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Abstract: Of the world's oceans, the Pacific has the most abundant distribution of seamount trails, oceanic plateaus and hot spots, and
has the longest fracture zones. However, little is known of their thermal structures due to difficulties of heat flow measurement and
interpretation, and in inferring thermal anomalies from low-resolution seismic velocities. Using recently published global magnetic
models, we present the first independent constraint on Pacific geothermal state and mantle dynamics, by applying a fractal
magnetization inversion model to magnetic anomaly data. Warm thermal anomalies are inferred for all known active hot spots, most
seamount trails, some major fracture zones, and oceanic lithosphere between ~100 and ~140 Ma in age. While most Curie points are
among the shallowest in the zone roughly bounded by the 20 Ma isochrons, abnormally deep Curie points are found along nearly all
ridge crests in the Pacific, related to patchy, long-wavelength and large-amplitude magnetic anomalies that are most likely caused by
prevailing magmatic or hydrothermal processes. Many large contrasts in the thermal evolution between the Pacific and North Atlantic
support much stronger hydrothermal circulation occurring in Pacific lithospheres younger than ~60 Ma, which may have disguised from
surface heat flow any deep thermal signatures of volcanic structures. Yet, at depths of the Curie points, our model argues for warmer
Pacific lithosphere for crustal ages older than ~15 Ma, given a slightly higher spatial correlation of magnetization in the Pacific than in the

North Atlantic.
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1. Introduction

The lithosphere of Pacific basin currently comprises, entirely or
partially, several tectonic plates, i.e. the Pacific, Nazca, Antarctic,
Cocos, and Juan de Fuca plates, which are divided by active
spreading centers (Figure 1). Relict spreading centers have been
identified in the two largest plates, the Pacific and Nazca plates
(e.g., Taylor, 2006; Miller et al., 2008), suggesting a complicated
multi-phased evolutional history. One of the most striking and en-
igmatic features in the Pacific is its widespread seamount chains,
which are often subparallel to seafloor spreading directions (Fig-
ure 1). There are also numerous large igneous plateaus, such as
the Ontong Java, Manihiki and Hikurangi Plateaus, that are often
associated with changes in seafloor spreading regimes. Various
mechanisms have been hypothesized to explain these igneous
features, including mantle plumes and superplumes (Morgan,
1972; Davaille, 1999), small scale convection (Bonatti and Harris-
on, 1976; King and Ritsema, 2000; Ballmer et al., 2010), regional
extension in various forms of thermomechanical fracturing and
cracking (Collette, 1974; Turcotte, 1974; Gomez and Briais, 2000;

Correspondence to: C.-F. Li, cfli@zju.edu.cn
Received 31 AUG 2017; Accepted 15 DEC 2017.
Accepted article online 23 DEC 2017.

Copyright © 2018 by Earth and Planetary Physics.

Sandwell and Fialko, 2004), diffuse extension (Sandwell et al.,
1995; Davis et al., 2002; Stepashko, 2006), and transform fault rup-
turing (Orwig and Kroenke, 1980; Farrar and Dixon, 1981). Study of
deep thermal structures can help better understand these
seamount volcanisms.

Global bathymetric surveys show that, among the global oceans,
the Pacific has the most abundant seamounts taller than 3 km
(Kim and Wessel, 2011), and extant oceanic plateaus occur mostly
in the Pacific (Kerr and Mahoney, 2007). One way to better under-
stand their geodynamic origins is to determine the deep thermal
structures of these igneous features, along with the cooling of sur-
rounding oceanic lithosphere. We gridded a total of 31032 heat
flow measurements from the Global Heat Flow Database of the In-
ternational Heat Flow Commission (http://www.heatflow.und.
edu/), last updated in January 2011, to map the near-surface
thermal structure of Pacific lithosphere (Figure 2). Without any
preprocessing or pre-selection, the heat flow data are gridded
with a block mean in a constant 1° interval, using the minimum
curvature algorithm with a tension factor of 0.5 (Wessel and
Smith, 1995). Averaging of heat flow over a large spatial dimen-
sion suppresses local biases in the measurements and generally
gives more regional and deeper geothermal information
(Mareschal and Jaupart, 2004; Li et al., 2013). Hasterok et al.
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Figure 1. Pacific bathymetry and topography map in Hammer-Aitoff equal-area projection (Data from Smith and Sandwell, 1997). Crustal

isochrons in white are based on Miller et al. (2008). Thin red lines are fracture zones. The thick red dashed line labels relict spreading centers. Red

stars label major active hot spots. Features marked are Astral Fracture Zone (AsF), Australian Plate (AP), Challenger Fracture Zone (ChF), Clarion
Fracture Zone (ClaF), Clipperton Fracture Zone (CliF), Cook-Australs Islands (CAl), Ellice Basin (EB), Eltanin Fracture Zone (EIF), Emperor-Hawaii
seamount chain (EH), Easter Volcanic Chain (EVC), Galapagos Ridge (GR), Hess Rise (HR), Hikurangi Plateau (HP), Line Islands (LI), Louisville Ridge
(LR), Manihiki Plateau (MP), Marquesas Fracture Zone (MaF), Marshall Gilbert Seamounts (MGS), Mendocino Fracture Zone (MeF), Mid-Pacific
Mountains (MPM), Molokai Fracture Zone (MoF), Murray Fracture Zone (MuF), Nazca Ridge (NR), Ontong-Java Plateau (0J), Osbourn Trough (OT),
South America (SA), Samoa Islands (SI), Shatsky Rise (SR), Taumotu Islands (TM), Udintsev Fracture Zone (UdF), and Wake Seamounts (WS).

(Hasterok et al., 2011; Hasterok, 2013) filtered heat flow data by
sediment thickness and distances to seamounts, to remove hydro-
thermal effects on background conductive heat flow. We believe
that large-dimension interpolation can achieve similar goals of re-
moving local biases from hydrothermal effects without any specif-
ic filtering.

In making the heat flow map (Figure 2), we have masked areas
that are over 500 km away from any nearby heat flow points. Nev-
ertheless, no direct correlation between surface heat flow and
seamounts/plateaus is observed from comparing Figures 1 and 2,
consistent with previous observations on the south Pacific super-
swell (Stein and Abbott, 1991), Iceland (Stein and Stein, 2003), and
Hawaiian Islands (Von Herzen et al., 1989; McNutt, 2002; Stein and
Von Herzen, 2007). High heat flow anomalies in the Pacific are
mostly associated with active spreading centers.

The questions now are how well the interpolated heat flow re-
flects deep geothermal structure, or, in other words, whether we
have an alternate mechanism for detecting high-resolution litho-
spheric thermal structure that might differ sharply from what we
can perceive from the surface heat flow.

In recent years, we have demonstrated a stable automated al-
gorithm for estimating Curie-point depths at a relatively high res-
olution, and successfully applied it to oceanic domains such as the
North Atlantic (Li C-F et al.,, 2013), the South China Sea (Li C-F et
al., 2010; Li C-F and Wang, 2016), and the northern Philippine Sea
(Li C-F, 2011; Li C-F and Wang, 2016). Here, we estimate the Curie-
point depths of the Pacific basin to give a geothermal constraint
independent of heat flow. This assumes that there is magnetized
material present at depth and possibly at sub-crustal depths,
which requires serpentinization of the mantle (e.g. Oufi et al,
2002), in-situ magnetization of the mantle (Arkani-Hamed, 1989)
or in the volcanic conduit (Ferré et al., 2013). We can also com-
pare the information gained from Curie depths to the thermal
structures, e.g., inferred by Ritzwoller et al. (2004) from seismic ve-
locities of the Pacific lithosphere.

On the cooling process of oceanic lithosphere, many mechanisms
have been proposed to explain the apparent flattening of both
heat-flow and bathymetry versus age curves of old oceanic litho-
sphere. These include small-scale convection (Parsons and McK-
enzie, 1978), radioactive heating (Forsyth, 1977), shear stress heat-
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Figure 2. Heat flow map of the Pacific in Hammer-Aitoff equal-area projection. Data points are gridded with a 1° interval. Red dots show the
locations of heat flow measurements. Thin black lines are fracture zones, coastlines and isobaths. White lines show isochrones. The thick red
dashed line labels relict spreading centers. See Figure 1 for more annotations.

ing (Schubert et al., 1976), asthenospheric flow (Phipps Morgan
and Smith, 1992), plumes (Davies, 1988), hotter and thinner litho-
sphere (Stein and Stein, 1992), and trapped heat (Huang JH and
Zhong SJ, 2005). There remain conflicting arguments on whether
seafloor flattening could still persist, if (1) hot spots and oceanic
plateaus were removed (Schroeder, 1984; Hillier and Watts, 2005;
Korenaga and Korenaga, 2008), or if (2) the bathymetry were to be
observed along mantle flow lines rather than along trajectories
normal to isochrons (Adam and Vidal, 2010). Estimated Curie-
point depths, reflecting a deep isotherm, should help answer
these questions.

In this study, we start with a brief overview of the evolutionary
stages of the Pacific, followed by a summary of our algorithm of
Curie depth estimation. We then show our Curie depth model,
which provides significant geothermal information not seen from
surface heat flow, and interpret our results with a particular focus
on seamounts and plateaus. At the end, we compare results from
the Pacific and the North Atlantic and demonstrate an apparent
large difference in their thermal structure. This paper can be con-
sidered as a companion paper of Li C-F et al. (2013), which stud-
ied thermal evolution of the North Atlantic based on Curie depths.

2. Geology of the Pacific Ocean
To facilitate subsequent discussions, here we review briefly the
geological evolution of the Pacific Ocean basin. The magnetic lin-

eations (Figure 3) and their age progressions (e.g., Miller et al.,
2008) reveal the multi-phased evolution of Pacific seafloor spread-
ing, which may have exploited pre-existing transform faults since
new phases of opening have often tended to be perpendicular to
pre-existing transform faults. The oldest seafloor of ~ 180 Ma is in
the western Pacific (Nakanishi et al., 1989; Tominaga et al., 2008).
Progressive seafloor spreading in the Ellice Basin (EB) (from ~140
to ~120 Ma) and that along the Osbourn Trough (OT) (from ~120
to ~90 Ma, Downey et al., 2007) opened new oceanic basins.
These spreading events and ridge jumps may have separated the
largest oceanic plateau, the Ontong Java-Manihiki-Hikurangi Plat-
eau (Billen and Stock, 2000; Taylor, 2006; Hoernle et al., 2010).
Around 80 Ma, a large unified spreading ridge formed, and it con-
tinued to evolve to be the present-day East Pacific Rise. To the
east of the East Pacific Rise, the evolution of oceanic lithosphere is
more eventful over the past 80 Ma; a large part of old lithosphere
has been subducted beneath the North and South American
plates, and several recent and active spreading centers have also
developed, with various Euler poles (Figures 1 and 3).

The present Euler pole of spreading along the East Pacific Rise also
varies in spreading directions, but can be roughly divided into
three groups along the strike, based on the layout of transform
faults and magnetic anomalies (Figures 1 and 3). The Pacific-Ant-
arctica spreading center, to the south of the Challenger Fracture
Zone (ChF) and the Line-Tuamoyu lIslands (LI-TM) (Figure 1), is
subparallel to the relict spreading centers of the Osbourn Trough
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Figure 3. Pacific magnetic anomalies based on EMAG2 (Maus et al., 2009). See Figure 1 for more annotations.

and in the Ellice Basin, and represents the last phase of a series of
seafloor spreading events involved with the breakup of Gond-
wanaland (Hoernle et al., 2010). Transform faults associated with
the Pacific-Antarctica spreading center are in a northwest-south-
east orientation, contrasting sharply to those large trans-Pacific
transform faults to the north, which are almost in an east-west ori-
entation (Figure 1).

The area between the Clipperton Fracture Zone (CliF) and the
Line-Tuamotu Islands-Easter Volcanic Chain (LTI-EVC) is transition-
al, showing both older northwest-southeast trending and young-
er east-west trending transform faults in the Pacific Plate. Based
on the magnetic anomalies and crustal ages, this transition oc-
curred around 20 Ma, almost coeval to the cessation of the Nazca
Ridge volcanism and the onset of the Easter volcanism, which are
estimated at about 23 Ma (Ray et al,, 2012). From the configura-
tion of magnetic anomalies (Figure 3), we did not observe a major
change in Pacific plate motion or seafloor spreading configura-
tion around 50 Ma, at the newly proposed timing of initiation of
the Hawaii-Emperor bend by Sharp and Clague (2006). It is also
worth pointing out that, based on our interpretation of magnetic
anomalies and transform faults, the so-called south Pacific super-
swell (McNutt and Fischer, 1987), a region largely between the
Marquesas Fracture Zone (MaF) and ChF, and of abnormally shal-
low bathymetry and low seismic velocities, is located in the trans-
itional zone of Euler poles; the transform faults that intersect in
this region divide into two groups of orientations (Figure 1) re-
flecting changes in spreading modes. Hillier and Watts (2005) sug-
gest that the superswell is part of a larger, continuous, and mono-

tonic depth-age subsidence trend, but not an isolated shallowing
of lithosphere.

Pacific fracture zones may have, in general, remained strong
throughout their lifetimes (Kruse et al., 1996). However, many vol-
canic island chains coincide spatially with large fracture zones or
their projected tracks, or with magnetic anomaly boundaries (Fig-
ure 1), raising the question whether volcanism might be related to
extension and leaking along fracture zones or similarly weak
zones (e.g., Sandwell et al., 1995; Smoot and King, 1997; Davis et
al., 2002; Koppers et al., 2003; Stepashko, 2006). Among them, the
LTI-EVC is the most notable feature that has developed roughly
along a long fracture zone that nearly bisects Pacific basin litho-
sphere.

The seamount ages along Pacific volcanic chains decrease mostly,
but not always, toward the spreading center, i.e, becoming
younger in the opposite directions to the plate motions (e.g., Kop-
pers et al., 1998, 2001). However, by no means does this observa-
tion indicate that these seamounts sourced from relatively fixed
mantle plumes; it may simply imply that intraplate volcanisms
tend to occur progressively toward younger and thinner oceanic
lithosphere. Intraplate seamount and plateau volcanism appear to
occur preferably in a certain time window after the lithosphere is
formed at the spreading ridge, for example in the Nazca Ridge
and the Easter Volcanic Chain (O'Connor et al., 1995; Ray et al.,
2012). Sager (1992) estimated from paleomagnetism that there
appears to be a significant fraction of seamounts with ages within
about 20 Ma of the underlying seafloor of the Pacific Plate. Most
active intraplate hot spots, not necessarily fixed (Koppers et al.,
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2001), are located either at areas of young oceanic lithosphere or
close to large fracture zones.

A second area of dense clustering of seamounts is located in the
oldest part of the Pacific Plate (Figure 1), which includes nearly all
seamounts older than 70 Ma in the western Pacific (Koppers et al.,
2003). In this area are three of the largest oceanic plateaus on the
Earth: Shatsky Rise (~140 Ma in age, Mahoney et al., 2005), On-
tong Java-Manihiki-Hikurangi (~120 Ma in age, Tarduno et al,,
1991; Timm et al.,, 2011), and Hess Rise (~100 Ma in age, Windom
et al.,, 1981). All three can be classified as on-ridge plateaus, be-
cause they formed at or near triple junction mid-ocean ridges
(Hilde et al., 1976; Vallier et al., 1981), more or less contemporan-
eously with underlying and surrounding oceanic lithosphere (Hilli-
er, 2007; Heydolph et al.,, 2014). Sedimentation records indicate
that these plateaus erupted mostly in a submarine environment
at various water depths instead of subaerially (Ito and Clift, 1998;
Kerr and Mahoney, 2007).

3. Curie Depth Estimation

3.1 Technical Considerations

The technique applied in this study does not assess the depth to
the base of the magnetic layer (taken as the Curie depth) directly
from the nonlinear inversion, because (1) the deeper Curie depths
are revealed more narrowly in very small wavenumber bands, and
therefore are more difficult to estimate, and (2) nonlinear direct
inversion is prone to being unstable (Li C-F et al., 2010). Instead,
we use a linearized least squares inversion in each 2D computa-
tional window of magnetic anomalies to capture the depths to
the centroid and top of the magnetic layer, at small and large
wavenumber bands of radially averaged amplitude (or power)
spectra, respectively. Curie depths are then computed algebraic-
ally from the centroid and top depths (Tanaka et al., 1999; Li C-F et
al., 2009, 2013). The tradeoff of estimating the depth to the
centroid and top of the magnetic layer is that shallower interfaces
can be better resolved on amplitude spectra and are therefore
easier to estimate. Our automated spectral method has been suc-
cessfully applied in many different places around the world (e.g.,
Li C-F et al.,, 2009, 2013), and has proven to be computationally
fast and stable, and gives high resolution results.

There are limitations in detecting deep Curie depth targets from
geophysical data. The mathematical model we apply is based on

infinite horizontal extension (Blakely, 1995), but in reality this is
not achievable for real data. Theoretically, magnetic anomalies
from deeper sources are more attenuated by the Earth filter, and
the result of this is that we have to deal with narrow bands of long
wavelengths. These theoretical limitations apply to all Curie depth
inversion techniques. In reality we cannot just select the very
small wavenumbers that contain centroid depth information, but
for computational stability must choose a wider band including
some larger wavenumbers. This procedure tends to underestim-
ate the true Curie depths, but this can be circumvented by choos-
ing a smaller fractal exponent 85, that gives best fitting results to
observed geological constraints. A 3D fractal magnetization mod-
el has a power spectrum of magnetization proportional to the
norm of the wavenumber raised to the power -85

I (ko Ky, k) oc kP,

in which ¢y (k. k,,k,) is the 3D power spectrum of the magnetiz-
ation, k,, k,, and k, are wavenumbers in x, y, and z directions re-

spectively, and their Euclidean norm k = \/k,” +k,> + k.’

In computing radial amplitude spectra, we apply a constant
wavenumber interval of 0.006 km-1. The centroid depths are es-
timated primarily from the spectral wavenumber range of
0.003-0.03 km~1, and the top depths to the magnetic sources are
estimated within the wavenumber range of 0.03-0.08 km-' (Fig-
ure 4). These ranges are identical to those we applied in the North
Atlantic case (Li C-F et al., 2013). In order to allow regional correla-
tion, relatively fixed wavenumber ranges are preferred over sub-
jective visual selections of wavenumber ranges.

Long-distance spatial correlation of magnetization increases the
long wavelength components in the surface magnetic anomalies
and will result in large apparent Curie depths. In general, the de-
gree of correlation, quantified by a fractal exponent 3%, defined
for the power spectrum of a 3D magnetization (Li C-F et al.,, 2013),
is not known beforehand. Normally a constant fractal exponent is
assumed for a particular region, and its value can be constrained
to some degree by examining whether the estimated Curie
depths are consistent with true geological constraints. For ex-
ample, at places with active volcanoes, the Curie point depths
should be shallow (Li C-F et al. 2009; Li C-F, 2011), and along act-
ive spreading centers Curie depths should be close to seafloor
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Figure 4. A typical example of (a) amplitude spectrum for estimating depth to the top of magnetic source Z;, and (b) wavenumber-scaled
amplitude spectrum for estimating depth to the centroid of magnetic source Zo. k, wavenumber; A, amplitude; 3%y, fractal exponent.
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depth (Li C-F et al., 2013).

In some previous studies, correlation exponents were estimated
from visual picking and varied from window to window (e.g.,
Bansal et al.,, 2011). We do not suggest visually picking variable
correlation exponents based on the calculated spectra from differ-
ent windows, because this practice is more subjective and tends
to smear out true geological information. True geological con-
straints on B4, such as from active mid-ocean ridges and volca-
noes with better known Curie depths, are always much better
than purely mathematical or other technical constraints.

We found from the theories of Blakely (1995) and Maus et al.
(1997) that, for B5,>0, wavenumber-scaled radially-averaged
amplitude spectra of magnetic anomalies always decrease in
amplitude monotonically with increasing wavenumber (Li C-F et
al., 2013). The theoretical model requires an infinite extension. If
the first one or two points in calculated wavenumber-scaled amp-
litude spectra have smaller in amplitudes at the smallest
wavenumbers than the following data points in the spectra (i.e.
there are peaks in the spectra), this is likely due to limitations in
the calculating window. The best remedy, in our experience, is not
to increase the window size, but to judge automatically if there
are peaks in the spectra and, if so, to ignore these anomalous
points at the smallest wavenumbers, because the theoretical
model says that such peaks cannot occur (Li C-F et al., 2013). Al-
ternatively, occurrence of peaks in wavenumber-scaled radially-
averaged amplitude spectra can also be used to indicate that we
may have overcorrected the spectra with a too large 5.

It should be noted that our algorithm and theory do not consider
how the magnetization is captured (Li C-F et al., 2013) and how it
evolves with time, whether changing in intensity through low
temperature alteration of the ocean crust (Bleil and Peterson,
1983), paleo-intensity variations (e.g., Gee et al., 2000), or poten-
tial progressive viscous magnetization of the lower crust and up-
per mantle (Arkani-Hamed, 1989). For the theoretical background,
technical details and caveats of estimating Curie depth from sur-
face magnetic anomalies, the readers are referred to Blakely
(1995), Maus et al. (1997), Tanaka et al. (1999), Bouligand et al.
(2009), and Li C-F et al. (2013). Although error analysis seems ap-
pealing to better quantify errors in the inversion, our judgment is
that so many factors can affect the final result that error analysis
based on a single or just a few factors, such as errors in the linear
regression, would be meaningless.

3.2 Curie Depth Estimation in the Pacific

Our inversion is based on the Earth Magnetic Anomaly Grid of 2-
arc-minute resolution (EMAG2, http://geomag.org/) (Figure 3)
(Maus et al., 2009), which is compiled from satellite, ship, and air-
borne magnetic measurements, and is a significant update of a
previous 3-minute candidate grid for the World Digital Magnetic
Anomaly Map (EMAGS3, http://geomag.org/) (Maus et al., 2007).

In EMAG2, the altitude is 4 km above the geoid, with additional
grid and track line data included, over both land and the oceans.
Directional gridding by least squares collocation using an aniso-
tropic correlation function has been applied to improve the rep-
resentation of the oceanic magnetic lineations (Maus et al., 2009).
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This procedure may lead to smoother results than the true mag-
netic field (Maus et al., 2009), and potentially alter the spectral
content of the underlying data and thereby our estimated Curie
depths. However, Maus et al.,, (2009) noted that the anisotropy of
the true correlation function was maintained, and the anisotropy
of the oceanic field in EMAG?2 is realistic. Comparison between
EMAG2 and EMAGS3 in the North Atlantic has demonstrated that
the effect of directional gridding is minimal (Li C-F et al., 2013). In
our calculations, we have excluded areas constrained only by
satellite data and masked them in the original magnetic maps
(Figure 3).

We divide the study area (Figure 1) into 28 zones to facilitate
transformation back and forth between spherical and Cartesian
coordinates using the ellipsoidal transverse Mercator projection.
After estimating Curie depths from these zones we combine them
together for final mapping in the Hammer-Aitoff equal-area pro-
jection (Figure 5). As we have computed previously for the North
Atlantic case (Li C-F et al., 2013), our final Curie depth model (Fig-
ure 5) of the Pacific basin is built on an average of Curie depths es-
timated using two different window sizes, 100.8 kmx100.8 km
and 201.6 kmx201.6 km, and respectively two different moving
steps of 50.6 km and 67.2 km. This stacking of results from two dif-
ferent scales helps suppress random noise from using a single
window size, and at the same time increases the resolution of the
Curie depth model. In this study we computed a total of 151908
points for Curie depths, all with reference to the geoid. This large
number of estimates results from using overlapping windows and
two different window sizes.

Some previous studies argued that extremely large windows (e.g.,
~500 kmx500 km) are needed to capture large Curie depths (e.g.,
Chiozzi et al., 2005; Ravat et al., 2007). By contrast, our previous
theoretical and numerical investigations have demonstrated that
extremely large windows are not necessary (Li C-F et al.,, 2010,
2013). It is true that a larger window will give more long-
wavelength components and probably increase the stability of
the inversion, but since the inversion for the centroid depth is
done in the very small wavenumber band, the increased
wavelength from using a larger window does not contribute
much in the computation, and certainly cannot compensate the
loss in resolution due to large window averaging.

For the Pacific basin, we find that a slightly larger fractal exponent

" ,=3.5 than we applied in the North Atlantic case (Li C-F et al,,
2013) and in the global reference model (GCDM; Li C-F et al.,
2017), where (35,=3.0, is more suitable. This slight change in
fractal exponent does not lead to a very different result, but just
slightly decreases the average Curie depth. A fundamental differ-
ence between the North Atlantic and the Pacific is that the faster
spreading Pacific has, in general, wider and thereby more spa-
tially correlated magnetization and magnetic anomalies, warrant-
ing the slightly larger 85, in the Pacific. The critical reference
points for B4, are at the mid-ocean ridge, where the estimated
depths to both the top and the bottom of the magnetic layer
should be close to the water depths of the mid-ocean ridge. This
is clearly the case in North Atlantic (Li C-F et al.,, 2013). However,
for the East Pacific Rise, the Curie depths are anomalously large
near the ridge crest. This makes it difficult to select the best-fit

Li C-F et al.: Thermal structures of the Pacific lithosphere
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Figure 5. Curie depth map based on magnetic anomalies from EMAG2. The Curie depth model is built on the average of Curie depth estimates
from using two different window sizes of 100.8 kmx100.8 km and 201.6 kmx201.6 km, and a fractal exponent Bh,=35 for the spatial correlation

of 3D magnetization. See Figure 1 for more annotations.

Biy. but a larger B3 seems to be necessary to place shallower
Curie isotherm closer to the ridge crest. We choose this fractal ex-
ponent B4,=3.5 also based on the overall variation of Curie
depths with age of the entire Pacific basin.

4. Thermal Structure Inferred from Curie Depth

4.1 Oceanic Lithosphere

Proximal to active spreading centers, Curie depths are evidently
among the shallowest in the Pacific (Figure 5). To the east of the
East Pacific Rise, Curie depths are relatively small (mostly < 15 km)
due to the relatively young oceanic lithosphere and presence of
multiple active and relict spreading centers. To the west of the
East Pacific Rise, there appears a belt of shallow Curie depths
roughly along the Line-Taumotu Island Chain and its northwest-
ern extension into the area proximal to the Emperor-Hawaii
seamount chain (EH) (Figure 5). Like the Line-Taumotu Island
Chain itself, this belt of shallow Curie depths also appears to bi-
sect the Pacific Plate, with larger Curie depths to either side. The
crustal ages covered by this belt range mostly from 100 to 140 Ma
in the northwest, and this belt intercepts isochrons from 100 to 0
Ma in the southeast, in the area known as the south Pacific super-
swell.

Assuming that there is a magnetic phase in the oceanic mantle
(e.g., Oufi et al., 2002; Ferré et al., 2013), which has already been

suggested and observed in the North Atlantic (Li C-F et al.,, 2013),
the South China Sea (Li C-F et al.,, 2010), and the northern Philip-
pine Sea (Li C-F, 2011), the Curie depths points assume the Curie
temperatures (~550 °C) at the bottom of the magnetic layer. We
find that the thermal evolution of the Pacific lithosphere does not
strictly follow theoretical expectations (e.g., half-space cooling,
Carlson and Johnson, 1994), but shows thermally anomalous re-
gions that are not apparent from surface heat flows (Figure 2).
High surface heat flow correlates well with small Curie depths
near the active spreading centers, where the lithosphere is thin.
Away from the ridges, surface heat flows do not show the anomal-
ous Curie depth features. Surface heat flow measurements are
more sensitive to shallow hydrothermal perturbations and sedi-
ment variations, whereas Curie depths are more indicative of
deep lithospheric thermal structures.

To better understand the thermal evolution of the Pacific litho-
sphere, we plot Curie depth variation with crustal age (Figure 6).
While Curie depths increase with crustal age to the first order,
there is a large bump in Curie depths between ~100 and ~140 Ma,
also evident in the map (Figure 5). Furthermore, these data do not
fit the reference theoretical half-space cooling curve of the 550 °C
isotherm, which best fits the North Atlantic Curie depths for crust
younger than 40 Ma; for ages less than 15 Ma, the estimated Curie
depths are deeper than the theoretical curve, whereas for older
ages Curie points are located above the theoretical curve. Equival-
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ently, younger Pacific lithosphere near the active spreading cen-
ters appears to be cooler, whereas older lithosphere appears to be
much warmer, than the half-space cooling model predicts.

We then examine Curie depth variations with age within the three
sub-regions of Euler poles, i.e., area to the north of the Ellice Basin
and the CIiF, area to the south and southwest of the LTI-EVC, and
area in between (Figure 1). Again, very similar patterns are ob-
served, showing undulating but overall increasing Curie depth
with age, except for shallowing around 100 to 140 Ma (Figure 7).
For lithosphere younger than ~50 Ma, the area to the north of the
Ellice Basin and the CliF appears to have Curie depth variations
closer to the half-space cooling model than in other areas.

A further comparison between the Pacific and North Atlantic can
be made in the gridded heat flow. In both regions, we grid the
heat flow with the same 1° interval in both longitude and latitude.
From the plots of heat flow versus crustal age (Figure 8), we find
that, for crust younger than ~60 Ma, gridded Pacific heat flows are
significantly lower than the half-space cooling model, but the
model fits gridded North Atlantic heat flow reasonably well (Fig-
ure 8). From visual inspection of Figure 8, the turning point of heat
flow from being predominantly lower to higher than the theoret-
ical curve occurs earlier in the Pacific, at about 70 Ma, than at
about 95 Ma in North Atlantic. These observations may imply
stronger hydrothermal circulation in the Pacific than in the North
Atlantic, and are in line with the Curie depth contrast near the
ridge crest for crust younger than 5 Ma. We speculate that
stronger hydrothermal circulation in the Pacific may have per-
sisted from the youngest oceanic lithosphere to lithosphere of
~60 Ma old.

4.2 East Pacific Rise and Other Active Spreading Centers

Even though Curie depths are mostly shallower close to the ridge,
the most peculiar pattern is observed for crust younger than ~5
Ma: Curie depths increase toward the ridge axis, instead of de-
creasing. This phenomenon is clearly seen from the Curie depth
variation with age (Figures 6 and 7), and can also be observed

from the map view of the Curie depth model by carefully tracing
along the 0 Ma isochron (Figure 5). This result is surprising and at
odds with previous studies. In the North Atlantic ridge case, we
did not observe this deepening of Curie points at the mid-ocean
ridge (Li C-F et al., 2013), suggesting that the algorithm works for
mid-ocean ridge settings. This is not a resolution artifact because
this pattern persists for the entire Pacific ridge and exists within
the ~5 Ma isochrons.

We plot Curie depths within the first 15 Ma to better view their in-
crease toward the ridge crest (Figure 9). Since this pattern is
present not only on the total Curie depth plot (a), but also on indi-
vidual plots from different sub-regions (b, c and d), it is unlikely to
be a computational artifact; we suggest that it has true geological
meaning behind it. Our global survey also shows that fast and su-
perfast spreading centers exhibit Curie points of the largest and
intermediate depths, respectively (Li C-F et al., 2017). A decrease
in magnetization amplitude with age and high amplitude of axial
anomalies has been observed (Klitgord et al., 1975; Johnson and
Atwater 1977; Bleil and Peterson, 1983; Guyodo and Valet, 1999;
Gee et al,, 2000). However, our algorithm is based on wavenum-
ber only, and is totally independent of magnetization amplitude.

The chemical and mineralogical composition near the fast-spread-
ing ridge crest could be so distinct that it would require a differ-
ent Curie temperature. Superfast spreading might also cause par-
tial melting at a slightly lower temperature. Although it is difficult
to quantify these effects, it is unlikely that these effects can be so
dramatically revealed by a large Curie depth anomaly near the
ridge.

The youngest oceanic crust proximal to the ridge crest is re-
garded as having the strongest crust-scale hydrothermal circula-
tion (e.g. Hasenclever et al., 2014), because it has the highest
thermal gradient and the thinnest lithosphere. Decompressional
partial melting and the presence of a magma chamber can fur-
ther intensify upward percolation of hydrothermal fluids. These
processes could preferably cool down the lithosphere near the
ridge. By comparison, no such crest Curie depth anomaly was ob-

Li C-F et al.: Thermal structures of the Pacific lithosphere



60 Earth and Planetary Physics  doi: 10.26464/epp2018005

0

10

/\

15

20

Curie depth (km)

25

30

35

10

15 (J\'\«f\

20

Curie depth (km)

25

30

35

10

20

Curie depth (km)

25

30

35

0 20 40 60

100 120 140 160

Crustal age (Ma)
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southwest of the LTI-EVC. See Figure 6 for more annotations.

served along the slow spreading ridge in North Atlantic (Li C-F et
al., 2013). These observations seem conform with early findings
that the spreading rate is a major factor controlling ridge melting
and hydrothermal circulation (e.g., Chen TJ and Phipps Morgan,
1996). Recent work shows that a proportion of slowly spreading
oceanic crust has undergone amagmatic accreation that brings
lower crust and upper mantle to the seafloor and becomes ser-
pentinized and magnetized (Tucholke et al., 1998). This may have
certain effects on hydrothermal systematics. Certainly, within just
a few kilometers of the axis, the Curie depth must lie above the

axial melt lens. However, the spatial averaging of our technique,
based on spectra from large computational windows, is not likely
to resolve the shallow Curie depth within just a few kilometers of
the axis.

The scaling (spatial correlation) of magnetization near the fast
spreading ridge might be fundamentally different from other
parts of the oceanic crust, such that we may have under-correc-
ted it with a smaller B85;. From surface magnetic anomalies, and
equivalent magnetization (Dyment et al., 2015), we can observe
patchy, long-wavelength and large-amplitude magnetic anom-
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alies near the active spreading centers of the Pacific (Figures 3 and
10); such anomalies are nearly absent in the slow spreading North
Atlantic ridge. We believe that it is these long-wavelength anom-
alies that lead to larger calculated Curie depths near the ridge.
They are observed not only along the East Pacific Rise but also
along the Juan de Fuca Ridge and the Galapagos spreading cen-
ter between the Cocos and Nazca plates (Figure 10). These patchy
positive and negative magnetic anomalies could be related to
magmatic or hydrothermal processes unique to fast and super-
fast spreading centers. These features along the fast mid-ocean
ridge are surely not the results of fast spreading rates, otherwise
they should also be present in other parts of the Pacific, not just
limited to areas around the ridge. Their true origins need to be
better studied.

4.3 Seamounts and Oceanic Plateaus

Our Curie depth model indicates rather complex thermal struc-
tures beneath Pacific seamounts and oceanic plateaus. Major
known active hot spots (e.g., Clouard and Bonneville, 2001) are all
located where the Curie depths are anomalously shallow (Figuers
1 and 5). Furthermore, the seamount trails behind the hot spots
also show distinctly shallower Curie depths than their adjacent
areas, suggesting the presence of hot lines associated with these
hot spots. These characteristics are not observed from the surface

heat flow map (Figure 2). No obvious waning or waxing in Curie
depth variations is observed along these seamount trails, and this
is particularly true for the Emperor-Hawaii seamount chain, which
shows notably small Curie depths throughout its entire track (Fig-
ure 5). This is mysterious and against our common perception that
there could be age-progressive changes in thermal structures of
seamount trails if they are from deep mantle plumes of higher
temperatures. We suspect that late-stage thermal rejuvenation
could have been more focused along these seamount chains, as
presumably they are weak zones with deep roots. In fact, most of
these seamounts in northwestern Pacific, the oldest part of the
Pacific Plate, e.g., the Wake Seamounts (WS), are accompanied
with shallow Curie depths, likely caused by pervasive late-stage
thermal rejuvenation as well as lithospheric weakening along the
seamount chains.

Most of the major Pacific oceanic plateaus do not show notable
Curie depth anomalies, except for the Hess Rise. The Tamu Massif
in the southwest segment of the Shatsky Rise (SR) and a large part
of the Ontong-Java Plateau and Mid-Pacific Mountains show large
Curie depths. We speculate that these Mesozoic plateaus have
cooled resulting in deep Curie depths, but in places such as near
the Hess Rise they may have been thermally rejuvenated to show
small Curie depths. Further studies on the deep structures and
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thermal field are needed to better understand the mechanism of
thermal rejuvenation.

4.4 Fracture Zones

As mentioned earlier, the large fracture zone associated with the
Line-Taumotu Islands-Easter Volcanic Chain shows shallow Curie
depths, indicating a thermal anomaly. A few of others, like the
Clarion Fracture Zone (ClaF) and Clipperton Fracture Zone (CIiF),
also have shallow Curie depth anomalies, although not so obvi-
ous as those of seamount trails. We also attribute these thermal
anomalies to weakening of the lithosphere and possible thermal
perturbation along fracture zones.

5. Conclusions

In this paper, we have sought to infer the thermal structure of the
Pacific lithosphere from Curie depths estimated from magnetic
anomalies. We make the following major conclusions.

(1) Reflecting the cooling of oceanic lithosphere, Pacific Curie
depths increase on the first order with crustal age, but undulate
frequently, and show an anomalous shallowing for crustal ages
between ~100 and ~140 Ma.

(2) Abnormally large Curie depths are found along nearly the en-
tire ridge crest of the East Pacific Rise and other active spreading
centers in the Pacific (Juan de Fuca Ridge and the Galapagos
Ridge). From about the 5 Ma isochrons, Curie depths increase to-

ward the ridge crest. We find that, near the active spreading cen-
ters, uniquely developed patchy, long-wavelength and large-
amplitude magnetic anomalies have led to these calculated large
Curie depth anomalies. These anomalies are most likely caused by
magmatic or hydrothermal processes that prevail near the fast
and super-fast spreading centers in the Pacific, but not near the
slow spreading centers in the North Atlantic.

(3) All known active hot spots, most seamount trails, and some
major fracture zones are accompanied by shallow Curie depths,
suggesting that their thermal anomalies are caused either by act-
ive magmatism or late-stage thermal rejuvenation. A large zone of
shallow Curie depths along the Line-Taumotu Islands -Easter Vol-
canic Chain and its northwest extension almost bisects the Pacific.
Most Mesozoic oceanic plateaus, however, do not show notably
anomalous Curie depths.

(4) Curie depth is much more indicative of deep thermal anom-
alies than surface heat flow, which is more strongly influenced by
hydrothermal processes and sediment properties.

(5) There are many large contrasts in the thermal evolution
between the Pacific and North Atlantic. A deep Curie depth anom-
aly is observed near the fast/super-fast spreading Pacific ridge but
not along the slow spreading North Atlantic ridge. Both Curie
depth and heat flow variations with crustal age support much
stronger hydrothermal circulation occurring in Pacific basin litho-
sphere younger than ~60 Ma. Yet, at the larger lithospheric
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along the active spreading centers at different regions of the Pacific.

depths of Curie depths, our Curie depth model argues for a warm-
er Pacific lithosphere for crustal ages older than ~15 Ma, given a
slightly higher spatial correlation of magnetization in the Pacific
than in the North Atlantic.

(6) Our Curie depth model as a function of age suggests that mag-
netization and serpentinization of the upper mantle from hydro-
thermal circulation may start to occur very near the fast spread-

ing ridge. Widespread upper mantle serpentinization happens in
the entire evolutionary history of the oceanic lithosphere, as sea-
water percolates through fractures and veins into the upper
mantle.
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