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[1] A long-standing question in geodynamics is the cause of deviations of ocean depth or
seafloor 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 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 (LIPs),
using recently available data sets 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. A similar
ocean depth-age relation is also observed for the northern region of our study area with no
major known mantle plumes. 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, in this residual topography map, the Darwin Rise does not
display anomalously high topography except the area with seamounts and LIPs. 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
reduced topography 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
(Huang and Zhong, 2005), play an essential role in causing the deviations in topography
from the HSC model prediction.
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1. Introduction

[2] 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].
[3] 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 main
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
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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 (i.e., the plate model is
basically a curve fitting). A commonly suggested mecha-
nism for the plate model is thermal boundary layer insta-
bilities (i.e., sublithospheric small-scale convection 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.
[4] 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, owing 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].
[5] Questions, however, have been raised about the

applicability of the plate/SSC model and even the generality
of the topographic deviations from the HSC model:
[6] 1. 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. Marty and Cazenave
[1989] further demonstrated that the depth-age relation
depends on the oceans and regions and that in some regions
the topography follows the HSC model predictions to much
older seafloor ages. These studies suggest that the topo-
graphic deviations from the HSC model are just regional
features, thus questioning the necessity of the plate model.
[7] 2. 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.
[8] 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].
[9] 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 geograph-
ical dependences of ocean depth for the Pacific plate, and
we remove the effects of sediments, seamounts, and LIPs,
using recently available data sets of high-resolution bathym-
etry, 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]. We focus on the Pacific plate for three reasons:
(1) The effect of sediments on corrected seafloor topogra-
phy in the Pacific is much smaller than for other regions
(e.g., Atlantic) [e.g., Hillier and Watts, 2005]. (2) The
recently available seismic model for the Pacific upper
mantle [Ritzwoller et al., 2004] opens the possibilities to
distinguish the effects of the deep mantle plumes and the
shallow upper mantle structure on seafloor topography.
(3) Plate motions may affect the onset of SSC via non-
Newtonian rheology [van Hunen et al., 2005] and hence
lithospheric evolution. This may contribute to some of the
regional differences in depth-age relations as observed by
Marty and Cazenave [1989]. The uniform plate motion
and tectonics for a single plate (i.e., the Pacific plate)
minimizes such regional effects.
[10] This study is motivated by a number of recent

developments in data compilation, topography analyses,
seismic tomography, and mantle dynamics:
[11] 1. Recently available data sets including high-resolution

bathymetry [Smith and Sandwell, 1997], seamounts distribu-
tion [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;Marty and Cazenave, 1989;
Carlson and Johnson, 1994; Stein and Stein, 1992; Davies
and Pribac, 1993; Panasyuk and Hager, 2000].
[12] 2. Recent seismic studies provide better constraints on

deepmantle 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 70Ma is warmer than predicted from the
HSC model, and that the inverted lithospheric structure is
consistent with what may result from SSC [van Hunen et al.,
2005]. It is important to examine the implications of these
seismic structures for seafloor topography.
[13] 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 signifi-
cant internal heating can indeed lead to thermal structure for
the mantle and lithosphere that is required for the plate model,
suggesting that the plate model is dynamically viable.
[14] 4. Recent topography analyses by Hillier and Watts

[2004, 2005] for the Pacific with a regional-residual sepa-
rationmethod,MiMIC, to remove the effects of seamounts and
LIPs show that the plate model remains necessary for seafloor
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older than 85 Ma and that at younger seafloor the topography
follows a HSC model but with 10% slower subsidence rate
than the previous HSCmodels. Recently,Crosby et al. [2006],
by analyzing gravity and topography in different oceans, also
suggested the need for a plate model. These results need
independent check using different methods.
[15] This paper is organized as follows. Section 2

describes the procedures in removing and correcting sedi-
ments, 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. Sections 5
and 6 present discussions and conclusions.

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

[16] Our topography correction scheme starts with re-
moval of the effects of sediments from a bathymetry data set
[Smith and Sandwell, 1997] on a 0.1� � 0.1� grid
(resampled). The bathymetry at this resolution is sufficient
for this type of topography analyses [e.g., Hillier and Watts,
2005]. The sediment data set is obtained from NGDC
[2003]. Following Carlson and Johnson [1994], we employ
the following equation to remove the effects of sediments:

dc ¼ do � 0:22h� 1:4� 10�4h2; ð1Þ

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 topo-
graphy is shown in Figure 1a. On the basis of this
topography, we will apply further corrections for sea-
mounts, oceanic islands, and LIPs.

2.1. Removal of Seamounts and LIPs

[17] Recently, Wessel [2001] determined the size (i.e.,
base radius and height) and location of seamounts from
gravity observations. In his published data set, there are
more than 8000 seamounts with heights > 1 km in the
Pacific, and most of these are located at low latitudes and in
the western Pacific (Figure 1b). 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 sur-
rounded 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 the work of Schroeder [1984]. However,
the current study uses a much improved seamount data set
[Wessel, 2001]. Our method is different from the regional-
residual separation method used by 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.
[18] We use the similar approach to further exclude LIPs

and the resulting topography is shown in Figure 1c. The data
set for LIPs is taken from Coffin and Eldholm [1994]. In this
data set the boundaries of LIPs are given, and we only
exclude the regions bounded by the LIP boundaries. Slight
modifications are made to the LIP data set to include parts of
the Marshall-Gilbert Seamounts and the Magellan Rise as
LIPs. The LIP data set includes topography anomalies of
relatively large horizontal extent, but it also includes features
of seamount size. Consequently, there are overlaps between
the LIP and seamount data sets. The excluded regions in
Figure 1c represent the union of these two data sets.

2.2. Regions Affected by Seamounts and LIPs

[19] Before performing age-topography analyses, we first
analyze how much area is excluded owing 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 by
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).
[20] 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 �30�S (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 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
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