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group and phase velocities to deep crustal structure. Using 
estimated values and gradients of S-wave velocities at the 
Moho, An et al.[24] constructed a crustal thickness map (termed 
AN1-CRUST) for the Antarctic continent. The AN1-CRUST 
model shows that both the GSM and the highly elevated 
East Antarctic Mountain Ranges (EAMOR or E-Amor) 
are underlain by thick crust (Figure 3). The thickest crust 
(~62 km) in Antarctica is located just beneath Dome A, at the 
center of the GSM. The Lambert Graben and the areas close 
to the Chinese Zhongshan station have thinner crust.

Gravity observations can offer reliable information 
about variations in Moho topography, as investigated 
previously in the Antarctic[16,28]. However, gravitational 
variations do not reveal the absolute crustal thickness (Moho 
depth). Using absolute Moho depths from recent seismic 
studies[21] as a priori constraints, the patterns of crustal 
thickness variations from[28] appear to be generally similar 
to those of the AN1-CRUST model. However, the absolute 
crustal thickness at the GSM is ~50 km in the gravity-based 
model, much smaller than the 62 km suggested by seismic 
studies. This disparity suggests that the topography of central 
East Antarctica results from deeper geodynamic processes, in 
addition to thicker crust.

2.2  Lithosphere and upper mantle

The lithosphere (including the crust and uppermost upper 

mantle), colloquially described as the cold and rigid outer 
shell of the Earth, is broken into rigid plates that slide 
over the ductile asthenosphere over time[29]. In general, 
lithospheric thickness correlates with age, but also depends 
on the tectonic mechanism responsible for its formation. 
Young or extending lithosphere, such as lithosphere 
overlying a suspected mantle plume[30], can be very thin. 
However, old lithosphere, or lithosphere near a continental 
collision, can be very thick. For example, the old Slave 
Craton (Canada)[31] and the Siberian Platform[32] both 
have lithospheric thicknesses of >200 km, and the young 
India–Eurasia continental collision zone (Tibetan Plateau) 
may have a comparably thick lithosphere[33-34]. Therefore, 
lithospheric thickness is an important geodynamic parameter 
for understanding tectonic history. However, because reliable 
measurements of lithospheric thickness beneath the GSM 
were unavailable before the GAMSEIS project, the uplift 
of the GSM was interpreted as the result of several different 
mechanisms, such as a mantle plume[6].

The (seismic) lithosphere in seismology, also called the 
seismic lid, lies just above the low-velocity zone. Inversion of 
regional Rayleigh waves suggests that high velocities beneath 
the GSM extend to depths of >200 km[26], indicating a thick 
lithospheric root. A continental-scale study[24] has shown that 
not only the GSM, but the entirety of East Antarctica has high 
S-wave velocities at the depths of 80–250 km; this suggests 
that the seismic lid beneath East Antarctica is thicker than in 

Figure 3  Bedrock surface, Moho, and lithosphere-asthenosphere boundary (LAB) topography. Bedrock surface data are from the 
Bedmap2 model[23], Moho data are from An et al [24], and LAB topography is from An et al.[27].
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neighboring regions. The vertical resolution in 3-D seismic 
model by surface-wave tomography is higher than that of 
body-wave (P- or S-wave) tomography, but the horizontal 
resolution is lower. Regional body-wave tomography 
shows that the highest mantle velocities are found near the 
core of the GSM[35], and adaptively parameterized P-wave 
tomography of the entire Antarctic continent suggests that 
relatively high velocities may extend to the mantle transition 
zone[36].

In geodynamics, the (thermal) lithosphere is defined as 
the thermal boundary between the conduction-cooled Earth 
surface and the convecting asthenosphere[37]. An et al.[27] 
estimated upper mantle temperatures beneath Antarctica using 
the S-wave velocity model of An et al.[24], then computed 
lithospheric thicknesses by taking the depth firstly reaching 
the 1330°C  adiabat as the base of the thermal lithosphere 
(Figure 3). Figure 3 shows that lithospheric thickness 
decreases gradually from East Antarctica (>200 km) to 
oceanic regions. Most of East Antarctica has a very thick 
lithosphere (~150–250 km), with the greatest thickness 
(~250 km) between Dome A and Dome C.

Previous studies of other continents[33] have shown 
that the lithospheric thicknesses determined by seismic and 
thermal studies are generally consistent. The above studies 
revealed a similar relationship, with seismic and thermal 
lithospheres beneath the GSM of >200 km thickness[24,26-27]. 
The thicknesses are much larger than the 80 km estimate of 
the effective elastic lithosphere beneath the GSM obtained 
from gravity and topographic data[7]. While the effective 
elastic lithospheric thickness in some continental regions may 
not correspond to the exact structure of the lithosphere, it is 
nonetheless strongly influenced by thermal state, tectonics, 
crustal composition, etc.[38].

Teleseismic shear wave splitting depends mainly on 

anisotropy in the upper mantle. Analyses of such splitting 
have shown that the direction of fast S-wave velocity is 
parallel to the general trend of the continental margin of 
central East Antarctica[39], but upper mantle anisotropy around 
the GSM is relatively homogeneous with fast velocities 
oriented along a direction perpendicular to the East Antarctic 
mountain ranges[40-41].

2.3  Surface heat flux

In Antarctica, heat transfer through the bedrock surface may 
have strong effects on ice sheet dynamics; consequently, 
measurements of heat flux are of great importance in 
glaciology. Antarctic heat flux is difficult to measure directly, 
due to the thick ice overlying the bedrock; therefore, it must 
be indirectly estimated from other observations. Maule et 
al. [42] estimated the depth of the Curie temperature isotherm 
from satellite magnetic data, but the derived heat flux mainly 
reflects variations in magnetic crustal thickness. Shapiro 
and Ritzwoller[43] derived a low-resolution surface heat flux 
model for Antarctica using seismic velocities in a global 
seismic model.

Using the boundary constraints of surface temperature 
and upper mantle temperatures estimated from the AN1-S 
model, An et al. [27] calculated the heat flux for Antarctica by 
assuming steady-state thermal conduction. Their new heat 
flux model is designated AN1-HF. The calculated heat flux in 
AN1-HF for East Antarctica is <65 mW.m–2, corresponding 
to the global continental average[44]. The lowest heat flux 
values are close to domes A, F, and C (Figure 4a), though the 
bedrock topography and ice thickness around the domes are 
quite different in each case (Figure 4c, 4d). This indicates that 
a large-scale correlation may exist between geothermal heat 
flux and ice surface topography[27].
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3  Discussion
All results from studies published before 2016 are 
summarized in the above sections. In this section, we discuss 
how these results answer the key scientific questions of the 
AGAP.

3.1  Uplift of the Gamburtsev Subglacial Mountains

Results of seismic studies conducted during the IPY 2007–
2008 showed that the striking features of the GSM are its 
high elevation, very thick crust (~60 km)[21-22], and very 
thick lithosphere (>200 km) [24,26-27]. A systematic comparison 
between seismic velocities beneath the GSM and similar 
regions elsewhere in the world suggests these are early 
Proterozoic or Archean regions, corresponding to very old 
continental lithosphere[26]. Furthermore, these features are not 
limited to the GSM, but rather they extend across the East 
Antarctic mountain ranges (EAMOR)[24]. This indicates that 
either most of the mountains of the EAMOR, including the 
GSM, formed from similar tectonic events that occurred at 
similar times, or that the mechanism resulting in the uplift 
of the GSM is also applicable to the EAMOR. The EAMOR 
runs for >1000 km from east to west, so the formation 
process could not have been a local or regional-scale event.

The thick crust and lithosphere of the GSM could not 
form from magmatism or rifting, because both mechanisms 
normally cause crustal thinning. For example, the Lambert 

Graben, close to the GSM, underlain by thin crust at 
present[4], underwent rifting in Permian[46]. Although rifting 
was previously proposed as the cause of GSM uplift[7], that 
hypothesis is incompatible with the very thick, high-velocity, 
cold lithosphere inferred beneath the region[24]. In addition, 
this idea cannot explain the uplift of the broader EAMOR 
region, which extends far from the inferred rift[24].

Very thick crust and lithosphere have been observed 
in present-day continental-scale orogens, like the Alpine–
Himalayan mountain ranges[33-34,47-49] and the Andes[19,22,50-53]. 
These orogens are accompanied by horizontal shortening at 
continental plate boundaries, corresponding to subduction or 
collision between plates. Comparison of seismic velocities 
beneath the GSM with those beneath orogens on other 
continents [24,26] suggests that the GSM in particular, and the 
EAMOR in general, could have formed from collisional 
processes. Since the present EAMOR is situated within the 
interior of Antarctica, the formation process is something 
like continental amalgamation. There have been three 
known major orogenies that caused large-scale continental 
amalgamations, forming the supercontinents of Rodinia 
at ~1.3–0.9 Ga (Grenvillian-aged orogens), Gondwana at 
600–500 Ma (Ross and Pan-African orogens), and Pangaea at 
~300 Ma, respectively. The uplift of the GSM and the 
EAMOR could have occurred during one of these major 
events.

The thickest crust and lithosphere in present continental 
orogens is generally located at or close to plate boundaries, 

Figure 4  Heat flux (a), surface topography (b), ice thickness (c), bedrock topography (d), and subglacial lakes (open purple circles) 
in Antarctica. Subglacial lake data are from Wright and Siegert[45]. Heat fluxes are from An et al.[27]; topographic and ice thickness data 
are from the Bedmap2 model[23]. In a, A = Dome A; C = Dome C; F = Dome F; EANT = East Antarctica; GSM = Gamburtsev Subglacial 
Mountains; WANT = West Antarctica; WARS = West Antarctic rift system. The region in the dashed ellipse corresponds to low heat flux 
in a and high ice surface elevations in b. In d, subglacial lakes in the regions delineated by two squares are located in areas of negative 
bedrock topography.
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rather than in the middle of plates. However, the EAMOR 
of Antarctica was located in the interior of Gondwana, far 
from the Pangaea collisional suture between the Gondwanan 
and Euramerican supercontinents[54]. In addition, the age of 
the lithosphere is much older than 300 Ma when Pangaea 
was formed, as indicated by the seismic velocity profile[26]. 
Therefore, it is unlikely that the EAMOR formed during the 
Pangaea collision. The EAMOR lies near the Grenvillian-
aged Payner Orogen, and might have formed in Grenvillian 
time; however, the present EAMOR belonged to several 
continents before the formation of Gondwana[3], and therefore 
could not have formed during the early amalgamation that 
created the Rodinia supercontinent. The marked differences 
between GSM and Grenvillian S-wave velocity structures[24] 
also suggests that the GSM were not a result of Grenvillian 
orogenesis. Consequently, the GSM most likely formed 
by orogenic tectonism associated with the assembly of 
Gondwana[24,26], which brought together two early Proterozoic 
or Archean crustal blocks. This scenario is compatible with 
geological evidences of the Pan-African tectonic event found 
close to the continental margins of East Antarctica[2,55-59].

Since the EAMOR was located close to the boundary 
between East Gondwana and the continent composed 
of West Gondwana and Indo–Antarctica before ~550–
500 Ma[3,60], the EAMOR (including the GSM) may represent 
the convergent suture of the continents during the Pan-
African Orogen at 550–500 Ma[24]. If subduction occurred 
during continental amalgamation, spatial variations in crustal 
and lithospheric thicknesses around the EAMOR, especially 
in the GSM region, would support the hypothesis that East 
Gondwana was subducted and collided by the continent 
composed of West Gondwana and Indo–Antarctica, forming 
the Gondwana supercontinent[24]. The lithosphere of the 
EAMOR suture would have been altered during the event(s), 
but the lithospheric thermal structure and apparent age away 
from the immediate suture zone remain consistent with 
Proterozoic or Archean lithosphere. After ~500 Ma, except 
for the rifting at the margin of East Antarctica (e.g., the 
Permian Lambert Graben) [46], no evidence of major tectonic 
events has been found in the East Antarctic interior[2-3], 
indicating that the EAMOR has been stable for a long time 
(≥500 Ma). Therefore, the collisional suture of EAMOR can 
be interpreted as a convergent orogeny, bringing together 
two cratonic units; most of East Antarctica around EAMOR 
consists of Precambrian craton[24].

For a stable continent, isostatic considerations predict 
a high topography for a thick crust and lithosphere, but the 
high topography will be worn away by erosion. If the thick 
crust of the GSM and EAMOR formed at 500 Ma, there 
remains the question of how the high topography could have 
been preserved for so long. Detrital apatites obtained from 
Eocene (55–33 Ma) sands in Prydz Bay, at the terminus of 
the Lambert Graben, which drained a large pre-glacial basin 
including the northern Gamburtsev Mountains, indicate that 
erosion was very slow, averaging 0.01–0.02 km∙Ma-1 over 
250 Ma[61]. Even though East Antarctica did not remain in 

cold polar regions (south to the latitude of 60˚S) prior to 
~160 Ma[62], the erosion rates of the EAMOR/GSM could 
have remained sufficiently low if the topographic high was 
large enough, its thermal and tectonic activity remained low, 
and its superficial rocks were resistant to erosion. Similarly, 
southern and central Tibet maintained low erosion rates 
of <0.03 km∙Ma-1 from 166 to 20 ka[63]. If the erosion rate 
of 0.01–0.02 km∙Ma-1 from Cox et al.[61] is assumed to be 
roughly constant since the formation of the EAMOR/GSM 
at 500 Ma, then crustal thickness would have been reduced 
by 5−10 km. If the GSM formed at 500 Ma, with a crustal 
thickness of ~70 km, similar to that of the Himalayas[47,49] 
and the Andes[19,50-51], then the current crustal thickness 
(~60 km) of the GSM is still a reasonable estimate. Thick 
crust in some ancient orogenic regions, such as the Paleozoic 
Southern Urals[64-65] and the Pre-Cambrian suture zone of 
southern Finland[66], supports this hypothesis. In summary, 
with appropriately low erosion rates, the thick crust beneath 
the EAMOR could have endured for a period as long as 
500 Ma[24,26]. 

Thus, the GAMSEIS results conclusively support the 
hypothesis that the East Antarctic mountain ranges, including 
the GSM, are cratonized collisional sutures that formed at 
~500–550 Ma in association with the amalgamation of the 
Gondwana supercontinent.

3.2  Relationship between tectonics and the ice sheet

Crustal tectonics can affect overlying glaciers via geothermal 
heat flux and the landscape of the bedrock surface, among 
other factors. Heat flux at a continental surface is controlled 
by many factors, but over larger regions is generally 
controlled by variations in heat input from the mantle.

In cold, glaciated areas like Antarctica, geothermal heat 
flux may play a major role in the formation of subglacial 
lakes[67-69]. Although real situations related to melting at glacier 
bases are necessarily complex[70], in the simplest conceptual 
model, ignoring the effects of accumulation, ablation, and 
horizontal advection, the temperature–depth relation in ice 
due to steady-state thermal conduction[71] is determined by the 
geothermal gradient[70]. Therefore, ice base melting depends 
on ice thickness, ice surface temperature, and geothermal heat 
flux. In other words, areas with a low geothermal heat flux 
and/or low surface temperatures may have thick ice.

3.2.1  Geothermal heat flux vs. glacier melting

Even though anomalously high heat flux can be found in 
limited regions with radiogenic crustal rocks[72], the measured 
values have been found to correlate with major geologic 
provinces; i.e., higher heat flux and more scattered values are 
found in active tectonic regions, while lower flux and more 
uniform values are found in old, stable areas[73-77]. The heat 
flux in AN1-HF (Figure 4a), calculated from the constraints 
of temperatures at the surface and in the uppermost mantle, 
is relatively low in cratonic East Antarctica, especially in the 
GSM, which is consistent with previous results from other 
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continents[74,76]. However, no obvious correlation is observed 
between the distributions of heat flux and subglacial lakes 
in East Antarctica (Figure 4a). This discrepancy could arise 
because of the lateral resolution limit of the heat flux model, 
relative to the detection threshold of locally distributed 
radiogenic crustal rocks[72]. The lateral resolution limit of 
heat flux in the AN1-HF model is ~100 km[27], which cannot 
detect geothermal anomalies on local scales (e.g., from a 
fault). However, this indicates that geothermal heat flux plays 
a secondary role in distributed glacier basal melting.

3.2.2  Bedrock landscape vs. glacier melting

The topography of the bedrock surface can influence 
basal melting of glaciers. Most of the subglacial lakes in 
Antarctica are obviously located in regions of negative 
bedrock topography, especially in the regions marked by 
squares in Figure 4d. This is easily understood: in completely 
glaciated areas, ice that covers a negative landscape (valley) 
is thicker than that which covers a positive landscape (ridge). 
Therefore, the ice base of a valley is more likely to be melted 
than that of a ridge. Furthermore, bedrock topography can 

control glacial and melt water flow, while glacial sliding 
can increase the basal temperature and thus intensify basal 
melting[70]. In summary, the distribution of subglacial lakes 
should be strongly related to the negative local topography of 
bedrock surfaces in Antarctica.

3.2.3  Geothermal heat flux and ice thickness/surface 
height

Although the geothermal heat flux in AN1-HF has no 
obvious correlation with subglacial lakes, it does exhibit a 
good correlation with ice surface topography. For example, 
the heat flux estimates at high-elevation domes A, C, and F 
(Figure 4a, 4b) are all very low. This indicates the existence 
of a correlation between geothermal heat flux and ice surface 
topography on a large scale[27].

Figure 5 shows the relationship between heat flux 
estimates and ice thickness/ice surface elevation for 
Antarctica. Even though the ice surface elevation contours 
cross several different tectonic regions within Antarctica 
(Figure 4a, 4b), a negative linear correlation (q = f(h)) between 
heat flux (q) and ice surface height (h) is clearly evident in 

Figure 5  Relationship between heat flux and ice surface elevations (a, c) and ice thickness (b, d) in Antarctica. The data are adapted 
from Figure 4 by dividing Antarctica into equal-area cells with lateral extents of ~120 km, as in An et al.[24]. The datum (e.g., heat flux, ice 
thickness, or ice surface elevation) in each cell is treated as one value for calculation of the mean (filled or hollow circles) and standard 
deviation (error bar) in the figure. Each mean in a, b is for the heat flux in regions with constant ice elevation or thickness; in c, d, each 
mean corresponds to ice surfaces or thicknesses of regions with constant heat flux. The data (or cell) numbers used to calculate each mean 
are shown in Figure 6. Hollow circles contain too few data for averaging (i.e., 1 point each), and are therefore not used to calculate the 
linear regressions (lines and corresponding equations) or the mean surface height/ice thickness of each heat flux level (dashes) in c, d.
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Figure 5a. That is, areas with a high ice surface (dashes in 
Figure 4b) have low heat flux values (Figure 4a), as expected. 
A similar correlation between heat flux (q) and ice thickness 
can also be seen in Figure 5b. Since the correlations in 
Figure 5a, 5b are similar to one another, we use h to represent 
ice thickness. Since the linearity of the above correlations 
(Figure 5a, 5b) is obvious, we can predict regional geothermal 
heat flux (q) from ice surface/ice thickness (h) using the 
following empirical equation:

                         q =-3.8h + 62.6.                                   (1)

Moreover, Figure 5c, 5d suggest that the inverse 
relationship between ice surface height/ice thickness and heat 
flux (h=g(q)) might be widely distributed. Clusters of ice 
thickness/ice surface height can be observed in four heat flux 
ranges, separated by three values (40, 57, and 74 mW∙m–2). 
The ice surfaces or thicknesses within each cluster do not 
linearly correlate with heat flux, and each value has a large 
error estimate (bars in Figure 5c, 5d). However, both the mean 
values of each cluster and the plot of all values in the full heat 
flux range show a negative correlation, indicating that ice 
surface height/ice thickness is weakly dependent on heat flux. 
The correlation of h=g(q) is obviously worse than that of q 
= f(h), indicating that the relationship between ice thickness 
and geothermal heat flux is complex. Of course, many more 
important factors, including ice accumulation and ablation, 

are likely to influence ice thickness; this investigation merely 
suggests that a relationship exists.

In conclusion, melting at the ice sheet base may depend 
more on bedrock topography than on geothermal heat flux, 
while ice thickness and surface topography in Antarctica are 
related to geothermal heat flux.

4  Conclusions
Using the seismic data of the GAMSEIS experiment 
(2007–2010), crustal and upper mantle structures beneath 
the ice-covered Gamburtsev Subglacial Mountains were 
revealed for the first time. Results suggest a very thick 
crust and lithosphere beneath the GSM, corresponding to 
the topographic high of Antarctica; similar features were 
also found beneath the other mountains in East Antarctic 
mountain ranges. Using these seismic velocities to estimate 
temperatures in the upper mantle yields low estimates of heat 
flux beneath the GSM.

These and other recent seismic results improve 
our understanding of the dynamics of the GSM and the 
relationship between Antarctic tectonics and ice sheet. For 
example, the features resolved beneath the GSM support the 
hypothesis that the EAMOR and the GSM are cratonized 
collision sutures corresponding to where East Gondwana 
collided with the large continent of West Gondwana and Indo-

Figure 6  Data values (hollow or filled circles) used for statistical analysis of the corresponding subfigures in Figure 5. Hollow circles 
represent values with only one corresponding datum.
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Antarctica during the Pan-African orogeny (~550–500 Ma), 
forming the Gondwana supercontinent. Comparisons between 
heat flux, subglacial lakes, and bedrock topography show 
that melting at the ice sheet base may be more dependent on 
bedrock topography than on geothermal heat flux, while ice 
surface topography and ice thickness are related to geothermal 
heat flux. Further investigation on the relationship between 
tectonics and ice sheet of Antarctica here shows ice surface 
and ice thickness in Antarctica are inversely correlated 
with heat flux, and it appears possible to roughly predict 
geothermal heat flux from ice thickness or ice surface height 
using a linear equation.
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