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ABSTRACT
The Transantarctic Mountains (TAMs), Antarctica, exhibit anomalous uplift and volca-

nism and have been associated with regions of thermally perturbed upper mantle that may 
or may not be connected to lower mantle processes. To determine if the anomalous upper 
mantle beneath the TAMs connects to the lower mantle, we interrogate the mantle transition 
zone (MTZ) structure under the TAMs and adjacent parts of East Antarctica using 12,500+ 
detections of P-to-S conversions from the 410 and 660 km discontinuities. Our results show 
distinct zones of thinner-than-global-average MTZ (∼205–225 km, ∼10%–18% thinner) 
beneath the central TAMs and southern Victoria Land, revealing throughgoing convective 
thermal anomalies (i.e., mantle plumes) that connect prominent upper and lower mantle 
low-velocity regions. This suggests that the thermally perturbed upper mantle beneath the 
TAMs and Ross Island may have a lower mantle origin, which could influence patterns of 
volcanism and TAMs uplift.

INTRODUCTION
One outstanding question about the tectonic 

evolution of Antarctica is the origin of thermally 
perturbed upper mantle along the western geo-
graphic margin of the West Antarctic Rift Sys-
tem and its influence on Cenozoic volcanism 
within the Transantarctic Mountains (TAMs). 
Mantle plumes have commonly been invoked to 
explain volcanism in the Victoria Land segment 
of the TAMs (LeMasurier and Landis, 1996), 
though alternate mechanisms have also been 
proposed (Rocchi et al., 2002). Furthermore, 
while seismic tomography indicates low veloc-
ities in both the upper and mid-lower mantle 
(e.g., French and Romanowicz, 2015; White-
Gaynor et al., 2019), limited resolution of the 
mantle transition zone (MTZ) leaves open the 
possibility that upper and lower mantle anoma-
lies are connected. As a result, the origin of the 

volcanism and underlying thermally perturbed 
upper mantle along the TAMs is still debated.

Further, elucidating the origin of thermally 
perturbed upper mantle is important for under-
standing uplift of the TAMs, which exhibit a 
spatially variable and episodic history of uplift 
during the Cretaceous and the Cenozoic (e.g., 
Wilson, 1995; Fitzgerald, 2002). Multiple mech-
anisms have been proposed to explain the TAMs 
uplift (e.g., Stern and ten Brink, 1989; Wanna-
maker et al., 2017; Shen, et al., 2018), with some 
possibilities invoking flexure due to lithospheric 
heating (e.g., Brenn et al., 2017, and references 
therein) and dynamic uplift due to mantle con-
vection (Faccenna et al., 2008). A mantle plume, 
if present, might contribute to lithospheric heat-
ing or dynamic uplift mechanisms.

One of the best ways to probe for a connec-
tion between thermal anomalies in the upper 

and lower mantle is to interrogate the struc-
ture of the MTZ. Prior MTZ P-wave receiver 
function (PRF) analysis found no evidence for 
thinning beneath Ross Island and concluded 
that only upper mantle processes were active 
(Reusch et al., 2008). However, more data are 
now available (∼450% more), spanning much 
of the TAMs and East Antarctica; we use this 
full ensemble of data to search for connections 
between the upper and lower mantle.

DATA AND METHODS
Data were collected from several broadband 

seismic deployments and long-term stations in 
Antarctica (Fig. 1; Appendix S1 in the Supple-
mental Material1). The PRF processing steps are 
identical to those of Emry et al. (2015); how-
ever, because longer-period filters provide bet-
ter detection of MTZ Ps converted phases at 
the 410, 520, and 660 km discontinuities, we 
limit analysis to one Gaussian filter of width 
0.5 (≤0.24 Hz). We also correct for three-dimen-
sional (3-D) seismic velocity variations in this 
analysis.

The PRFs were stacked using the method of 
Owens et al. (2000); each stack was  bootstrap 
resampled 200 times, and 95% confidence 
bounds were created from the resampled 
PRFs. Peaks near 410 and 660 km (disconti-
nuities hereafter referred to as 410′ and 660′, 
respectively) with a lower confidence bound 
above zero amplitude were interpreted as MTZ 
discontinuities, and the resampled stack peaks 

1Supplemental Material. Additional information about methods and results (Appendices S1 and S2, Figures S1–S8, and Datasets S1 and S2). Please visit  
https://doi .org/10.1130/GEOL.26213S.12218282 to access the supplemental material, and contact editing@geosociety.org with any questions.
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were used to find depth uncertainties (Fig. 2; 
Appendix S1).

Following initial individual station (i.e., 
“single-station”) stacking, higher-resolution 

common conversion point (CCP) stacks were 
created, assuming a one-dimensional velocity 
model (ak135; Kennett et al., 1995), where Ps 
conversions from multiple stations overlapped 
(Fig. 1). The CCP bin radius was 2° in East Ant-
arctica, 1.5° in the central TAMs, and initially 
1.0° in Victoria Land, with additional 1.25° 
stacks calculated for the southern Victoria Land 
(SVL) region. Subsequently, where MTZ thin-
ning was found, we migrated the CCP stacks 
using three different P- and S-wave tomography 
models (Simmons et al., 2010; Brenn et al., 2017; 
Lloyd et al., 2019; Appendices S1 and S2).

RESULTS
Our results provide new higher-resolution 

estimates of MTZ thickness in East Antarctica, 
Victoria Land, and the central TAMs (Fig. 2). 
Initial results from single-station stacking and 
subsequent CCP stacks migrated with the ak135 
velocity model (Kennett et al., 1995) show an 
MTZ thickness of ∼190–240 km (±∼15 km) 
in several central TAMs and SVL stacks (Data 
Set S1 in the Supplemental Material). When 
we incorporate depth uncertainties, a statisti-

cal  measurement based on the variation of the 
stacked PRFs, our most conservative estimates 
for the thickness of the MTZ are still <225 km for 
∼12% of the central TAMs and ∼11% of the SVL 
stacks. This robustly suggests a hotter-than-aver-
age MTZ, assuming that an average dry, pyrolitic 
Earth would have a ∼250-km-thick MTZ (Bina 
and Hellfrich, 1994). Furthermore, depending on 
which 3-D tomographic model is used to migrate 
the PRFs, 12%–15% of the central TAMs stacks 
and 3%–8% of the SVL stacks still indicate that 
the most conservative MTZ thickness estimates 
are <225 km (Data Set S1; Fig. S1).

In addition to MTZ thickness, we observe 
a depression of both the 410′ and 660′ in the 
western Ross Sea stacks (longitude >160°E), 
regardless of whether a thinned MTZ was identi-
fied. This apparent downward shift indicates that 
the upper mantle Vp/Vs ratio in the tomographic 
models may not represent the true anomalies 
(Emry et al., 2015; Appendix S1) and suggests 
that MTZ thickness is a more robust indicator 
of mantle temperature. We also observe that the 
SVL anomaly (Fig. 2, region C) overlaps with an 
area previously studied by Reusch et al. (2008), 

Figure 2. (A) Mantle transi-
tion zone (MTZ) thickness 
using ak135 model (Ken-
nett et al., 1995). Isolated 
seismic stations show 
MTZ thickness from 
single-station stacks. 
Common conversion point 
(CCP) stacks in East Ant-
arctica (longitude <135°E) 
have 2.0° bin radius; in 
central Transantarctic 
Mountains (TAMs) (south 
of 79°S), bin radius is 1.5°; 
and in Victoria Land (north 
of 79°S), bin radius is 1.0°. 
Black triangles show 
seismic stations. Black 
dots show Ps conversion 
locations at 660 km depth. 
Regions of prominent 
MTZ thinning are labeled 
B and C. (B) Comparison 
between P-wave receiver 
function (PRF) CCP stacks 
for region B (82°S, 160°E, 
central TAMs), migrated 
with velocity models 
described in legend; here, 
CCP stacks have 1.5° 
bin radii. (C) Same as B, 
except showing PRF CCP 
stacks for region C (79°S, 
165°E, beneath southern 
Victoria Land). In B and 
C, gray shading shows 
stack uncertainty for one-
dimensional (1-D) model. 
Peak depths and depth 
uncertainty (2σ) are shown 
by squares and horizontal, 
dashed lines with colors 
that correspond to legend. 
3-D—three dimensional.
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Figure 1. Antarctic seismic stations (black tri-
angles) used in this study, and Ps conversion 
points at 660 km depth (cyan dots) based on 
ak135 one-dimensional global velocity model 
(Kennett et al., 1995).
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who found no MTZ thinning using ∼20% of our 
PRFs; however, many of their stacks showed 
complex 410′ and 660′ peaks, which we also 
find on the edges of our anomalous regions. 
This complexity simplifies near the center of our 
anomalies, suggesting a localized anomaly; we 
expect that our expanded data set has improved 
our resolution (Appendix S1).

DISCUSSION
MTZ Thermal Structure

Our results provide evidence for MTZ 
thinning beneath the central TAMs and SVL. 
Although hydration or other compositional 
effects may thicken the MTZ (e.g., Weidner 
and Wang, 2000; Bina, 2003), heat is the only 
clear cause of MTZ thinning (Bina and Hell-
frich, 1994). As in Emry et al. (2015), we use 
deviations from global average MTZ thickness 
(i.e., 250 km; Bina and Hellfrich, 1994) to esti-
mate anomalous temperature, incorporating our 
depth uncertainties and a range of 660′ Clap-
eyron slopes (see Data Set S2, and references 
therein). Corresponding predicted excess tem-
perature beneath SVL and the central TAMs is 
100–500 K and 100–600 K, respectively.

Beneath SVL, some tomographic mod-
els indicate slower-than-average velocities at 
MTZ depths (∼400–700 km; e.g., French and 
Romanowicz, 2015), though recent results 
(Lloyd et al., 2019) suggest only a moderate 
velocity decrease (∼1%). At first glance, this 
seems to contradict our findings. However, 
studies of temperature effects on elastic param-
eters suggest that at increasing depth, tempera-
ture variations produce smaller changes than 
at shallower depths. For example, a 100 K 
anomaly at the top of the MTZ only produces a 
0.3%–0.7% change in seismic velocity (Karato, 
2011; Núñez-Valdez et al., 2013). Our lower-end 
temperature estimates are ∼100–200 K; if we 
assume these temperature derivatives, our esti-
mates do not contradict models showing ∼1% 
velocity decreases in the MTZ. Additionally, 
velocity anomaly amplitudes in tomography 
are commonly under-recovered due to regular-
ization-imposed bias and should be considered 
as a lower bound on a localized, true velocity 
anomaly (e.g., Rawlinson and Spakman, 2016).

In the central TAMs, we similarly note pro-
nounced MTZ thinning, but we also observe 
more prominent negative peaks above the MTZ, 
similar to prior results from Marie Byrd Land in 
West Antarctica (Emry et al., 2015). Negative 
peaks above the 410′ have been attributed to 
a 410-km-depth low-velocity layer (410-LVL; 
e.g., Emry et al., 2015; Fig. S2), and recent 
tomography also images a nearby region of low 
velocities at 500 km (Lloyd et al., 2019). The 
410-LVL is thought to be either a composition-
ally distinct or a partial-melt layer produced by 
current or prior MTZ hydration (Bercovici and 
Karato, 2003; Saki et al., 2019). While MTZ 

hydration or compositional  variations would 
lower seismic velocity, if substantial, they would 
also thicken the MTZ (Weidner and Wang, 2000; 
Bina, 2003). Together, these observations sug-
gest that a hotter-than-average MTZ exists 
beneath the central TAMs, but that past and pres-
ent MTZ hydration might also be a factor. Such 
considerations may help to reconcile apparent 
discrepancies between MTZ thicknesses and 
seismic anomalies throughout Antarctica (e.g., 

Hansen et al., 2014; Emry et al., 2015; Lloyd 
et al., 2019).

Mantle Dynamics beneath the TAMs
The patterns of MTZ thinning indicate hotter 

temperatures beneath portions of the TAMs. As 
described above, clear topography is imaged on 
both the 410′ and the 660′, though both are also 
depressed beneath the western Ross Sea (Fig. 3; 
Data Set S1). Because of the overall apparent 
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Figure 3. (A) P-wave receiver functions (PRFs) (black traces) plotted in cross-section for 
southern Victoria Land (SVL) and central Transantarctic Mountains (TAMs), Antarctica. White 
dashed lines show robust PRF peaks (above uncertainty). GyPSuM Vs model (Simmons et al., 
2010) is plotted in background along 165°E longitude. Thin black horizontal lines mark depths 
of 410 and 660 km, where mantle transition zone boundaries would be located if mantle struc-
ture were equal to global average. Box (dashed purple lines) indicates region magnified in B. 
(B) Magnified region stretching from central TAMs (Miller Range) to SVL (Mount Erebus). Plot 
is same as in A, except PRFs migrated with GyPSuM (cyan lines; Simmons et al. 2010), Brenn 
et al. (2017; magenta lines), and ANT-20 (yellow lines; Lloyd et al., 2019) models are also plot-
ted, along with their 410′ and 660′ peak depths.
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depression of both, likely due to residual tomo-
graphic uncertainty, it is less reliable to interpret 
absolute peak depths than MTZ thickness (e.g., 
Bina, 2003). An edge-driven convection (EDC) 
model could feasibly perturb the MTZ thickness 
and the 410′, but not the 660′ (Kaislaniemi and 
van Hunen, 2014). To assess whether this could 
also explain our findings, we compare the loca-
tions of thinned MTZ with the edge of thick East 
Antarctic lithosphere (Lloyd et al., 2019). We 
find that the depressed 410′ and thinned MTZ 
is closer (<200 km) to the edge of the East Ant-
arctic lithosphere than is predicted by an EDC 
model (Fig. S4).

Therefore, given that many tomographic 
models image low velocities (∼1%–2% less 
than ak135; Kennett et  al., 1995) at 800–
1000 km depth beneath the TAMs (Figs. S5–
S8; e.g., French and Romanowicz, 2015) and 
that regional models image low velocities 
in the upper mantle of the western Ross Sea 
(e.g., Lloyd et al., 2019), a more consistent 
explanation for the MTZ anomaly is a thermal 
upwelling from the lower mantle (Fig. S4). 
The SVL MTZ anomaly is located beneath the 
active volcanoes of the Erebus Volcanic Prov-
ince (Kyle, 1990). Although disagreement exists 
as to whether the high μ (HIMU) signatures in 
the Erebus Volcanic Province come from lower 
mantle material or from metasomatized litho-
spheric melts (Panter et al., 2018, and references 
therein), our results showing a hot MTZ beneath 
SVL best fits with a lower mantle contribution, 
which agrees with the geochemical evolution 
of Erebus lavas over the last few million years 
(Phillips et al., 2018).

In contrast to the SVL MTZ, the central 
TAMs anomaly underlies a volcanic gap that 
stretches from Ross Island to Mount Early 
(LeMasurier, 1990). This area is located near 
a recent TAMs-crossing magnetotelluric study 
(Wannamaker et al., 2017), which identified 
thick resistive lithosphere beneath the TAMs 
and conductive material in the upper mantle 
beneath the Ross Sea. In this case, for the central 
TAMs anomaly to have an influence on volca-
nism, it may require that the proposed upwelling 
flow around a thick, central TAMs lithosphere, 
as proposed for other continents (Emry et al., 
2019), toward adjacent regions of thinned lith-
osphere. This interpretation appears plausible 
given shear-wave splitting results (Accardo 
et al., 2014) that suggest variable flow direc-
tions beneath the central TAMs.

The SVL and central TAMs anomalies 
are laterally separated by ∼600 km, and the 
 anomalies’ proximity to each other suggests 
that the localized upwellings could be sourced 
from a common, ponded, lower mantle plume 
(e.g., Civiero et al., 2015; Fig. S4). Further 
away from the TAMs front, several distinct 
low-velocity anomalies were recently imaged 
in the upper mantle of the Ross Sea (White-

Gaynor et  al., 2019). While it is possible 
that additional MTZ anomalies could exist 
beneath the Ross Sea, our data cannot resolve 
this region.

Uplift of the TAMs
Thermal plumes could promote uplift along 

the TAMs, either by providing heat to the litho-
sphere (e.g., Brenn et al., 2017) or by invok-
ing flow that produces dynamic uplift (e.g., 
Faccenna et al., 2008). While a narrow mantle 
plume upwelling might contribute to dynamic 
uplift, we expect that the effect would be minor, 
unlike the effects predicted by earlier, large-
scale models for the northern TAMs (Faccenna 
et al., 2008). Furthermore, lateral flow, as may 
exist beneath the central TAMs (e.g., Acca-
rdo et al., 2014), might further diminish any 
dynamic uplift contribution.

Rather, our MTZ anomalies may have a 
stronger influence on lithospheric heating. 
Prior models of a narrow, thermal plume sce-
nario suggested localized heating beneath Marie 
Byrd Land (Seroussi et al., 2017); similarly, 
lithospheric heating could occur locally above 
our upwellings. However, we also expect that 
any low-viscosity thermal upwelling could be 
diverted by a thick central TAMs lithosphere 
(Wannamaker et al., 2017) or spread laterally 
along thinner lithosphere (Emry et al., 2019); 
therefore, we suggest that the thermal influence 
of a localized upwelling might have a geographi-
cally larger influence on lithospheric heating and 
uplift than on dynamic uplift. However, future 
3-D geodynamical models of the region might 
further elucidate this matter.

CONCLUSIONS
We utilized a greatly expanded seismic data 

set in East Antarctica and the TAMs to search 
for indications of thinner (hotter)–than–aver-
age MTZ structure associated with mantle 
plumes. Our results show strong evidence for 
localized MTZ thinning beneath SVL and the 
central TAMs. We propose that these anomalies 
are due to MTZ-crossing thermal plumes, and 
we expect such plumes to contribute to patterns 
of Ross Island volcanism and TAMs uplift by 
transporting hot material into the upper mantle.
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