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Abstract we estimate the upper mantle temperature of the Antarctic Plate based on the thermoelastic
properties of mantle minerals and S velocities using a new 3-D shear velocity model, AN1-S. Crustal
temperatures and surface heat fluxes are then calculated from the upper mantle temperature assuming
steady state thermal conduction. The temperature at the top of the asthenosphere beneath the oceanic
region and West Antarctica is higher than the dry mantle solidus, indicating the presence of melt. From
the temperature values, we generate depth maps of the lithosphere-asthenosphere boundary and the
Curie temperature isotherm. The maps show that East Antarctica has a thick lithosphere similar to that of
other stable cratons, with the thickest lithosphere (~250 km) between Domes A and C. The thin crust
and lithosphere beneath West Antarctica are similar to those of modern subduction-related rift systems in
East Asia. A cold region beneath the Antarctic Peninsula is similar in spatial extent to that of a flat-subducted
slab beneath the southern Andes, indicating a possible remnant of the Phoenix Plate, which was subducted
prior to 10 Ma. The oceanic lithosphere generally thickens with increasing age, and the age-thickness
correlation depends on the spreading rate of the ridge that formed the lithosphere. Significant flattening of
the age-thickness curves is not observed for the mature oceanic lithosphere of the Antarctic Plate.

1. Introduction

The architecture of the Antarctic Plate (Figure 1) is unique in that it is bordered by six other plates and is
almost entirely surrounded by mid-ocean spreading ridges that formed as a result of the breakup of
Gondwana in the Late Mesozoic [Torsvik et al., 2010]. Consequently, knowledge of the crustal and upper
mantle thermal structure of the Antarctic Plate is essential for understanding the mechanisms responsible
for the breakup of Gondwana and the dynamics of global plate motions since the Late Mesozoic [Sutherland,
2008; Torsvik et al., 2008].

For most continents, the lithospheric thermal structure is inferred from measurements of surface heat
flux, which depends on the geology of the lithosphere and mantle heat flux, and partly controls ice sheet
dynamics [Siegert and Dowdeswell, 1996; Fahnestock et al., 2001; Pollard et al., 2005; Llubes et al., 2006].
However, the crustal geology and heat flux of Antarctica are difficult to measure due to widespread ice
cover. A previous estimate of Antarctic heat flux employed the depth of the Curie temperature isotherm
from satellite magnetic data [Maule et al., 2005], although this approach was limited by significant metho-
dological uncertainty and sparse data coverage. The derived heat flux reflected variations in magnetic
crustal thickness; however, the magnetic crust beneath regions where the Moho is shallower than the
Curie isotherm may have appeared thin due to a lack of magnetic mantle rocks [Frost and Shive, 1986;
Wasilewski and Mayhew, 1992].

Previous studies have shown that temperature is the dominant influence on upper mantle (and even lower
mantle) seismic velocity, with composition playing a lesser role [e.g., Jordan, 1979; Nolet and Zielhuis, 1994;
Sobolev et al., 1996; Goes et al., 2000; Schuberth et al., 2009]. Therefore, upper mantle temperatures can
be estimated from seismic velocities using a nonlinear inversion and laboratory measurements of the
density and elastic moduli of various mantle minerals at high temperatures and pressures [e.g., Goes et al.,
2000; R6hm et al., 2000; Goes and Van der Lee, 2002; Cammarano et al., 2003; Shapiro and Ritzwoller, 2004a;
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Figure 1. Topographic map of the Antarctic Plate. Data are from the ETOPO2 topography data set. All of the seismic stations and earthquakes indicated in the figure
were used to create the AN1-S model of An et al. [2015]. A=Dome A (Argus); AFR = African Plate; AlS = Amery Ice Shelf; AmH = American Highland; AUS = Australian
Plate; C=Dome C (Circe, Charlie); EAMOR = East Antarctic Mountain ranges; EANT = East Antarctica; EIL = Ellsworth Land; EnL = Enderby Land; F = Dome F (Fuji);
GSM = Gamburtsev Subglacial Mountains; MBL = Marie Byrd Land; NAZ = Nazca Plate; NeS = New Schwabenland; PAC = Pacific Plate; QML = Queen Maud Land;

rlS = Ronne Ice Shelf; RIS = Ross Ice Shelf; SAM = South American Plate; SCO = Scotia Plate; TAM = Transantarctic Mountains; WANT = West Antarctica; and
WARS = West Antarctic rift system. Red circles are proposed hotspots at Foundation [Ito and van Keken, 2007], St. Paul Island [Mdiller et al., 1993], and elsewhere
[Courtillot et al., 2003]. Hotspot abbreviations: Bal = Balleny; Bou = Bouvet; Mar = Marion; and STP = St. Paul-Amsterdam. Volcanoes were identified using the
Global Volcanism Program of the Smithsonian Institution [Siebert and Simkin, 2002].

An and Shi, 2006]. Shapiro and Ritzwoller [2004b] derived a low-resolution surface heat flux across Antarctica
using seismic velocities from a global seismic model.

Following the Fourth International Polar Year (2007-2008), seismographs were deployed across Antarctica
as part of the Gamburtsev Antarctic Mountains Seismic Experiment (GAMSEIS) of the Antarctica’s
Gamburtsev Province project and the Antarctic Network (ANET) of the Polar Earth Observing Network project.
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These instruments have greatly improved station coverage across the entire continent and continue to provide
important data for the Antarctic Plate. An et al. [2015] used fundamental-mode Rayleigh-wave group
velocities from earthquake waveforms, and from Green'’s functions derived from ambient noise cross
correlation between stations, to derive a new 3-D shear wave velocity model (AN1-S) for the Antarctic
lithosphere based on single-step surface-wave tomography. That study used data from ~122 broadband
seismic stations in Antarctica and surrounding regions, including all GAMSEIS stations and 12 backbone
ANET stations, thereby greatly increasing the resolution and spatial coverage compared with continental-scale
models prior to 2007.

The primary aim of this study is to extract petrologic or geodynamical information (e.g., temperature and
lithospheric thickness) from seismic velocity data. Using the 3-D seismic velocity model AN1-S, we calculate
upper mantle temperatures based on the thermoelastic properties of mantle minerals and then estimate
crustal temperatures assuming steady state thermal conduction. From this temperature model, we deter-
mine the depths to the base of the lithosphere and to the Curie temperature isotherm and surface heat flux
across Antarctica.

2. Methods

2.1. Conversion From S Velocity to Temperature in the Upper Mantle

We inverted for upper mantle temperature at depths of >50km or 10 km below the Moho [An et al., 2015]
based on the thermoelastic properties of mantle minerals from seismic velocities in the AN1-S model,
following An and Shi [2006, 2007]. The converted temperature model is AN1-Ts. The method employed
here has its origin in the method proposed by Goes et al. [2000]. Both anharmonic and anelastic effects
[Minster and Anderson, 1981; de Jonge et al., 1994] are considered in the forward procedure. In contrast with
Goes et al. [20001, An and Shi [2007] considered iron content in addition to temperature and pressure effects
in the forward calculation and used a direct grid search in the nonlinear temperature inversion. Priestley
and McKenzie [2006, 2013] presented an alternative method for converting S velocity to temperature. For
the sake of comparison, we also estimated temperatures using their method, i.e., using equations (3) and
(5) in Priestley and McKenzie [2006] but with a grid search inversion. The results using their methods are
similar to the temperatures calculated by An and Shi [2006, 2007] at the top of the seismic low-velocity
zone (LVZ), but a difference of >200°C is observed at other depths. The supporting information in a later
publication [Priestley and McKenzie, 2013] shows that the converted temperature can be too low at depths
of <150 km beneath old continents or too high beneath young oceanic lithosphere. In contrast, the method
proposed by An and Shi [2006, 2007] when applied to the same S velocities in Priestley and McKenzie [2013] does
not suffer these limitations. Accordingly, we only discuss the results obtained using the method developed by
An and Shi [2006, 20071].

The presence of melt and fluid (e.g., water) lowers the seismic velocity of a rock body [Hirth and Kohlstedt,
1996; Karato and Jung, 1998; Goes et al., 2000]; however, we lack a model that shows the distribution of melt
and fluid in the upper mantle beneath the Antarctic Plate. Therefore, we were unable to consider the effects
of melt and fluid on the conversion from velocity to temperature; however, we know that the presence of
fluid in the mantle may yield overestimated temperatures. Thus, the estimated mantle temperature in this
study should be taken as the upper bound, and if the converted temperatures for the upper mantle seem
unreasonably high, a possible explanation might be the existence of melt or fluid.

The present study focuses on the Antarctic Plate, which comprises a range of tectonic elements including
cratons, rifts, and oceans that each has a distinct upper mantle composition [Dick et al., 1984; McDonough
and Rudnick, 1998]. It would be reasonable to consider 3-D compositional heterogeneities in the tempera-
ture conversion, as done in forward calculations by Fullea et al. [2009]; however, the effect of composition
generally yields velocity anomalies that are <1% in the shallow mantle, meaning the compositional effects
are difficult to resolve from seismic tomography [Goes et al., 2000; Schutt and Lesher, 2006]. A uniform
noncratonic mantle composition (olivine 68%, orthopyroxene 18%, clinopyroxene 11%, garnet 3%, and
iron content 0.1) [Dick et al., 1984; McDonough and Rudnick, 1998; Shapiro and Ritzwoller, 2004a] is used
for the entire study region. Forward calculations [An and Shi, 2006] show that cratonic and oceanic compo-
sitions can increase the estimated temperatures by 15-120°C and 5-50°C, respectively, compared with a
noncratonic composition.
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At high temperatures, anelasticity has a strong effect on seismic velocity [Karato, 1993]. A strongly temperature-
dependent anelasticity model [Berckhemer et al., 1982; Kampfmann and Berckhemer, 1985] yields temperature
estimates that are 0-180°C lower than those obtained using the model [Sobolev et al., 1996; Goes et al., 2000]
used here. In addition, uncertainties in the S velocity model result in temperature uncertainties; e.g., an S
velocity variation of 0.1 km/s can cause a 50-250°C temperature variation. The combined effects of various
factors on temperature uncertainty may be additive or subtractive, making it difficult to quantify the
uncertainty in our temperature model, which may vary from tens to several hundreds of degrees centi-
grade [Feng et al., 2010]. As in previous studies [Goes et al., 2000; An and Shi, 2006, 2007], a temperature
uncertainty of ~150°C is assumed in the present conversion.

2.2. Crustal Temperatures and Heat Flux Calculations

Because crustal thickness (<60 km) is smaller than the lateral extent of cells (~120 km) used in the tomography
of An et al. [2015], lateral thermal conduction in the crust can be ignored. Therefore, we estimate the crustal
temperatures for each cell by solving a 1-D steady state heat conduction equation with the boundary
conditions of a bedrock surface temperature of 0°C and with upper mantle temperature estimated from
seismic velocities, as discussed above. The steady state thermal conduction equation is as follows:

V-kVT = —A, (M

where A and k are heat productivity (WWm™3) and conductivity (Wm™'K™"), respectively. Steady state
thermal calculations, as done here, may be invalid if the heat flux exceeds ~90 mWm 2, and higher values
indicate melting in the crust or a weak lithospheric mantle [Jaupart and Mareschal, 2007]. Such calculations
may also be invalid due to tectonic processes such as subduction or subduction termination that have
occurred beneath the Antarctic Peninsula.

We first divide the crust of each cell equally into upper, middle, and lower crust using the crustal thickness
proposed by An et al. [2015]. Since the most common upper crustal minerals have a heat production of
~1 uWm™3 [Rudnick and Fountain, 1995; Hasterok and Chapman, 2011], the heat productivity for the upper
crust is set to 1 qu_3. The heat productivities for the middle crust, lower crust, and upper mantle are
respectively set at 0.4 [Pinet and Jaupart, 1987], 0.1, and 0.01 uWm > [Artemieva and Mooney, 2001]. We
use constant conductivities of 2.25, 2.0 [Artemieva and Mooney, 2001], and 40Wm™'K™" [Schatz and
Simmons, 1972] for the middle crust, lower crust, and upper mantle, respectively. Laboratory measurements
show that conductivity depends inversely on temperature for minerals of the crust (1.5-40Wm™'K™")
[Clauser and Huenges, 1995; Whittington et al., 2009] and upper mantle (olivine, wadsleyite, and ringwoodite)
(2—5Wm™'K™") [Schatz and Simmons, 1972; Xu et al., 2004; McKenzie et al., 2005]. This correlation indicates
that the strongest dependence on temperature occurs in the upper crust where Earth’s interior temp-
erature is lowest; therefore, upper crust conductivity (Wm~'K™") is estimated from a relationship with
temperature (T, °C) [Cermak, 1982; Artemieva and Mooney, 2001]: k=3.0/(1+0.001 7). To distinguish from
temperatures converted directly from seismic velocities (AN1-Ts), the temperatures calculated using the
steady state thermal conduction equation are labeled AN1-Tc. In calculating crustal temperatures, we also
obtained the surface heat flux in Antarctica.

The above thermal parameters are from general studies on continental minerals and are applied uniformly
across the entire plate but may be not suitable for specific tectonic regions. However, because the tempera-
tures at the bedrock surface and uppermost upper mantle are fixed, changes in the thermal parameters do
not significantly affect the results. For example, the calculated heat production may be higher than the actual
heat production of oceanic crust; however, because the oceanic crust is thin and the temperatures at the
surface and uppermost mantle are constrained, the errors in the calculated temperatures caused by uncer-
tainties in the thermal parameters are mostly <1°C.

3. Results

The lithospheric temperature model (AN1-T) of the Antarctic Plate was constructed by combining the upper
mantle temperatures (T;) of AN1-Ts converted from the S velocity model AN1-S [An et al., 2015] and the
steady state thermal conductive temperatures (T.) of AN1-Tc calculated using the boundary conditions from
AN1-Ts. The resolution lengths in the AN1-T model are therefore similar to those of AN1-S. The resolution
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length along a meridian is larger than that along a line of latitude, particularly for an oceanic region, given
that most of the observation stations are located within continental Antarctica and that the earthquakes
occur at the surrounding plate boundaries (Figure 1). The horizontal resolution length of the S velocity model
increases with depth, i.e, ~120km in the crust beneath Antarctica, ~500 km at a depth of 120 km, and
~750 km at a depth of 200 km. The vertical resolution length also increases with depth. For example, beneath
the Gamburtsev Subglacial Mountains the vertical resolution lengths are ~10km down to 60 km, ~25 km
down to 150 km, and ~50 km down to 250 km. The vertical resolution length for a discontinuity in a velocity
model should be smaller than the vertical resolution in the velocity model [An, 2012]. So the vertical reso-
lution length for the lithosphere-asthenosphere boundary (LAB) in the present case should be smaller than
25-50 km, as the LAB occurs mainly at depths of ~100—250 km.

In the temperature model AN1-T, depths refer to the distance beneath the ice surface, and thicknesses are
also measured from the ice surface. The thermal boundary layer of a convecting mantle is often referred to
as the thermal lithosphere, and it can support large stresses over a long period of time. The upper boundary
of fully convecting mantle (i.e., the shallowest depth with an adiabat of the mantle potential temperature) is
usually taken to coincide with the LAB, the base of the thermal lithosphere [Rudnick et al., 1998; Jaupart and
Mareschal, 1999; Artemieva and Mooney, 2001; An and Shi, 2006]. Here we use the shallowest position with a
temperature crossing the 1330°C adiabat as the thermal LAB position.

3.1. 3-D Thermal Models

3.1.1. Representative 1-D Profiles

Figure 2 shows three examples of 1-D S velocity and converted temperature profiles, representative of
regions beneath East Antarctica (Figure 2a), West Antarctica (Figure 2b), and oceanic parts of the Antarctic
Plate (Figure 2c).

Beneath the Gamburtsev Subglacial Mountains, which mark a cratonic suture in East Antarctica [An et al.,
2015], upper mantle temperatures (Figure 2a) increase downward and first cross the 1330°C adiabat at
a depth of ~225 km, which is considered the lithospheric base or LAB. Below this depth, the S velocities
decrease, indicating that the top of the seismic low-velocity zone (LVZ) is close to the thermal LAB. This
correspondence between the seismic and thermal LAB has been noted in a previous study of the tempera-
ture of continental lithosphere in China [An and Shi, 2006] using S velocities from Huang et al. [2003]. We
calculate a surface heat flux of 47 mWm™2 for the Gamburtsev profile.

Beneath the West Antarctic rift system (Figure 2b), the thermal LAB is at ~90-100 km depth, and the uppermost
seismic LVZ (seismic asthenosphere) is at ~100 km depth. Notably, the temperatures at depths of 100-150 km
are equal to or higher than the dry mantle solidus. Immediately below, at depths of 150-200 km, temperatures
are 100°C lower than those in the overlying thermal layer. We calculate a surface heat flux of 68 mWm ™2 for the
West Antarctica profile.

Temperatures beneath a position of the southernmost Southern Pacific Ocean (Figure 2c), which is repre-
sentative of regions underlain by thin (<10 km) oceanic crust, indicate that the LAB occurs at a depth of
~70-80 km, close to the top of the seismic LVZ. As with the West Antarctic mantle (Figure 2b), temperatures
in the oceanic profile are higher than the dry mantle solidus, indicating that a hydrous or partial melt may
exist in the asthenosphere. We calculate a surface heat flux of 58 mWm 2 for the oceanic profile (Figure 2c).
3.1.2. Representative Horizontal Slices

Temperature maps converted from seismic velocity for the upper mantle at depths of 100 and 150 km are
shown in Figure 3, and steady state conduction temperature maps for depths of 10 and 20 km are shown
in Figure 4. Because depth and S velocity are the two primary parameters in the conversion from S velocity
to temperature in the upper mantle, the anomaly patterns of seismic-thermal temperatures at a given depth
should be similar to those of S velocities [An et al., 2015] at that depth.

At 100 km depth (Figure 3a), the temperatures beneath East Antarctica are lower than the assumed mantle
adiabat of 1330°C, whereas the temperatures beneath West Antarctica and most of the oceanic regions are
close to or higher than 1330°C. Of note is the oceanic region between 20°E and 100°E, which is composed
of old crust (~100 Ma; Figure S1a in the supporting information) and includes low temperatures similar to
those beneath the neighboring continental East Antarctica. High-temperature regions occur beneath some
hotspots (e.g., the Balleny and Marion hotspots) and most volcanoes. These high-temperature anomalies
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Figure 2. Representative 1-D temperature profiles for (a) East Antarctica (EANT), (b) West Antarctica (WANT), and
(c) oceanic regions. (d) Profile locations. The age of the oceanic crust at “c” is ~60 Ma. The S velocities are the same as
those in Figure 5 of An et al. [2015]. Red solid and red dash lines are seismic-thermal temperatures from AN1-Ts with
+ 150°C uncertainties (gray area) and steady state temperatures from AN1-Tc with uncertainties (gray area), respectively.
The water-saturated (wet) and dry mantle solidi (gray thick dashes) and liquidus are from Katz et al. [2003]. The adiabat

of a potential temperature of 1330°C was calculated using a mantle adiabatic gradient of 0.45°C/km [Katsura et al., 2010].
HF is the estimated heat flux.
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Figure 3. Seismic-thermal temperature (AN1-Ts) maps at depths of (a) 100 km and (b) 150 km. Blue dashes indicate the isocontour of the dry mantle solidus at each

depth. Symbols are as in Figure 1.
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Figure 4. Conductive temperature (AN1-Tc) maps at depths of (a) 10 km and (b) 20 km. Symbols are as in Figure 1.
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Figure 5. Representative vertical temperature transects. The mantle temperature (right-hand color scale) was converted from the seismic velocity, and the crustal
temperature (left-hand color scale) was calculated from steady state thermal conduction. Transect locations are the same as those for the velocity transects in

An et al. [2015] and are shown in the inset plot, where the shaded bedrock surface is from Bedmap2 [Fretwell et al., 2013], and other surface topography is from
ETOPO2. The transects in (a—d) cross the South Pole, in (e-g) cross the GAMSEIS array, and in (h-j) are along the latitudes of 70°S, 75°S, and 80°S, respectively. The
transects are as follows: In Figure 5a A-A’ crosses the South Pole, the Gamburtsev Subglacial Mountains (GSM), and the St. Paul-Amsterdam hotspot (STP); Figure 5b
B-B' crosses West Antarctica, the South Pole, and East Antarctica; Figures 5e L-L" and 5f M-M' cross the Transantarctic Mountains (TAM) and GSM; Figure 5g N-N’
crosses Domes A and C. The black and gray shaded areas indicate exaggerated continental and oceanic topography, respectively. Open inverted triangles indicate
seismic stations used in the inversion for AN1-S. Red flags mark hotspot sites [Miiller et al., 1993; Courtillot et al., 2003; Ito and van Keken, 20071, and red-filled triangles
indicate volcanoes, the positions of which are from the Global Volcanism Program, Smithsonian Institution [Siebert and Simkin, 2002]. Thick black dashes marking
the Moho are from An et al. [2015]. Black dots are the isothermal contour for 1400°C. Red lines indicate the thermal lithospheric base or the lithosphere-asthenosphere
boundary (LAB). Red dashes with two arrows mark mid-ocean ridges. KP = Kerguelen Plateau; SP = South Pole.

extend to depths of 150km (Figure 3b) and 200 km (not shown here). The temperatures beneath some
oceanic regions and West Antarctica (Figure 3a) are so high as to be above the dry mantle solidus, indicating
that hydrous or partial melt exists in those regions at a depth of 100 km.

The distribution of anomalies at a depth of 150 km (Figure 3b) is generally similar to that at 100 km depth in
the eastern Antarctic Plate (0°-180°E). In contrast, differences between the two depths are apparent in the
oceanic region off the coast of West Antarctica (0°-180°W). In this region, which contains oceanic crust older
than 50 Ma (supporting information Figure S1a), temperatures are lower than in regions of younger oceanic
crust and even lower than in the region of the continental West Antarctic rift system. Areas with temperatures
higher than the dry mantle solidus at 150 km depth (Figure 3b) are much smaller than those at 100 km depth
(Figure 3a). Two areas in East Antarctica (Figure 3b) have temperatures lower than 1200°C, indicating deep
lithospheric roots. A low-temperature region exists beneath the Antarctic Peninsula at 150km depth.
Higher temperatures at shallower depths in this region preclude a thick lithosphere but may indicate a stalled
subducted slab (see section 4.3).

At depths of 10 and 20 km (Figure 4), continental Antarctica is entirely crustal; however, over most of the
oceanic regions these depths coincide with the base of the crust or the upper mantle. An et al. [2015] reported
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Figure 5. (continued)

large lateral variations in velocity beneath the Antarctic region (e.g., low beneath East Antarctica, high
beneath oceanic regions); however, temperature variations between continental and oceanic regions are
relatively small. High temperatures occur beneath ridges and at some hotspots at 10 and 20 km depth
(e.g., the Balleny and St. Paul-Amsterdam hotspots), as well as beneath most volcanoes at 20 km depth.
The West Antarctic rift system is hotter than surrounding regions at 20 km depth.

3.1.3. Representative Vertical Transects

Relatively low temperatures at depths of >150 km beneath some ridges (e.g., Figures 5a and 5b) may be an
artifact. The ridges are boundaries of the Antarctic Plate with neighboring plates, but most the neighboring
plates are not covered by our surface wave observations [An et al., 2015, Figure 3]. Therefore, the upper
mantle S velocities in AN1-S beneath those plates are mostly close to those in the 1-D global reference model,
IASPEI91 [Kennett and Engdahl, 1991], which is used in the inversion for AN1-S. However, the real upper mantle S
velocities beneath a ridge can be lower than those in IASPEI91. Furthermore, few surface wave dispersion
measurements at periods of >150s across ridges (suppporting information Figure S2b) were used in the
inversion for the AN1-S model, indicating that the velocities at depths of approximately >150 km beneath
ridges result mainly from lateral smearing from neighboring regions and plates.

At depths of 100-200 km, adiabatic temperatures of 1370—1420°C are associated with a mantle potential
temperature of ~1330°C; consequently, the 1400°C isotherm (marked in Figure 5) is located near the
thermal LAB, especially beneath East Antarctica where the lithosphere can be >100 km thick (Figure 2a).
The depth of the 1400°C contour varies in different tectonic units. For example, from the South Pole to
the St. Paul-Amsterdam hotspot (A-A’, Figure 5a), the contour gradually shallows from its deepest point
(~150-200 km) beneath the Gamburtsev Subglacial Mountains to its shallowest point (~65 km) beneath
the St. Paul-Amsterdam hotspot.

Since the thickness of oceanic lithosphere increases with age (supporting information Figure S1a), we expect
the isothermal contour to deepen beneath oceanic regions. This occurs between the St. Paul-Amsterdam
hotspot and the Kerguelen Plateau along transect A-A’ (Figure 5a), within 800 km of the ridge close to
“B" or within 500 km of the ridge close to “B” along transect B-B' (Figure 5b), close to “C" and the
mid-Atlantic ridge along transect C-C' (Figure 5c), and close to “L" and the Pacific-Antarctic ridge along
transect L-L' (Figure 5e). However, the 1400°C contour does not deepen with increasing crustal age close
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to the Chile ridge (“A” in Figure 5a), in the Antarctic plate close to the American-Antarctic ridge (transect C-C',
Figure 5c), close to the Australian-Antarctic ridge (D-D', Figure 5d), and between the African-Antarctic ridge
(also called the Southwest Indian ridge; close to “L” and East Antarctica (L-L', Figure 5e). In these regions,
isotherms for temperatures of <1400°C may vary laterally with crustal age, e.g., in the Antarctic Plate close
to the American-Antarctic ridge (Figure 5¢) and close to “A” in Figure 5a.

The 1400°C contour beneath West Antarctica (A-A', Figure 5a), especially beneath volcanoes, is shallow (~80 km)
and similar to the contours beneath oceanic regions. A prominent high-temperature anomaly occurs as
shallow as ~90 km beneath the West Antarctic rift system, and the margin of the anomaly is very sharp just
beneath the Transantarctic Mountains (B-B’, Figure 5b). The high-temperature anomaly beneath West
Antarctica is isolated from the oceanic region by a cold segment along the continental margin and old
oceanic lithosphere (Figure 5a). Temperature anomalies beneath the Transantarctic Mountains are similar
to those beneath volcanoes and the West Antarctic rift system (Figures 5b and 5e) and likely represent a
remnant of past thermal activity in this region.

A high-temperature layer at ~100 km depth separates two cold upper mantle layers beneath the Antarctic
Peninsula (D-D’, Figure 5d). The deeper cold layer is also observed at 150 km depth on the temperature map
(Figure 3b). This layer is unlikely to be lithospheric, as ~150 km is generally too thick for young lithosphere.
More likely, the upper boundary (at ~80 km depth) of the hot layer is the base of the lithosphere, which is
similar to analogous young lithosphere in the North China basin [An and Shi, 2006; An et al., 2009] and West
Antarctica (Figure 2b).

The 1400°C isotherms beneath most of the volcanoes (e.g., Figures 53, 5¢, and 5e) and the St. Paul-Amsterdam
hotspot have narrow bell-shaped trends with the peak just beneath the volcano, indicating that the magmas
are derived from the asthenosphere and that the lithosphere thickens sharply away from the volcanoes. The
1400°C isotherm is shallow (~60 km) beneath the volcanoes and hotspots (e.g., the intraoceanic Balleny
hotspot, Figure 5¢; the St. Paul-Amsterdam hotspot in A-A’, Figure 5a), even shallower than beneath oceanic
ridges, which implies that the asthenosphere beneath hotspots or volcanoes is more destructive (i.e,, hotter)
than beneath a ridge and therefore has a greater influence on the overlying lithosphere.

The lateral variations in isotherms beneath hotspots and mid-ocean ridges seem counterintuitive, as the
lithosphere beneath oceanic ridges is unexpectedly thick. This result may reflect the lower resolution of
our model in oceanic regions; however, the resolving power of the dispersion measurements at periods of
<100s (supporting information Figure S2a) is better than at longer periods in oceanic regions, and the
structure of oceanic lithosphere is effectively resolved because its thickness is generally <100 km. For example,
close to the St. Paul-Amsterdam hotspot (Figure 5a), our model shows a thin lithosphere and sharp variations in
thickness with crustal age, indicating that the model resolves upper mantle features in an oceanic region and
can define lithosphere thickness-age relationships.

3.2. LAB Topography

The LAB depth (Figure 5) beneath the Antarctic Plate is calculated from AN1-Ts. Along transect A-A’ (Figure 5a)
the thickness of the lithosphere decreases gradually from East Antarctica (>200 km), across the Kerguelen Large
Igneous Province, the oceanic floor, and the mid-oceanic ridge to the St. Paul-Amsterdam hotspot (~40 km). The
resultant LAB model beneath Antarctica is called AN1-LAB (Figure 6).

At LAB depths, a temperature increase (or decrease) of 150°C, which is the uncertainty in calculated temperatures,
results in a decrease (or increase) of ~15—30km for the estimated depth of the LAB (Figure 2), defining the
vertical uncertainty in AN1-LAB. Considering that Rayleigh waves at periods of 100 and 150 have high sensi-
tivity at ~100 and ~150 km depth, respectively, the resolution maps of 100 and 150 s (supporting information
Figures S2a and S2b) are considered the lower bound in the lateral resolution of AN1-LAB.

Most of the lithosphere of East Antarctica, which is the oldest in Antarctica, is very thick (~150-250 km,
Figure 6), with the greatest thickness (~250 km) between Domes A and C (Figures 5g and 6). The LAB in
West Antarctica and oceanic regions (Figure 6) is ~60-110 km deep; however, beneath old (~100 Ma) oceanic
regions in the eastern Antarctic Plate, the LAB is ~140 km deep. West Antarctica has a young (< ~110 Ma)
continental lithosphere that is thinner than the old (>100Ma) oceanic lithosphere that surrounds East
Antarctica. The lithosphere beneath volcanoes and hotspots (supporting information Figure S3) is very thin
(~60 km). The LAB appears to be deep beneath the Antarctic Peninsula (Figure 6), where the lithosphere
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Figure 6. Topographic map of the Antarctic Plate LAB. The LAB base is defined as the shallowest position with a temperature
crossing the 1330°C adiabat. Other symbols are as in Figure 1.

may be not so thick. A high-temperature layer at ~100 km depth (D-D’; Figure 5d) separates two cold upper
mantle layers beneath the peninsula. The deep LAB in Figure 6 is based on the lower cold layer, which may
represent subducted lithosphere (see section 4.3).

3.3. Curie Temperature Isotherm Map

The Curie temperature depth provides valuable information for assessing the geothermal potential, geo-
dynamic evolution, and thermal conductivities of a region [Rajaram, 2007], as well as for interpreting mag-
netic anomalies. Aeromagnetic measurements can constrain Curie isotherm depths, but there is limited
coverage in Antarctica [Maule et al., 2005]. Using the steady state temperatures in AN1-Tc, we generated
a Curie temperature depth map (Figure 7) with full coverage of the Antarctic Plate, assuming a Curie tem-
perature of 580°C. All temperatures in AN1-Tc to a depth of 50 km are calculated from crustal information
and from upper mantle temperatures (AN1-Ts) at 50-95 km depth. The upper mantle temperatures are
derived from the S velocities (AN1-S) at 50-95 km depth, which are inverted from Rayleigh waves. Considering
that Rayleigh waves at a period of 100s include average S velocity information down to ~100 km, the
resolution maps at 100 s (supporting information Figure S2a) are considered the lower bound of resolution
for the Curie isotherm.

Beneath Antarctica, Curie temperature isotherms are mostly at depths of 10-40 km (Figure 7). For oceanic
regions, Curie isotherms are consistent with crustal ages (supporting information Figure S1a). For example,
the Curie temperature depth in both the western and eastern Antarctic areas with an oceanic crustal
age of >50Ma is mostly >25 km, and the depth in younger areas is <25 km. The Curie isotherm beneath
the old cratonic East Antarctica region is >25 km deep, compared with <25 km beneath West Antarctica.
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Curie-isotherm depth (km)

Figure 7. Map of the Curie temperature (580°C isotherm) depth of the Antarctic Plate. Symbols are as in Figure 1.

The Curie temperature depth is shallowest beneath hot spots such as the St. Paul-Amsterdam and
Balleny hotspots.

3.4. Surface Heat Flux

Heat fluxes in oceanic regions have been well studied for geothermal assessments, although the resolution of
our model is low in oceanic regions. Therefore, we only introduce heat flux results for continental Antarctica
(Figure 8). Similar to Curie isotherms, the resolution maps at 100s (supporting information Figure S2a) are
considered the lower resolution bounds of heat flux results. Maule et al. [2005] proposed a heat flux model
(supporting information Figure S4b) covering continental Antarctica by assuming a temperature of 0°C at
the bedrock surface and a temperature of 580°C at either the magnetic crustal base (from sparse aeromagnetic
measurements) or the seismic crustal base from an old global-scale seismic model of 3SMAC [Nataf and
Richard, 1996]. There are clear differences between the two models (supporting information Figure S4);
e.g., a prominent anomaly from the Ross Ice Shelf (RIS) to the Ronne Ice Shelf (rIS) [Maule et al., 2005] was
not observed in our model.

In our results, the heat flux in East Antarctica is <65 mWm ™2, which is the continental average [Pollack et al.,

1993], and the lowest heat fluxes are located close to Domes A, F, and C (Figure 8), where high ice sheet
topography may depend on the low-geothermal heat flux. The heat flux in West Antarctica generally is
higher than the continental average (65 mWm~2). High heat flux also occurs along the boundary between
the West Antarctic rift system and the Transantarctic Mountains.

An extraordinarily high-geothermal heat flux of ~240 mWm ™2 was directly measured in an ice core on the

West Antarctic Ice Sheet Divide [Clow et al., 2012]. This flux cannot be resolved by our model because our
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Figure 8. Map of heat flow in Antarctica. Symbols are as in Figure 1.

steady state thermal calculation is only valid if the heat flux is < ~90 mMWm ™2, and the spatial extent of the
high-flux anomaly may be smaller than the resolution of our model.

4, Discussion

4.1. Existence of Fluids in the Asthenosphere

The lithosphere is considered decoupled from the weaker asthenosphere, but the mechanism that underlies
the decrease in material strength at the lithosphere-asthenosphere boundary remains debated [Green et al.,
2010; Karato, 2012]. The top of the asthenosphere has been defined by the onset of partial melting [Anderson
and Sammis, 1970; Anderson and Spetzler, 1970; Lambert and Wyllie, 1970], but the existence of melting is a
topic of controversy [e.g., Priestley and McKenzie, 2006]. Magnetotelluric studies indicate a high-electrical con-
ductivity in the seismic LVZ, which may indicate hydrous/partial melt in the asthenosphere [e.g., Presnall et al.,
1972; Drury, 1978; Evans et al., 2005; Ni et al., 2011; Naif et al., 2013]. In terms of seismology, a sharp negative
velocity contrast at the LAB below the Pacific Plate, measured by high-frequency SS precursors, indicates the
presence of melt at the top of the asthenosphere [Schmerr, 2012]. Low S velocities in the LVZ may also signal
the presence of melt, but the amount of melt that does not completely wet grain boundaries (<0.1%) [e.g.,
Hirschmann, 2010] is so small that it would lead to very small reductions in seismic wave velocities [Karato,
2012]. The joint analysis of attenuation and seismic velocities may help to identify melt in the asthenosphere
[Yang and Forsyth, 2008].

In our model, temperatures in the LVZ are equal to or higher than the dry solidus (Figures 2 and 3), thereby
providing strong evidence for partial melting. Given that the relationships used to derive the temperatures
do not consider the effect of melt, the high temperatures may overestimate the actual mantle temperature,
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which also implies the existence of melts. Overall, the high temperatures below the LAB in our model are
consistent with the existence of partial melt and support the idea that thermal weakening plays an important
role in the movement of tectonic plates over the asthenosphere.

4.2. Relationship Between Thermal Structure and Tectonics

The lithosphere generally cools with time because of the release of heat by conduction, resulting in thicken-
ing of the lithosphere. Conductive cooling and thickening of continental lithosphere is a slow process. For
example, if 250 km thick Precambrian lithosphere formed by the cooling of 100 km thick lithosphere at
>550 Ma, then the thickening rate for that lithosphere is <30km/100 Myr. This estimate is an upper bound
because lithosphere older than 550 Ma is seldom thicker than 250 km. The slow cooling enables high-
temperature anomalies beneath a rift region to be detected for >10 Myr after tectonic activity has ceased.

The thick crustal belt of the East Antarctic Mountain ranges (EAMOR) likely formed when East Gondwana was
overthrust onto a continent composed of Indo-Antarctica and West Gondwana at ~500-550 Ma [An et al.,
2015]. In this case, the lithosphere beneath East Antarctica should be much older than the mountain ranges
(i.e., the lithosphere should be >550 Ma). Heeszel et al. [2013] compared the phase velocity curves for East
Antarctica with those in other tectonic belts and found the closest correspondence to early Proterozoic
and Archean cratons. The thickest lithosphere (~250km) of Antarctica is not located in but adjacent to
regions with the thickest crust (e.g., the Gamburtsev Subglacial Mountains), which would mean that the thick
lithosphere close to EAMOR appears to be the result of lithospheric doubling [An et al., 2015], as reported for
the Tibetan Plateau [An and Shi, 2006; Feng et al., 2010]. In summary, the lithosphere of East Antarctica
became thickened over a long period of cooling, and near EAMOR it thickened by lithospheric doubling
during continent-continent collision.

The West Antarctic rift system underwent extension through much of the Cenozoic [e.g., Granot et al., 2010],
and the resulting thermal anomaly still persists in the asthenosphere. Most of West Antarctica also has a thin
lithosphere (~90 km), similar to that of present-day rifts (e.g. the North China basin [An and Shi, 2006; An
et al., 2009]). Although no active volcanism is observed near the Transantarctic Mountains (inset in Figure 5),
the mantle thermal anomalies beneath the Transantarctic Mountains (B-B' and 8-8' in Figure 5) are similar to
those beneath active Antarctic volcanoes and beneath the West Antarctic rift system (A-A"and L-L"in Figure 5).

The term “hot spot” is commonly applied to any long-lived volcanic center that is not part of the global
network of mid-ocean ridges and island arcs; however, the term is used rather loosely, and there is little
agreement on the total number of hot spots worldwide [Schubert et al., 2001]. For example, the Amsterdam
and St. Paul Islands hotspot [Anderson and Schramm, 2005] is not associated with a large igneous province,
and therefore, it has been excluded from some recent lists of hotspots [Courtillot et al., 2003; McNutt and
Caress, 2009]. Our temperature model provides insight into the Antarctic Plate hotspots (e.g., the Balleny,
Marion, and St. Paul-Amsterdam hotspots). High-temperature anomalies beneath these hotspots extend
from shallow depths (<100 km) to the lowest well-resolved depths (~250 km) and likely originate from at
least 300 km depth.

Heat flux may play a major role in the formation of subglacial lakes [Siegert and Dowdeswell, 1996; Siegert,
2000; Pollard et al., 2005]; however, we did not find a direct relationship (supporting information Figure S4)
between heat flux and the number of subglacial lakes [Siegert, 2000; Siegert et al., 2005; Wright and Siegert,
2012], probably due to the strong effect of ice thickness and topography on lake formation. On the other
hand, the heat flux at topographic highs of the ice surface (e.g., Domes A, C, and F) is very low, and a correlation
between geothermal heat flux and ice sheet topography may exist on a large scale.

4.3. Remnants of an Ancient Subduction System in West Antarctica

4.3.1. Arc and Back Arc of a Mesozoic Subduction System

Beneath the West Antarctic rift system, the temperatures at 100-150 km depth (Figure 2b) are equal to or
higher than the dry mantle solidus, indicating the occurrence of partial melting, whereas at 150-200 km
depth the temperatures are 100°C lower than the overlying material.

No previous study has imaged a slab in the mantle beneath West Antarctica [Hansen et al., 2014], but an
oceanic subduction zone existed in this region prior to ~50 Ma, along the continental borders close to
Marie Byrd Land, Ellsworth Land, and the Antarctic Peninsula [McCarron and Larter, 1998; Larter et al., 2002;
Siddoway, 2008; Torsvik et al., 2008] (supporting information Figure S5). The submarine bedrock of West
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Figure 9. Comparison of the subduction systems of (a) Mesozoic West Antarctica and (b) present-day East Asia. NCB = North
China rift basin; TAM = Transantarctic Mountains; and WARS = West Antarctic rift system.

Antarctica could have been a back-arc basin associated with this subduction zone along the paleo-Pacific
coast of Gondwana [Sutherland, 2008; Faure and Mensing, 2010 and references therein]. Since New Zealand
rifted from Marie Byrd Land at ~83 Ma, tectonism in Antarctica has generally been limited to extension and
volcanism in the West Antarctic rift system. Given the slow conductive cooling/heating (as introduced
above) and weak tectonic activity [Winberry and Anandakrishnan, 2003; Reading, 2007; LeMasurier, 2008]
in West Antarctica during the Cenozoic, the end-Mesozoic topography of West Antarctica is likely to have
been similar to that of today, except for the presence of a subduction zone trench (Figure 9a).

In an oceanic subduction system, the downgoing lithosphere becomes dehydrated, and the water expelled is
concentrated at depths of 100-150 km, i.e., the top of the asthenosphere [Finn et al., 2005]. The anomalously
high temperatures beneath the West Antarctic rift system at 100-150 km depth (Figure 2b) may be the
result of past subduction, and the relatively low temperature layer at 150-200 km depth or the cold bodies
at 100-200 km depth west of the West Antarctic rift system (Figures 5a and 5b) may be the >50 Ma remnant of
the cold, subducted slab.

Topographic and tectonic features (subduction-basin-mountain) in the West Antarctic rift-Transantarctic
Mountains system (Figure 9a) are similar to those of the present-day Pacific subduction-North China basin-
Taihang Mountains system (Figure 9b). Like the Mesozoic West Antarctic basin, the North China basin is a rift,
and the thickness of crust [An et al.,, 2015] and lithosphere (this study) beneath the West Antarctic rift system
is similar to that of the North China basin [Jia and Zhang, 2005; An and Shi, 2006; An et al., 2009]. Furthermore,
the distance from the Transantarctic Mountains to the Mesozoic subduction zone was ~2000 km [Siddoway,
2008], which is similar to the distance between the Taihang Mountains and the Pacific subduction zone.
These similarities suggest that the geodynamical processes in East Asia may be a modern analog for
Mesozoic West Antarctica. For example, a vertical throw of >5km across the Cenozoic piedmont fault zone
separates the Taihang Mountains and the North China basin [Xu et al., 2001]. Similarly, the ~4 km topographic
difference between bedrock of the Transantarctic Mountains and the West Antarctic rift system may have
resulted from continuous subsidence during and following subduction.

A large horizontal temperature difference in the upper mantle beneath thick and thin lithosphere favors
edge-driven convection [King and Anderson, 1995, 1998; King, 2011]. Beneath Antarctica, a large horizontal
temperature discrepancy at 100-200 km depth (Figures 5a and 5b) underneath the thick East Antarctic litho-
sphere and the thin West Antarctic lithosphere indicates that edge-driven convection can occur beneath the
West Antarctic rift system (supporting information Figure S6). The convection can also result in a thermal
anomaly beneath the West Antarctic rift system and a sharp shift in upper mantle temperatures beneath
the Transantarctic Mountains following the cessation of subduction. In summary, a dynamic edge-driven
convection process may have reinforced the thermal anomaly (Figures 5a and 5b) beneath the West Antarctic
rift system and Transantarctic Mountains as observed in temperature images.
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Figure 10. Temperatures beneath the Antarctic Peninsula: (a) at a depth of 150 km, and (b) in cross section. Two dashed
squares in Figure 10a mark crustal displacement with convergence between oceanic lithosphere and the Antarctic
Peninsula. Age-labeled color lines indicate the location [from Eagles et al., 2009] of the reconstructed oceanic ridge at
each time point. Other symbols in Figure 10a are as in Figure 1. The location of the section Y-Y' in Figure 10b is marked in
Figure 10a. In Figure 10b, upper mantle temperature is the temperature anomaly (“delta temperature”) relative to the adiabat
of mantle potential temperature. The two gray dashed lines, which follow the geometry of the Peruvian flat slab at ~5°S
[Hayes et al., 2012], represent the upper and lower boundaries of a stalled slab beneath the Antarctic Peninsula.

4.3.2. Fossil Slab Beneath the Antarctic Peninsula
The Phoenix Plate was subducted under the Antarctic Peninsula for 100 Myr, and the last stage of that
subduction system prior to 3 Ma (Figure 10a) was restricted to the northern tip of the peninsula [Larter
and Barker, 1991; Birkenmajer, 1994; Livermore et al., 2000; Eagles et al., 2009; Vérard et al., 2012]. Previous
studies have shown that surface wave measurements are able to detect a stalled slab several million years
after the end of subduction [e.g., Wang et al., 2013].
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A low-temperature region exists beneath the Antarctic Peninsula at a depth of 150 km (Figures 3 and 10a).
In Transect D-D' (Figure 5d), a high-temperature layer at ~100 km depth beneath the Antarctic Peninsula
separates two cold upper mantle layers. If the lower cold layer is considered part of the lithosphere, the
resultant lithosphere thickness (~150 km) is too thick for young continental lithosphere. On the other hand,
if the high temperatures at 100 km depth mark the asthenosphere, then the Antarctic Peninsula lithosphere is
~80 km thick, and the deep cold upper mantle layer at 150 km depth could be the fossil subducted slab of the
Phoenix Plate (Figure 10a).

The Phoenix Plate moved slowly relative to the Antarctic Plate, at ~24-75km/Myr over the past 20 Myr
[Breitsprecher and Thorkelson, 2009] and finally became extinct at ~3.3 Ma [Fretzdorff et al., 2004]. The correlation
between slab dip and the absolute motion of the overriding plate, as given in Lallemand et al. [2005], indicates
that subduction of the Phoenix Plate was nearly flat beneath the Antarctic Peninsula. The cold region beneath
the Antarctic Peninsula (Y-Y', Figure 10b) is at similar depths and has a similar lateral extent as the flat slab
beneath the Andes, supporting the idea that it is a remnant of the Phoenix slab. The cold anomaly related to
the stalled slab persists beneath the Antarctic Peninsula to at least 200 km depth (Figure 10b). The slab segment
close to “Y" in Figure 10 could mark the position of the subduction trench at ~50 Ma, indicating that subduction
of the slab segment within the area marked by the dashed square in the figure began no later than ~50 Ma and
may have ceased by ~10 Ma. The horizontal extent of the slab is ~800 km (Figure 10), indicating an average
convergence rate of ~20 km/Myr between 10 and ~50 Ma.

The cold body, or fossil slab, beneath the Antarctic Peninsula (Figure 10b) is disconnected from the shallow
oceanic lithosphere beneath the western Antarctic Peninsula. Detachment of a sinking oceanic slab from the
overriding plate indicates that subduction ceased because the “pull” from the older edge of the oceanic slab
was no longer a driving force [Burkett and Billen, 2009]. The gap between the stalled slab and overriding plate
may be a slab window associated with final subduction of the Phoenix spreading ridge, like those beneath
southern South America [Forsythe et al., 1986; Breitsprecher and Thorkelson, 2009]. If the cold body is the
stalled slab, then the hot material (Figure 10b) just above the cold body should contain large amounts of fluid
(mainly water) released from the subducted oceanic slab upon dehydration.

4.4. Is the Rate of Cooling of Oceanic Lithosphere Dependent on the Ridge Spreading Rate?

The cooling of oceanic lithosphere as it spreads away from a mid-ocean ridge results in thickening and
subsidence of the lithosphere [Davis and Lister, 1974; Parsons and Sclater, 1977; Schroeder, 1984], and a linear
relationship (H ~t"/?) has been proposed between the thickness of the oceanic lithosphere (H, represented
by the isotherm depth of a base-lithosphere temperature) and the age of ocean crust (t) [Davis and Lister,
1974; Stein and Stein, 1992; Doin and Fleitout, 1996; McKenzie et al., 2005], where the crustal age is <70 Ma.
However, for oceanic crust older than ~70—90 Ma, the relationship between crustal age, thickness, and heat
flow breaks down [Parsons and Sclater, 1977; Schroeder, 1984; Crosby et al., 2006]. Surface wave tomography
[Ritzwoller et al., 2004] has shown that isovelocity contours of the lithospheric upper mantle of the Pacific
Plate flatten for crustal ages of >70-100 Ma, although such a flattening was not detected by Maggi et al. [2006].

Our model has lower resolution in oceanic regions compared with the continental parts of the Antarctica Plate.
The model does, however, show lateral variations in upper mantle temperatures beneath young oceanic
regions, e.g., close to the St. Paul-Amsterdam hotspot and the Australian-Antarctic ridge (or Southeast Indian
ridge) (A-A’, Figure 5a). Therefore, our model allows us to define the relationship between lithosphere thickness
and age in the Antarctic Plate. Except for crustal ages of ~50-70 Ma and > ~130 Ma, the thickening of young
Antarctic oceanic lithosphere (Figure 11a) shows a nearly linear relationship with age that differs from the rela-
tionships seen in LAB depth curves based on the GDH1 [Stein and Stein, 1992] and half-space cooling models.

The thermal structure of oceanic lithosphere is normally assumed to be only a function of age, independent
of spreading rate. However, the processes of formation of oceanic crust are found to be dependent on the
spreading rate, especially at ultraslow (<20 mm/yr) spreading ridges [Dick et al., 2003; Lizarralde et al., 2004;
Rubin and Sinton, 2007; Standish et al., 2008; Li et al., 2015], suggesting that the lithosphere thickness-age rela-
tionship may also be dependent on spreading rate. Supporting information Figure S7 shows that oceanic
lithosphere created at ridges with a spreading rate of <25 mm/yr is generally thick (>70km), even for young
(<30 Ma) lithosphere. The lithosphere created at ridges with a rate slower than 30 mm/yr does not thicken as
the age increases up to 70 Ma, indicating a flat base for oceanic lithosphere created at ultraslow spreading

AN ET AL.

TEMPERATURE AND LAB BENEATH ANTARCTICA 8736



@AG U Journal of Geophysical Research: Solid Earth

10.1002/2015JB011917

(a) ) 50 1%

e,

Elev. (km)
I

Sl

15
] H++++++H++++++H++++++HH rit * H

| Sl Hy T

FSR (mmiyr)

T

‘ b . % o TG % 0 0o

bbattTT fo I et c é*-: b b L | et T

fo ) :*HH*“HH\“}H””H“!f;i'H~l-""{r{~y'}‘*'}‘EEEE R fH“““**H*****++++++++++Hm++mfggi
§n—HH{*‘*’*‘J'H{H+++"+H++++++++4{’””"*" E Bk HH FATMHHHT {«,uHT Tt

Depth (km)

Depth (km)

100

Depth (km)
Depth (km)

Depth (km)
Depth (km)

LAB Depth (km)

Longltude 0° ~ 360" ]

LAB Depth (k)
LAB Depth (km)

| Spreading rate: <30 mm, - Spreading rate: 230 mm,

Crustal age (Ma)

] Longitude: 0° ~ 360° Longitude: <60° or >90°
1 0 100 150 ] EY

Crustal age (Ma) Crustal age (Ma)

Figure 11. In each column, from top to bottom: average oceanic seafloor elevation, heat flux (HF), full spreading rate, deep temperature/S velocity, and LAB depth as a
function of oceanic crustal age for (a) all oceanic crust, (b) crust created at slow ridges, and (c) all crust except that in Figure 11b and in the Kerguelen Plateau region
(“D" in supporting information Figure S1a). Red circles represent the information of an equal-area cell in the oceanic region, and blue circles are mean values in 4 Myr bins,
with error bars of one standard deviation about each mean value. Crustal age and spreading rate data are the same as in Figure S1, and lithospheric thicknesses are

from Figure 6. Purple dashes represent the LAB determined from temperatures predicted by the GDH1 model, and the purple line is from temperatures predicted by the

half-space cooling model, for which thermal diffusivity of the half spaceis 1 x 10

~%m2 s~ The LAB definition for the curves is the same as for Figure 6, but different from

Stein and Stein [1992]. The black line in Figure 11c and its regression equation represent the linear relationship between thickness and crustal age at <55 Ma.

ridges (Figures 11b and S8a in the supporting information). In terms of the average LAB-age relationship, the
thickening rate (0.18 km/Myr, supporting information Figure S8a) is slower for lithosphere created at ridges
with rates of 30-70 mm/yr compared with ridges with rates of >70 mm/yr (0.37 km/Myr, supporting informa-
tion Figure S8c). In addition, the zero-age thickness of lithosphere that forms at fast-spreading ridges is thinner
than that of lithosphere created at slower ridges (supporting information Figures $8a-S8c). Notably, the rate of
lithosphere thickening increases during ~120-130 Ma, when the average spreading rate quickly increases; just
after that time, the rate of lithosphere thickening distinctly decrease at ~130 Ma, when the average spreading
rate suddenly decrease (Figure 11a). In summary, the cooling or thermal structure of oceanic lithosphere
beneath the Antarctic Plate is dependent on the spreading rate of the ridge at which the lithosphere
was produced. The oceanic lithosphere of the Antarctic Plate was created at several mid-oceanic ridges,
indicating that the relationship between cooling and spreading rate shown here may be global in nature.
Flattening (thickening rate decreased) of the Pacific lithosphere occurs when the spreading rate decreased
between ~100 and ~70 Ma, indicating that cooling of the Pacific lithosphere was dependent on the spreading
rate (supporting information Figure S9).

The sharp thickness variation at crustal ages of 50-70 Ma (Figure 11a) is similar to that found in the Pacific
Plate where there is a sudden change in the rate of increasing lithosphere thickness [Ritzwoller et al., 2004];
however, our results show a sharp fluctuation rather than an inflection in the flattened profile for the
lithospheric base. A strong shift at ~50-70 Ma is also observed in the Kerguelen Large Igneous Province
(supporting information Figure S10d and text), suggesting that the average plate variation reflects the local
variation in the Kerguelen Large Igneous Province.

If we discard regions associated with the Kerguelen Plateau and those generated at ultraslow (<30 mm/yr)
spreading centers, the average LAB-age relationship (Figure 11c) is linear for young lithosphere of the
Antarctic Plate. The thickening rate of mature (> ~65 Ma) lithosphere is higher than that of young lithosphere
(~0.15 km/Myr), even though mature oceanic lithosphere has typically experienced more tectonothermal
events over a longer period of time. Our mean LAB curve for mature lithosphere lies between GDH1 and
half-space cooling model curves, which are considered the upper and lower bounds of our model.
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Of note, the LAB predicted by the GDH1 model (Figures 11a and 11c) is similar to the ~1000°C isotherm in our
model, where the crust is <50 Ma. This indicates that our temperature model is consistent with the prediction
of temperature variation by heat flow observations, but not with the LAB (e.g., GDH1 model). Furthermore,
variability of the ~1000°C isotherm (Figure 11a) is generally similar to that of the surface elevation of crust
of all ages, which indicates that seafloor topography, in addition to deep thermal structures, may also be
related to the spreading rate of the ridge.

5. Conclusions

Using S velocities in the 3-D seismic model AN1-S, we calculated upper mantle temperatures of the Antarctic
Plate on the basis of the thermoelastic properties of mantle minerals. Crustal temperatures and surface heat
fluxes were calculated from upper mantle temperatures under the assumption of steady state thermal
conduction. Our results give temperatures higher than the dry mantle solidus beneath the seismic LAB for
some regions of the Antarctic Plate, indicating the presence of partial melt in the asthenosphere. Therefore,
our results support the idea that thermal weakening of the asthenosphere plays an important role in the
movement of tectonic plates.

Maps of the lithosphere-asthenosphere boundary depth and the Curie temperature isotherm were
constructed from our calculated temperatures. The results indicate that the depth of the LAB for the
Antarctic Plate is ~60-110 km beneath West Antarctica and oceanic regions, and ~150-250 km beneath
East Antarctica, and that the thickest lithosphere (~250 km) is beneath Domes A and C in East Antarctica.
The lithosphere beneath volcanoes and hotspots is very thin (~60 km).

Subduction occurred along the boundaries of West Antarctica until the early Cenozoic. If we superimpose
a subduction zone on present-day West Antarctica, the topographic and tectonic features (subduction-
basin-mountain) of the West Antarctic rift system-Transantarctic Mountains system are similar to those
of the present-day Pacific subduction-North China basin-Taihang Mountains system. The similarities
between the two tectonic systems indicate that geodynamical processes involved in the formation of
West Antarctica may have been similar to those currently observed in East Asia. Our model points to the
presence of a cold body beneath the Antarctic Peninsula, which is possibly a remnant subducted slab of
the Phoenix Plate.

Oceanic lithosphere generally thickens as crustal age increases, and the rate of lithosphere thickening may be
related to the spreading rate of the oceanic ridge where the lithosphere was generated. Large variability in
age-thickness relationships occurs in the oceanic Kerguelen Large Igneous Province, possibly due to strong
tectonothermal effects since the oceanic crust was formed. If we ignore the regions close to the Kerguelen
Large Igneous Province and the St. Paul-Amsterdam hotspot, the age-thickness curve follows a nearly linear
relationship for young lithosphere, but it follows a different linear relationship (without flattening) for mature
oceanic lithosphere of the Antarctic Plate.
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