

(b) the northern, (c) central and (d) southern regions before (thin solid lines) and 

after removal of seamounts and LIPs (thick solid lines). In Figure 2a, the dashed 

line represents the area after removal of seamounts only.  

Figure 3. Mean depths and standard deviations in 2 Ma age bins versus seafloor age (a) 

for the Pacific plate, (b) the northern, (c) central and (d) southern Pacific regions for 

the topography corrected only for sediments. Topography profiles versus latitude 

for four different ages (0: thick solid line, 6 Ma: thin dashed line, 24 Ma: thin solid 

line, and thick dashed line: 96 Ma) (e) before and (f) after removal of seamounts 

and LIPs.  

Figure 4. Mean depths and standard deviations in 2 Ma age bins versus seafloor age for 

the entire Pacific plate (a) before (grey lines) and after (solid lines) removal of 

seamounts only, (b) before (grey lines) and after (solid lines) further removal of 

LIPs, and (c) before (grey lines) and after (solid lines) removal of seamounts and 

LIPs and for different Rs=2 (dashed line), and for (d) the northern, (e) central  and 

(f) southern Pacific regions for the topography before (grey lines) and after (thick 

solid lines) removal of seamounts and LIPs. Rs=3 for all except for the dashed line 

in Figure 4c.  

Figure 5. Mean depths in 2 Ma age bins versus seafloor age (a) for the northern region 
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(thick solid line), the HSC-Plate model (thin solid line) and HSC model (thin 

dashed line) from Hillier and Watts [2005] and the HSC from Carlson and Johnson 

[1994] (thick dotted line), and (b) for the HSC-Plate model from Hillier and Watts 

[2005] (thin solid line), the northern (thick solid line), central (thick dotted line), 

and southern (thin dotted line) regions and the entire Pacific plate (thick dashed 

line).  

Figure 6. Residual topography maps for the Pacific with respect to (a) the HSC model 

and (b) the HSC-Plate model of Hillier and Watts [2005]. Seismic velocity 

anomalies at 2300 km depth from (c) Ritesma et al. [1999] and (d) Montelli et al. 

[2006]. The thick red lines in Figures 6a-6d show the northern, central and southern 

Pacific regions, and thin white lines in Figures 6a and 6b represent contours of 

seafloor age in increment of 20 Ma. In Figures 6c and 6d, red circles represent 

hotspots. In Figure 6c, black lines are for profiles AA’ and BB’.  

Figure 7. (a) Mean residual depth in 2 Ma age bins versus seafloor age for residual depth 

for the Pacific plate with respect to the HSC-Plate model by Hillier and Watts 

[2005] (thick solid line) and HSC models by Hillier and Watts [2005] (thin solid 

line) and by Carlson and Johnson [1994] (thin dashed line), and (b) residual depth 

profiles AA’ and BB’ across the Hawaiian swell and South Pacific super-swell as 

marked in Figure 6c, respectively. In Figure 7a, standard deviations of residual 

topography are also shown, and the standard deviations are the same for different 

reference models and the same as those for the topography in Figure 4c.  

Figure 8. (a) Apparent thermal age for the Pacific from Ritzwoller et al [2004], (b) 

estimated topography and (c) residual topography. The thin white lines in Figures 

8a and 8b represent contours of seafloor age in increment of 20 Ma. Topographic 

profiles CC’, DD’ and EE’ are marked in Figure 8b. The color scales for Figures 8a, 

8b and 8c are the same as those for Figure 1d, 1c and 6a, respectively. 

Figure 9. Topographic profiles (a) CC’, (b) DD’ and (c) EE’ as marked in Figure 8b for 
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corrected topography (thin line) and estimated topography from the seismic model 

(thick line), and (d) mean depths and standard deviations in 2 Ma age bins versus 

seafloor age for the Pacific plate for seismically derived topography (thick solid line 

and its corresponding error bars) and for corrected topography (thin solid line and 

grey error bars).  

Figure 10. Mean depths and standard deviations in 2 Ma age bins versus seafloor age (a) 

for the expanded northern Pacific region (thick solid line) and (b) for the entire 

Pacific plate except the Hawaiian swell and South Pacific super-swell. The 

topography in both Figures 10a and 10b is corrected for seamounts and LIPs. Also 

plotted are HSC-Plate model (thin solid line) and HSC models (thin dashed line) by 

Hillier and Watts [2005].  
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