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Mt. Melbourne is a late Cenozoic intraplate volcano located ∼30 km northeast of Jang Bogo Station in 
Antarctica. The volcano is quiescent with fumarolic activity at the summit. To monitor volcanic activity 
and glacial movements near Jang Bogo Station, a seismic network was installed during the 2010–11 
Antarctic summer field season. The network is maintained during the summer field season every year, 
and the number of stations has been increased. We used continuous seismic data recorded by the 
network and an Italian seismic station (TNV) at Mario Zucchelli Station to develop a 3-D P-wave velocity 
model for the Mt. Melbourne area based on the teleseismic P-wave tomographic method. The new 
3-D model presented a relative velocity structure for the lower part of the crust and upper mantle 
between depths of 30 and 160 km and revealed the presence of two low-velocity anomalies beneath 
Mt. Melbourne and the Priestley Fault. The low-velocity anomaly beneath Mt. Melbourne may be caused 
by the edge flow of hot mantle material at the lithospheric step between the thick East Antarctic Craton 
and thin Ross Sea crust. The other low-velocity anomaly along the Priestley Fault may have been beneath 
Mt. Melbourne and moved to the southern tip of the Deep Freeze Range, where the crustal thickness is 
relatively thin. The anomaly was trapped on the fault line and laterally flowed along the fault line in the 
northwest direction.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Mt. Melbourne is part of the McMurdo Volcanic Group in north-
ern Victoria Land (NVL), which resulted from extensive rift-related 
alkaline magmatic activity between the Transantarctic Mountains 
and Ross Sea basin. Magmatism in NVL initiated at ∼50 Ma in as-
sociation with the extension of the Ross Sea basin and became 
more intense after ∼30 Ma when the major NW–SE fault sys-
tem was reactivated with Paleozoic right-lateral strike slips (Fig. 1) 
(Rocchi et al., 2003; Rossetti et al., 2000; Salvini et al., 1997; Storti 
et al., 2001). Mt. Melbourne is only ∼30 km northeast of Jang 
Bogo Station and forms an N–S elongated stratovolcano. The total 
volume of the volcanic field is 250 km3, including the surround-
ing volcanic field and a volume of 180 km3 for the summit cone 
(Wörner and Viereck, 1989). An eruption was estimated to have 
occurred less than few thousand years ago based on the presence 
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of ash layers in ice cliffs and nearby glaciers (Nathan and Schulte, 
1967), and the most recent eruption occurred between 1862 and 
1922 based on snow accumulation rates and the buried depth of 
ash layers in ice cliffs (Lyon, 1986). Current geothermal activity has 
been observed with warm ground in the summit area, and fuma-
role ice towers and pinnacles (Nathan and Schulte, 1967; Wörner 
and Viereck, 1989). The temperature at the summit area was 59 ◦C 
at a depth of 25 cm from the ground surface (Keys et al., 1983).

Mt. Melbourne is located on the eastern flank of the Ross 
Sea rift, and the location and magmatism of the volcano in NVL 
are generally accepted to be genetically linked to Ross Sea rift-
ing as part of the West Antarctic Rift System (WARS) and the 
uplift of the Transantarctic Mountains rift shoulder. Several mod-
els have been proposed to explain the evolution history of WARS, 
the accompanying Cenozoic magmatism along the coastal region 
of the western Ross Sea margin, and the Transantarctic Moun-
tains (inset map in Fig. 1). A mantle plume model has been sug-
gested by several researchers to explain the low-velocity anomalies 
(Gupta et al., 2009; Kyle et al., 1992; Morelli and Danesi, 2004;
Sieminski et al., 2003), the presence of large volumes of sub-
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Fig. 1. Locations of the KPSN stations (red triangles) and PNRA temporary seismic stations (white circles) in the Mt. Melbourne area. The numbers at the symbols represent 
the Moho depths computed by receiver function studies. The digital elevation model and the free-floating boundary (thick black line) were extracted from Bamber et al.
(2009) and Bindschadler et al. (2011), respectively. Inset map: the dotted blue lines indicate the boundaries of the West Antarctic Rift system, and the grey line represents 
the Transantarctic Mountains. JBG: Jang Bogo Station; MZS: Mario Zucchelli Station; TNV: Italian broadband seismic station in MZS; RF: Reeves Fault; PF: Priestley Fault; and 
CF: Campbell Fault. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
glacial and submarine volcanic rocks and its geochemical signa-
tures (Behrendt et al., 1994, 1992; Hole and LeMasurier, 1994;
Storey et al., 1999). On the other hand, more recent tomographic 
study has revealed that the low-velocity anomaly beneath the Ross 
Island and Terror Rift is constrained to the upper 200–300 km of 
the mantle, and there is little evidence for lower mantle upwelling 
beneath this region. Meanwhile, Mary Bird Land is above a deep-
seated (∼800 km deep) low-velocity anomaly, which has been 
interpreted as a mantle plume ponded below a 660 km deep dis-
continuity (Hansen et al., 2014). Other geological and seismolog-
ical studies have suggested that the magmatism and low-velocity 
anomalies in the NVL are better explained by small-scale mantle 
convection associating with the tectonics of WARS rather than by 
mantle plumes (Armienti and Perinelli, 2010; Barklage et al., 2009;
Faccenna et al., 2008; Rocchi et al., 2002, 2005, 2003). However, 
it is still unclear whether such small-scale mantle convection is 
dominant beneath Mt. Melbourne, which is the active volcano at 
the northern end of Terror Rift, because the velocity structure 
beneath this area has not been clearly resolved by previous seis-
mic studies owing to insufficient resolution and the limitations 
of the data coverage (Hansen et al., 2014; Lawrence et al., 2006;
Morelli and Danesi, 2004; Watson et al., 2006).

The first geophysical observations at Mt. Melbourne were set up 
in 1988 by the Italian Progetto Nazionale de Ricerche in Antartide 
(PNRA) program. A network of five tilt stations was installed in 
1988–89 for continuous recording, and a seismic network was set 
up in 1990 that consisted of two short-period single-component 
and two short-period three-component stations constrained by a 
local trigger (Bonaccorso et al., 1997). Based on data from the 
three-component stations, 17 volcanic events were roughly located. 
The long-period features of the events may have been caused by 
the active presence of magmatic fluids in the source processes or 
the result of fracturing processes between brittle and plastic be-
haviors (Gambino and Privitera, 1996). The other seismic array 
was operated with three-component 5-s sensors recording con-
tinuously during the austral summers of 1993–94 and 1994–95 
in the PNRA framework. Four temporary stations were located 
at the vertices of a square-shaped array around Mt. Melbourne, 
and the crustal thicknesses at each station were computed with 
teleseismic receiver functions (circles with crustal thickness in 
Fig. 1) (Di Bona et al., 1997). The latest seismic network, which 
is called the Korea Polar Seismic Network in Terra Nova Bay 
area (KPSN@TNB), was deployed by the Extreme Geophysics Group 
(EGG) at the Korea Polar Research Institute (KOPRI) during the 
2010–11 summer field season. Currently, KPSN@TNB consists of 
six broadband seismic stations, and the crustal structure at each 
station has been studied (Fig. 1) (Yoo et al., 2015). The teleseis-
mic events for the present study were extracted from continuous 
data recorded by KPSN@TNB between 2011 and 2013 and the per-
manent Italian broadband seismic station TNV at Mario Zucchelli 
station between 2011 and 2012 (Fig. 1).

This paper presents the first three-dimensional P-wave velocity 
structure beneath Mt. Melbourne based on using teleseismic data 
observed by KPSN@TNB. The model features an N–S elongated low-
velocity anomaly beneath Mt. Melbourne and a linearly trending 
low-velocity anomaly in the NW–SE direction along the Priestley 
Fault. We discuss the resolution of the inverted model and the ori-
gins of the low-velocity anomalies for comparison with the results 
of previous studies in later sections.

2. Data and method

KPSN@TNB was installed on rock outcrops to monitor the vol-
canic and seismic activities in the vicinity of Mt. Melbourne, 
including signals from ice movements in Campbell Glacier and 
Priestley Glacier. The data from the KP02 and KP03 stations had 
electrical pulses during the winter seasons due to abnormal sensor 
currents when the temperature was below −20 ◦C. However, the 
waveforms from teleseismic events of ≥M5.5 were good enough 
to pick the first arrivals. Detailed information on the performance 
of KPSN@TNB is presented in a previous paper (Park et al., 2014).

We inspected over 1000 events within the epicentral distance 
range between 30◦ and 90◦ for P-waves and 115◦ and 150◦ for 
PKP phases to gain a good signal-to-noise ratio. Selected events 
were recorded by at least three stations. The ray coverage was 
biased toward the N–S axis because the majority of the events 
came from back-azimuth ranges between −70 and 15 and 130 to 
180 (see Fig. S1). First, P- and PKP-waves were manually picked 
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Fig. 2. P-wave tomography image. (a)–(f) Horizontal cross-sections through the model for depths of 20, 40, 60, 80, 100, and 120 km. (g)–(i) Vertical cross-sections for each 
line in (a). Areas with a hit count of <5 are darkened. The faults are shown as red lines. RF: Reeves Fault; PF: Priestley Fault; CF: Campbell Fault; TR: Terror Rift; MtM: Mt. 
Melbourne. The grey lines represent the locations of vertical cross-section profiles, and the C–C′ vertical cross-section profile is overlaid with PF.
from filtered event data with a zero-phase two-pole Butterworth 
filter having corner frequencies of 0.5–5 Hz. Relative travel time 
residuals were accurately determined with the multichannel cross-
correlation (MCCC) method (VanDecar and Crosson, 1990). During 
the MCCC procedure, we selected a 3-s time window (1 s before 
and 2 s after from the manual picking time) that contained the ini-
tial arrival and typically one or two cycles of the P-wave. The mean 
standard deviation of the residuals was 0.025 s. After the MCCC 
was computed, we selected events when all cross-correlation co-
efficients of the pair of traces were over 0.85, and 1390 P-wave 
ray paths from 369 events and 111 PKP-wave ray paths from 
33 events were obtained. The majority of rays from the selected 
events came from the NW and SE directions for P-waves (Fig. S1). 
Before we inverted the P-wave velocity model, we computed the 
relative arrival-time residuals Tresi j = ti j − (tei j − te j ) as a func-
tion of the back-azimuth and epicentral distance for each station 
(Fig. S2), where ti j is the relative arrival time according to MCCC 
for the ith station and jth event, tei j is the theoretical travel time 
computed from the IASP91 model (Kennett and Engdahl, 1991) for 
the ith station and jth event, and te j is the mean of the travel 
time by the IASP91 model for the jth event. The most delayed 
travel time residual (∼1.3 s) and mean value (0.57) were observed 
at KP05 on the summit of Mt. Melbourne, and the residuals at 
KP03 also showed slow values (T res = 0.16 s) (see Fig. S2). The 
fastest relative travel time residual was observed at TNV station, 
and its mean residual time was −0.33 s. The different elevations of 
KP05 (∼2576 m) and TNV (∼400 m) can generate a time delay of 
∼0.48 s based on a shear wave velocity of 2.5 km/s and Vp/Vs ra-
tio of 1.79 for the shallowest layer beneath KP05 station (Yoo et al., 
2015), which is much less than the peak-to-peak relative residual 
travel time value of 0.9. Thus, we can infer that the mantle beneath 
Mt. Melbourne may have a slower structure than the vicinity.

We used the regularized nonlinear least-squares inversion 
method of VanDecar (1991) to invert a three-dimensional P-wave 
velocity model beneath the Mt. Melbourne area based on rela-
tive arrival-time residuals. The method represents the slowness 
by using a b-spline under tension that is constrained at a series 
of regular knots. These were parameterized to a latitude of 10 
knots, longitude of 11 knots, and depth of 29 knots for the model 
space. The knot spaces for the latitude and longitude were 0.1◦
(∼11.1 km) between −75.4◦ and −73.4◦ and 0.33◦ (∼9.9 km) be-
tween 161◦E and 165.1◦E, respectively. The knot spaces for depth 
were 10 km up to a depth of 100 km and 20 km up to a depth of 
340 km (see Fig. S3). We used the IASP91 model (Kennett and 
Engdahl, 1991) for the initial model, and the models were in-
verted iteratively up to 2000 times with the conjugate gradients 
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Fig. 3. Best-input model for synthetic target resolution test. Low-velocity anomalies were set by assembling 16-km-wide Gaussian spheres with a −5% peak velocity anomaly 
for 40–70 km depths and 20-km-wide Gaussian spheres for 70–130 km depths with 60◦ dipping to the east for the N–S oriented low-velocity anomaly and 23-km-wide 
Gaussian spheres for the NW–SE oriented anomaly. (a)–(f) Horizontal cross-sections through the model for depths of 20, 40, 60, 80, 100, and 120 km. (g)–(i) Vertical 
cross-sections for each line in (a).
method (VanDecar, 1991). With the regularized nonlinear least-
squares inversion procedure, station static terms were computed 
to compensate for travel time residuals arising from the local 
shallow structure (see Fig. S4), and the source terms were also 
inverted for each event to account for first-order uncertainties in 
the event origin time and location and large-scale velocity hetero-
geneities in the source region. By investigating the tradeoff curve 
of the relative travel time RMS residual reduction versus the RMS 
model roughness, optimum smoothing and flattening parameters 
for the model were determined. The final model accounted for an 
88% reduction in the RMS residual travel time (from 0.243 s to 
0.029 s).

3. Inversion results and resolution test

Figs. 2(a)–(f) show horizontal depth slices, and Figs. 2(g)–(i) 
show vertical cross-sections of Fig. 2(a). The model does not show 
depths outside 30–160 km because of the insufficient number 
of crossing ray paths deeper than 160 km, and anomalies shal-
lower than 30 km were damped out. The depth slices and ver-
tical cross-sections through the velocity model showed a low-
velocity anomaly of δV P = −1% to −1.8%. The depth slices for the 
depth of 40–80 km (Figs. 2(b)–(d)) showed low-velocity anoma-
lies mainly trending in the NW–SE, parallel to the Priestley Fault 
(L2 in Fig. 2(b)), and N–S directions beneath Mt. Melbourne (L1 
in Fig. 2(b)). The low-velocity anomalies moved north with an 
E–W trend in the dipper depths (Figs. 2(e)–(f), (h)–(i)). The verti-
cal slices cutting the model in the E–W direction (Fig. 2(g)) showed 
that the low-velocity anomaly beneath Mt. Melbourne (L1) comes 
from a deeper depth with an eastern dipping structure than from 
the depth (∼90 km) of the low-velocity anomaly beneath the 
Priestley Fault (L2).

We performed a number of tests to examine the resolution of 
our model, including the checkerboard and several target struc-
tures. Our model was inverted from a limited number of rays 
(1309 P and 111 PKP arrivals) and could not properly resolve 
small structures, such as a checkerboard pattern. From the inverted 
model, we assumed that there were two low-velocity anomalies 
trending N–S (L1) and NW–SE (L2) beneath Mt. Melbourne and 
the Priestley Fault, respectively. However, we could not determine 
how they changed with increasing depth, such as the size and 
dipping angles, and how deep they originated. Therefore, we set 
two separate low-velocity anomalies like L1 and L2 (Fig. 3(b)) 
and performed resolution tests with synthetic travel time residuals 
along the ray paths computed from the model with various dip-
ping angles and depth penetrations for the low-velocity anomalies 
(L1 and L2). Through several trials with different target models, 
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Fig. 4. Recovered model of the inversion with the synthetic travel time residuals computed from the best-input model (Fig. 3): (a)–(f) horizontal cross-sections through the 
model for depths of 20, 40, 60, 80, 100, and 120 km; (g)–(i) vertical cross-sections for each line in (a).
we found the model that best matched our model inverted from 
real data (Fig. 3). The best model consisted of two linear low-
velocity anomalies that were oriented along the N–S axis beneath 
Mt. Melbourne (L1) and in the NW direction along the Priestley 
Fault (L2). The N–S oriented low-velocity anomaly (L1) was gener-
ated with 16-km-wide Gaussian spheres starting from a depth of 
40–70 km and latitude of −74.4◦ to −74.2◦ and with 20-km-wide 
Gaussian spheres with a −5% slowness anomaly starting from a 
depth of 70–130 km with 60◦ dipping to the east and latitude of 
−74.6◦ to −74.2◦ (Fig. 3). The NW-oriented low-velocity anomaly 
(L2) was produced with 12-km-wide Gaussian spheres centred on 
the southern tip of the Deep Freeze Range (164.0◦E, 74.5◦S) and 
elongated ∼30 km in the NW direction along the Priestley Fault 
(azimuth ∼320◦) with a depth of 20–70 km (Fig. 3).

4. Discussion

The major features of our model were two low-velocity anoma-
lies beneath Mt. Melbourne (L1) and the Deep Freeze Range along 
the Priestley Fault (L2). As described in Section 3, the low-velocity 
anomaly beneath Mt. Melbourne was narrow and small at a depth 
of 30–40 km; it then broadened and extended to the south with 
dipping to the east up to a depth of 90 km. The N–S trend of the 
low-velocity anomaly, especially from 60 km to 80 km (Figs. 2(c), 
(d)), generally correlated well with the topographic height of Mt. 
Melbourne (Fig. 1) (Wörner and Viereck, 1987, 1989). Regular-
ized tomographic inversion generally reduces the real values of an 
anomaly with damping and/or smoothing (Lees, 2007). Our reso-
lution test showed that the −5% input anomaly was inverted to 
a −1.5% anomaly, which suggests that the magnitude of the low-
velocity anomaly in our model may have been underestimated by a 
factor of three (Figs. 3 and 4). Therefore, the observed low-velocity 
anomaly of about −1.8% beneath Mt. Melbourne (Fig. 2) could 
be as large as about −5.4%. In mantle tomography, low-velocity 
anomalies generally indicate the presence of increased temper-
atures (e.g., Bottinga and Steinmetz, 1979; Jackson et al., 2002;
Lees, 2007). Karato (1993) suggested that the seismic wave veloci-
ties are dependent on the temperature with corrections for both 
anharmonicity and anelasticity. Following the method of Karato
(1993), we set Q P ≈ 80 for the continental rift (Venkataraman 
et al., 2004) and a −5.4% reduction of the P-wave velocity in 
our models to calculate a relative temperature increase of 315 K. 
Armienti and Perinelli (2010) reported the warming of the lo-
cal lithospheric mantle beneath Mt. Melbourne from 0.5 ◦C/km for 
the geothermal gradient to ∼3 ◦C/km during the development of 
the Cenozoic magmatism. This indicates a temperature increase of 
∼300 ◦C below a depth of 80 km and the existence of a partial 
melt at the base of the lithosphere. This high-temperature anomaly 
is consistent with the increase in the geothermal gradient and sug-
gests the presence of partial melts in the upper mantle (Sato et al., 
1988), which could be the heating source for the volcanic activity 
at Mt. Melbourne.
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The other feature of our model was a low-velocity anomaly 
along the Priestley Fault (L2 in Fig. 2(b)). This anomaly extended 
to a depth of ∼100 km dipping in the NW direction (Fig. 2(i)). The 
best target resolution test showed that the dipping structure in the 
NW direction was an artificial structure caused by the smearing-
down effect along ray paths by event distributions (Fig. 4(i)). The 
real structure may be flat up to a depth of ∼60 km and parallel to 
the Priestley Fault (Fig. 3(i)). The Priestley Fault is a major Cenozoic 
right-lateral fault system that is part of an array of intraplate brit-
tle shear zones extending from the Southern Ocean fracture zones 
at least in NVL (Salvini et al., 1997). Rocchi et al. (2005) suggested 
that lithospheric-scale intraplate strike-slip deformation promotes 
the local decompression melting of the upper mantle source of 
Cenozoic alkaline magma, which rose and was emplaced along the 
main NW–SE fault system. The NW–SE low-velocity anomaly in 
our model did not extend further in the SE direction and could be 
linked to the low-velocity anomaly beneath Mt. Melbourne at the 
southern tip of the Deep Freeze Range (Fig. 2(g)).

Mt. Melbourne is located on the eastern flank of the Ross Sea 
rift, and the location and magmatism of the volcano in NVL are 
generally accepted to be genetically linked to Ross Sea rifting and 
the uplift of the Transantarctic Mountains rift shoulder.

As briefly summarized in the introduction, the most recent seis-
mic tomographic study has supported the model of a mantle flow 
induced by an edge effect in the mantle circulation at the litho-
spheric step between the thick East Antarctic Craton and thin 
Ross Sea crust based on structural and morphotectonic analyses 
(Faccenna et al., 2008), aeromagnetic data (Ferraccioli et al., 2009), 
and thermobarometry with mantle xenoliths (Armienti and Per-
inelli, 2010; Perinelli et al., 2011). The edge flow model is also 
strongly consistent with the E–W fast directions from the seis-
mic anisotropic results (Barklage et al., 2009; Salimbeni et al., 
2010). Based on the edge flow model and our tomographic re-
sults, we tried to explain the origin of the low-velocity anomalies 
beneath Mt. Melbourne and the Priestley Fault. In order to infer 
the shapes of the anomalies from our inversion results, we should 
consider the spatial distributions of the resolution in addition to 
the underestimated amplitudes of the anomalies. A resolution test 
was performed with same input model in Fig. 3 except for L2 
coming vertically from a 120 km depth and no dipping to the 
eastern side of the model; the recovered model was very simi-
lar to our best target model, as shown in Fig. 4. The resolution 
tests revealed limited resolutions for the structure at the east-
ern edge of the model space and small structures over the entire 
model space, and we cannot rule out that the anomaly beneath 
Mt. Melbourne came from deeper depths on the eastern side. 
Our model showed no low-velocity anomalies below a depth of 
120 km, and the low-velocity anomaly beneath the Priestley Fault 
rose to shallower depths up to ∼30 km. One possible mechanism 
is that the edge-driven convection due to different thicknesses of 
the lithosphere causes mantle partial melting localized just be-
neath Mt. Melbourne or the eastern side at a depth of ∼110 km. 
The partially melted material moves up to a depth of 40 km be-
neath Mt. Melbourne and stretches simultaneously to the south-
ern tip of the Deep Freeze Range at depths of 40–80 km, where 
the Moho depths are relatively shallow (Di Bona et al., 1997;
Yoo et al., 2015). The stretched hot mantle material rises up to 
a depth of ∼30 km and is entrapped at the Priestley Fault. It 
then flows laterally along the Priestley and Campbell Faults, which 
are lithospheric right lateral strike-slip faults that were reactivated 
during the Neogene Period (Fig. 5).

5. Summary

Our P-wave tomographic images revealed two low-velocity 
anomalies beneath Mt. Melbourne and the Priestley Fault. The 
Fig. 5. Block diagram showing our preferred interpretation for the upper mantle 
thermal anomalies beneath the Mt. Melbourne area. DFR: Deep Freeze Range; PF: 
Priestley Fault; CF: Campbell Fault; AF: Aviator Fault; LF: Lanteman Fault; MtM: Mt. 
Melbourne; and MtO: Mt. Overlord. The partially melted mantle (orange areas with 
red arrows) from the decompressional melt and the edge flow by the lithospheric 
step between the thick East Antarctic Craton and thin Ross Sea crust moved up and 
stretched to the southern tip of the DFR. The stretched hot mantle material rose up 
to a depth of ∼30 km and was trapped at PF. It then flowed laterally in the NW 
direction along the fault line.

low-velocity region under Mt. Melbourne can be attributed to a 
∼300 ◦C thermal anomaly at a depth of 80 km. Based on the low-
velocity anomalies in our model and the mantle flow model at the 
lithospheric step between the thick East Antarctic Craton and thin 
Ross Sea crust, edge-driven convection causes partial melting of 
the mantle localized beneath Mt. Melbourne or the eastern side at 
a depth of ∼110 km.
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